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Abstract

Local, on-column electrochemical detection was carried out in the amperometric mode at different points of the
column outlet cross-section. This permitted the determination of the spatial distribution of analyte molecules within
the chromatographic zone at the column exit. The radial distribution of the peak-maximum velocity, the local
efficiency and the analyte concentration were determined for a commercial column and for several laboratory-
packed columns made with different solid particles and with a commercial silica-based stationary phase. An
important region of the packing close to the wall is denser, has a lower permeability and a lower efficiency than the
core of the packing. The concentration along the wall is lower than average, in part because of the lower efficiency.

1. Introduction

In the entire chromatography literature, with
only very few exceptions {1-5], most of them
nearly twenty years old, columns are seen as
unidimensional. This means that their radial
homogeneity is assumed to be sufficiently high
on the scale of the column radius for minor
radial fluctuations of the packing density not to
cause any problems. The analyte bands are
assumed to exhibit a constant concentration over
the entire column cross-section. Similarly, if a
preparative column is overloaded, the degree of
overload, or loading factor, is assumed to be
constant in the radial direction. There is little
experimental evidence in support of these as-
sumptions, except for the feeling, not entirely
unjustified, that should it be otherwise, column
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performance would be drastically decreased
compared to what is routinely achieved.

In the early development stage of high-per-
formance liquid chromatography, Knox and co-
workers [1,2] showed that packed columns are
not radially homogeneous, but that there is a
wall region, extending to ca. 30 particle diame-
ters from the wall, which is less homogeneous
than the column core. If the column is suffi-
ciently wide in relation to its diameter and to the
particle size, the molecules of a sample injected
in the center of the column would not have time
to reach the wall region before they elute. Thus,
the zone would move in a highly homogeneous
packing and the column performance would be
as good as if the wall region did not exist and the
packing was entirely homogeneous. By contrast,
if a sufficient proportion of the molecules in a
zone can reach the wall region and experience
the dispersive effect of this different and less
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homogeneous part of the packing, the apparent
column efficiency drops markedly [2]. Knox and
co-workers [1,2] recommended the use of col-
umns having a diameter in excess of four stan-
dard deviations of the radial dispersion. For all
practical purposes, these columns would be
equivalent to “infinite diameter columns” [1].

The technological developments of liquid
chromatography have made this approach practi-
cally impossible to follow. Conventional 1/4 in.
O.D. (1 in. =2.54 cm) columns are somewhat
long and narrow, making marginal the achieve-
ment of the infinite column diameter condition.
A 250x 4.6 mm column packed with 10-pm
particles has to be operated at a reduced ve-
locity, v, in excess of 5 (v should exceed 20 with
d,=20 pm, 2 with d ;=5 pm) to satisfy the
infinite diameter column condition [2]. Since
these columns are usually operated at reduced
velocities of around 8 in most analytical applica-
tions, the condition would be satisfied provided
the injection is made at the very column center
and the diameter of the injected pulse is very
small. However, syringe injection has been uni-
versally replaced by valve injection. The sample
band is carried into the column by the mobile
phase stream which flushes the content of the
sample loop. This makes it impossible to per-
form an axial injection. On the contrary, the
injection pulse is spread over the entire column
cross-section area. Similarly, in preparative chro-
matography injection is made by switching, for a
given period of time, the sample solution for the
mobile phase as the pump feed. The use of valve
injection is not compatible with the operation of
any column under the “infinite diameter col-
umn’ mode.

Later, Eon [3] studied radial dispersion in
chromatographic columns. He showed that radial
dispersion proceeds at a slower pace than axial
dispersion. This is in agreement with the results
of Knox et al. [2] and with the general results
derived from thin-layer chromatography [6].
However, his careful measurements demonstra-
ted that, as a larger and larger fraction of the
sample penetrates into the wall region, the
column height equivalent to a theoretical plate

(HETP) appears to increase with increasing
column length instead of remaining constant,
which is a basic tenet of the theory of linear
chromatography. This fact may explain various
inconsistencies found in the literature regarding
the plate height equations and, in Eon’s opinion,
casts some serious doubts regarding the validity
of the conclusions of many publications made in
this area [3]. Finally, Eon [3] showed that radial
compression improves markedly column per-
formance, presumably because it reduces the
density difference between the wall region and
the column core.

Recently, Baur et al. [4] have investigated the
radial distribution of analyte molecules in chro-
matographic bands by means of electrochemical
detection in the amperometric mode, using car-
bon fiber electrodes placed close behind the
column outlet frit. They found that the radial
distribution of the analyte concentration across
narrow analytical columns (ca. 3.2 mm 1.D.) was
surprisingly uneven, although valve injection was
used which obviously should prevent the
achievement of an axial injection. The retention
time is a few percents larger along the wall than
in the center. They also showed that the coeffi-
cient of axial dispersion and the column ef-
ficiency depends strongly on the radial position.
The reduced plate height may be four times as
large along the wall than in the center part of the
column. The radial concentration profiles mea-
sured were used to reconstruct the band profiles
recorded with a bulk detector. This work dem-
onstrates that at least a large part of the residual
tailing observed in cases where there can be little
polar interaction between solutes and stationary
phase is due to the wall effects.

In spite of their clarity and importance, these
results have not yet been assimilated in the
culture of chromatographers. For the last twenty
years, analysts have generally assumed that wall
effects are negligible in analytical columns. It
seems strange to them that any significant fluc-
tuations of the packing density may arise over
distances as short as the column radius, cause an
uneven radial distribution of the concentration of
analytes, and have major effects on the column
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efficiency. The packing material does look
homogeneous, and unpacking columns does not
show any difference between core and wall
regions. Finally, it is not easy to detect the
effects shown by Knox and co-workers [1,2],
Eon [3] and Baur et al. [4]. Conventional detec-
tors determine the cross-section average con-
centration of the mobile phase and are useless
for the purpose. Knox et al. [2] and Eon [3] used
a dual polarographic detector for their ex-
perimental studies. This is not an easy technique.
Injections have to be repeated many times since
the chromatogram in one single point of the
column cross-section can be recorded. Finally,
and most importantly, the range of column
efficiencies currently achieved seems satisfactory
to most users.

The problem of column homogeneity is
becoming relevant again, however. There is
growing evidence that preparative columns are at
least moderately inhomogeneous [7,8] and
should be considered as two-dimensional packed
beds, i.e., cylindrical, rather than one-dimen-
sional ones, i.e., linear. Recent modeling studies
have shown that the long-range fluctuation of the
mobile phase velocity in a radially compressed
preparative column may exceed 5%, but does
not probably reach 10%, except in really bad
situations [5]. In conventional packed columns,
voids are known to appear at the top of the
column after some period of time. This forma-
tion is blamed on the lack of “wall support” of
the packing [9]. It is certainly due, at least in
most part, to a progressive settling of the pack-
ing particles, accompanied by a decrease in the
column porosity [7-9]. The cause of this phe-
nomenon, and the factors which influence its
kinetics are unknown at present. The packing
homogeneity and stability of preparative col-
umns needs systematic investigations [8].

Because even the packing structure of ana-
lytical columns is still poorly known and under-
stood, it seems interesting to investigate it again
in this context. In this first paper, we report on
the results of systematic measurements of the
radial distribution of the mobile phase velocity
and the radial shape of the elution band of a

compound on various analytical columns by
means of on-column electrochemical detection.
Simultaneous measurements were carried out at
different locations.

2. Experimental
2.1. Detection device

Conventional detectors measure the cross-sec-
tion average composition of the eluent at column
outlet. The distribution of the analyte molecules
along the column axis is classical. The determi-
nation of the radial distribution requires local,
on-column determination of the concentration of
the eluent at different points of the cross-section-
al area, allowing for mapping the analyte dis-
tribution over this area before all molecules
reunite in the effluent, heading then for the
post-column bulk detector.

Like Baur et al. [4], we used electrochemical
detection in the amperometric mode, with gold
electrodes rather than carbon fiber electrodes
placed close behind the column outlet frit. The
gold microelectrodes were prepared by inserting
a 50-um nominal diameter gold wire into a 25—
30 mm long section of fused-silica capillary
tubing 150 pm L.D. (Polymicro Technologies,
Phoenix, AZ, USA). The space between the
gold wire and the inner wall of the tube was
filled with an epoxy resin (Epon Resin 828;
Shell, Houston, TX, USA). The tips of the
electrodes were polished with diamond paste
(sizes 1 then 1/4). The other end of the gold wire
was connected to a copper conductor by means
of a silver epoxy connection (Epo-tek H20E;
Epoxy Technology, Billerica, MA, USA), insu-
lated with the same epoxy resin. Cyclic vol-
tammograms were run with a BAS 100 electro-
chemical analyzer (Bioanalytical Systems, West
Lafayette, IN, USA) in order to assess for the
actual area of the electrodes.

To avoid obvious electrical problems, the
electrodes were inserted in holes drilled into a
non-metallic frit (Upchurch Scientific, Oak Har-
bor, WA, USA) placed at the outlet end of the
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Fig. 1. Schematic of the detector arrangement for four gold
working electrodes, a platinum counter electrode and a
reference electrode.

chromatographic column. Four electrode tips are
placed at different radial positions, facing a
second, identical frit placed against the column
packing and holding it when the external frit is
rotated to permit the acquisition of other sets of
data (Fig. 1). One electrode is placed near the
center of the frit, two other electrodes are at
almost equal distance from the axis, at about
r./2 (r. = column radius), in perpendicular direc-
tions, and a fourth electrode is close to the wall
(Fig. 2). In order to acquire more data points
over the column cross-section area, each experi-

Fig. 2. Position of the electrodes at the column end (solid
symbols) and successive positions during a measurement
cycle (solid and open symbols).

ment was done four times, and the frit was
rotated by 90° steps around the column axis
between successive experiments. Thus, 16 data
points are collected in each case. The electrode
positions are shown in Fig. 2, with the four solid
black symbols corresponding to the points col-
lected at one position of the frit.

The aspect of the polished electrode surface
was investigated under microscope. All four
electrode tips protruding slightly from the frit
could be brought together into focus under a
high-resolution microscope. Thus, the four elec-
trode tips were in the same plane perpendicular
to the column axis. The outlet fitting of the
column was modified in order to allow for a
four-electrode set-up, for the amperometric de-
tection of electroactive compounds. A platinum
counter electrode, and an Ag/AgCl reference

.electrode were placed behind the outlet frit in

the cup-shaped fitting (Fig. 1). The output of
each electrode was amplified by means of a
Voltammograph Model CV-37 (Bioanalytical
Systems). Systematic electrode fouling was ex-
perienced. The electrode tips were cleaned be-
fore each experimental run by means of sweep-
ing the applied potential from —1 to +1 V
(electrolytic polishing).

2.2. Liquid chromatography equipment

The chromatographic system consisted of a
Waters (Milford, MA, USA) HPLC Pump
Model 510, a Spectrafiow Model 575 absorbance
detector (Applied Biosystems, Ramsey, NIJ,
USA) as the bulk detector, when needed, and a
Rheodyne (Cotati CA, USA) HPLC injection
valve Model 7010. The data of either the UV
detector or the four electrochemical detectors
were acquired using a Waters system interface
module with two A/D convertor boards permit-
ting the simultaneous monitoring of four detec-
tors. Waters Maxima 820 version 3.3 software
was used to collect the data at a rate of 10 data
points per second. The data files were uploaded
to one of the computers of the University of
Tennessee Computer Center for further calcula-
tions.
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The shape of the injection profile has a critical
importance in this work. Significant spacial de-
viations of the profile of the injected plug of
sampie from the shape of a rectanguiar band
propagating under piston flow conditions would
affect the clution profile as much as the lack of
radial homogeneity in the column packing that
we try to investigate. It is important to de-
termine the possible contribution of the injection
profile to our results. The problem of the in-
fluence of the design and operating conditions of

the injection device on the band profile has been
Inr‘lr“v discussed I“y Kirkland et al. fll\)}‘ Oﬂ}y

the cons1derable 1mprovements made during the
last twenty years to the chromatographic equip-
ment have affected the conclusions of this work.
Modern columns are closed with a low porosity
frit which is tightly crimped at the column inlet.
A distributor is placed on the top of the column,
above the f{ri
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profile for the front of the injection band when it
reaches the column inlet. Because of the
parabolic profile of the flow velocity across an
empty tube such as the sample loop, the rear of
the injection profile tends to assume also a
parabolic shape. The use of a narrow, coiled
val.uHax_y tub\, as BallllJlC lUUlJ Cuhauuca lhc 1adlal
diffusion in this tube by triggering a secondary
circulation. This contributes to alleviate the
curved rear of the injection profile.
Measurements of the electrode responses to
the injection of samples in a column of length
L =0, obtained by putting the assembly of
clectrodes described later directly against an
inlet frit and a distributor has given results
showing an almost flat injection band, although
its axial profile is far from rectangular. Fig. 3
shows typical injection profiles recorded under
the same conditions as those used for the chro-
matograms discussed later in this report and
obtained with real columns ua'vmg 15t025cmin
length. The sample concentration rises and de-
cays slightly more slowly along the column wall
than in its center. However, there is little differ-
ence between the maxima of the two profiles and

the delay between the maxima of the profiles

©
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Fig. 3. Injection profiles recorded without column, using the
center and wall electrodes.

recorded at the column center (first arrived) and
along the column wall is of the order of 0.5 s
only, to be compared with values of the order of
12 s observed at the column exit between the
retention times of the corresponding profiles at
the column center and along its wall.

llllb UﬁlllUllblldle l.lldl. lllU lcbullb 1cpui‘ted
below are due essentially to phenomena taking
place inside the column. The contribution of the
equipment and, more specifically, of the injec-
tion device to these results is essentially negli-
gible.

mm) were packed in ' the laboratory with com-
mercially available packing materials; 40-pm
glass beads (EM Separations, Gibbstown, NJ,
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USA), 10- and 16-um porous silica and C ¢-silica
(PQ Corp., now BTR Separation, Wilmington,
DE, USA) were used. A Kromasil (Eka Nobel,
Bohus, Sweden) KR10-16-C,, column packed by
the manufacturer was also studied.

2.5. Chromatographic mobile phase

A 0.1 M KClI aqueous electrolyte solution was
used as the mobile phase, except for the revers-
ed-phase columns packed with C,; silica. Since
this material is poorly wet by water [11], 20%
methanol was added to the mobile phase. This
concentration was chosen because it was the
highest for which the amperometric detector
worked satisfactorily. It was insufficient, how-
ever, to achieve good efficiencies with the re-
versed-phase column. Fig. 4 shows a convention-
al plot of the reduced height equivalent to a
theoretical plate for benzoquinone (see next
section) on this column as a function of the

3

Reduced Plote Height

T

20 30 %0
Reduced Velocity

0 0
Fig. 4. Plot of the reduced plate height versus the reduced
velocity for the Kromasil KR100-16-C,, column. Column
dimensions, 100 x 4.6 mm; particle size, 16 xm; mobile
phase, methanol-0.1 M aqueous KCl (20:80). Sample,
benzoquinone, 0.1 M solution.

reduced velocity. The data in Fig. 4 were ob-
tained with the UV detector, measuring the
column efficiency from the concentration profile
in the bulk stream of mobile phase. A value
nearly half as large was observed for the mini-
mum plate height with the same column and
compound but a water—methanol (40:60) solu-
tion as the mobile phase. This suggests that this
commercial column is well packed.

The use of a saline, water-rich solution as
eluent of a silica column guarantees low or
negligible retention factors for most analytes.
This is not a problem in the present work, as we
study the hydrodynamic properties of the packed
bed. Their effects on band profiles is expected to
be independent of the possible retention, and to
contribute to the total band width following the
rule of variance additivity [12]. The influence on
the analyte retention of local fluctuations of the
stationary phase density will be studied separ-
ately.

2.6. Samples

As explained above, the effect studied is
clearer on a non-retained peak. Sensitive detec-
tion is not an issue either. The samples were
chosen to optimize the behavior of the am-
perometric detector. Several compounds, potas-
sium ferricyanide, hydroquinone and benzoquin-
one could easily be detected electrochemically
under conditions satisfactory for our purpose.
However, the electrolyte mobile phase is corro-
sive and dissolved enough Fe’* from the stain-
less-steel column wall to cause rapid fouling and
clogging of the column and exit frit by deposition
of Prussian Blue. This ruled out the use of the
ferricyanide/ferrocyanide redox couple.

Dilute solutions of benzoquinone in the elec-
trolyte solution used as the mobile phase proved
to be much more stable than the too readily
oxidizable hydroquinone solutions. Because of
the poor solubility of benzoquinone in elec-
trolyte solution used as mobile phase, 1-1077 to
1-107* M solutions were used. The applied
potential difference between the working elec-
trode and the reference electrode for optimum
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benzoquinone detection was —0.45 V. Samples
of 20 ul were injected for each experiment.

2.7. Calibration

Calibration proved to be the most difficult task
of this work. It was only partly successful, as we
were able to measure only the relative con-
centrations of the tracer. In order to calculate
the local concentration of analyte from the value
of the current drawn during the experiment, the
response factor for each microelectrode has to be
determined. Cyclic voltammograms were run as
mentioned previously, and from the value of the
resulting limiting current, the actual area of the
electrode could be calculated. This parameter
cannot be used in the calibration for two
reasons.

First, the gold surface of the electrode proved
to be highly sensitive to electrochemical fouling
that could not be entirely removed by rinsing or
ultrasonication. This fouling reduces the active
area of the electrode, hence diminishes the
response factor. Thus, a frequent, systematic
electrochemical cleaning is necessary. However,
each cycle of electrolytic polishing removes aiso
a thin metal layer from the fresh gold surface
that could not be removed and later small pieces
of epoxy insulation around the electrode tip. As
a consequence, the active area of the electrode
increases in time. These two phenomena have
opposite effects. Overall, we found that the
limiting current increased significantly during the
first week of using the electrode, and then
decreased gradually to very small values due to
irreversible surface deactivation. The cyclic vol-
tammograms run before using the electrode, and
after one week of usage are shown in Fig. 5,
demonstrating the effects of an initial increase of
the active electrode area, followed by electro-
chemical fouling of the electrode tip.

The electrode response factor could not be
determined by elution experiments because, al-
though the initial concentration of the injected
sample is known, the local, actual concentration
at the electrode tip is unknown as a consequence
of the radial distribution of analyte concentration

%nﬁ

M

Fig. 5. Cyclic voltammograms run (a) with the electrodes in
their initial clean state; (b) after 1 week of experiments.
Solution, 0.05 M benzoquinone in 0.1 M KCl. Scan rate, 20
mV/s.

within the component zone. Recalculating the
actual electrode area after every short series of
experiments by running cyclic voltammograms
under steady-state conditions is not practical
because of the poor mechanical resistance of the
electrodes.

Frontal analysis provides the only practical
solution. In this case, the four electrodes are
measuring the concentration of the same solution
when the plateau at the injection concentration
has been reached. This permits the calibration of
each electrode relative to the others at the
beginning and end of each such experiment.
However, the method is quite time consuming,
and the extent to which it can be used is limited
by fouling, so only a small number of calibration
points can be acquired. Accordingly, it was
carried out only in connection with the measure-
ments made for the determination of the radial
distribution of the analyte concentration. Other
experiments were performed without relating the
signals of the individual electrodes to the solute
concentration.
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2.8. Procedures and reproducibility

Each experiment consists in the injection of a
small, known amount of benzoquinone as a
dilute solution, and the recording of the four
electrode signals. The experiment is repeated a
number of times, with rotation of the electrode
bolder by an angle of 90° between successive
determinations.

The repeatability of the experiment is assessed
periodically by performing series of injections
without intermediate rotations, with successive
rotations of 360° angles, and with successive
rotations of 90° angles. The first series of such
experiments gives the repeatability of the injec-
tion and detection systems. The results of one
such experiment are reported in Fig. 6a. The
profiles obtained are identical. The slight shift
between the successive signals is due to fluctua-
tions in the delay between the manual actuation
of the injection valve and the data acquisition
device. Table 1 shows the reproducibility of the
differences between the retention times mea-
sured with two different electrodes (6 different
pairs). Since the two electrodes at r./2 from the
column center are at 90° angle, the difference
between their peak maxima is small and less
reproducible than for the other five pairs.

The second series of experiments includes the
contribution of the additional error made in
repositioning the electrodes. Typical results are
given in Fig. 6b which shows essentially the same
degree of repeatability. The results of the third
series of experiments are illustrated in Fig. 6c, as
plots of the difference between the retention
times measured from the signal of the central
electrode and from each of the three other
electrodes. The repeatability of the signal of the
central electrode is the same as in Fig. 6b, and its
fluctuations are due to errors in the timing of the
initial data point. This error does not affect the
differences shown in Fig. 6c. The repeatability of
this difference under the conditions of Fig. 6a is
0.005 min. The fluctuations seen in Fig. 6c,
especially at the wall, demonstrate that the
velocity distribution is not exactly cylindrical.
Obviously, the fluctuations of the retention time
observed across the column exceeds largely the
errors of measurements.

3. Results and discussion

3.1. Radial distribution of the mobile phase
velocity

It would be difficult and meaningless to mea-
sure the velocity in any given point of the
column. This velocity is chaotic, not only in
space, but also in time, because of the eddies
which form between particles. The velocity var-
ies rapidly and considerably from the wall of a
particle to the center of each interparticle chan-
nel. Some averaging is necessary. The cross-
section averaged velocity, u = L/t,, is widely
used to characterize the convective transport
along the column. To study the packing homo-
geneity we need to average the velocity over a
distance which is short compared to the column
diameter, but large compared to the particle
size. The electrode diameter (50 wm) is barely
larger than the coarser particles used in this work
(40 wm), but the electrode is placed in a silica
sleeve (150 wm) which causes the formation of a
local eddy, hence averaging on a space scale of
the order of a few particle diameters, which
seems to be sufficient. In the plots presented
here we give the relative difference, (v —u)/u,
between this local average velocity and the cross-
section averaged velocity, u = L/t,.

In an homogeneously packed tube, the radial
profile of the velocity averaged over a few
particle diameters should be essentially constant,
from the axis to the wall. The effect of a lower
packing density at the very wall, because par-
ticles cannot penetrate into a smooth wall, would
be averaged out if the velocity measured is an
average calculated over a few particle diameters.
The classical Poiseuille parabolic velocity profile
applies to empty tubes, to some extent to the
interparticle channels (which have too small an
aspect ratio for this law to apply strictly), but not
to packed columns. Experimental results, how-
ever, deviate from this ideal model of the ve-
locity profile.

The plots in Figs. 7a—d show the results
obtained for the distribution of the mobile phase
velocity in the different columns studied. Fig. 7a
shows a three-dimensional plot of the velocity
versus the position of the electrodes in the 40-
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Table 1
Reproducibility of retention time differences

Electrode Aty (s) o (s) olty (%)
pair®

C-wW 7.23 0.53 7.2
C-M1 2.10 0.10 2.8
C-M2 3.90 0.25 6.5
MI1-M2 1.15 0.36 32
M1-W 10.5 0.48 4.6
M2-W 7.80 0.40 5.0

The injections were done without moving the electrodes

between successive injections. Average and relative standard

deviation (o/1y) of 8 experimental results.

* C = Center electrode; M1 = electrode at r,/2, in the plane
of C and W; M2 = other electrode at r_/2; W = electrode at
the wall (see Fig. 2).

pum glass bead column. It is obvious that the
mobile phase velocity is systematically lower
close to the wall than in the center of the
column. There is a high velocity ridge about
half-way through the column, where the velocity
is maximum. This ridge is more clearly visible in
Fig. 7b, which is a projection of the data in Fig.
7a on the z,y plane of Fig. 7a. The velocity is
nearly constant over a core section of the pack-
ing which has a diameter of nearly a third of the
column inner diameter. The diameter of the
ridge is equal to approximately two third of the
column diameter.

The phenomenon is unambiguous. The time
differences observed are important, much larger
than the experimental errors, as shown in the
section on reproducibility (see Figs. 6a-c). For
example, the delay between the elution of the
fastest peak (electrodes half way from the center
to the wall) and the slowest peak (along the wall)
is of the order of 14 s (12% of t), while the
band width at half-height of these peaks does not
exceed 10 s, and the standard deviation on the
retention time of a peak is between 0.1 and 0.5 s,
depending on experimental conditions (table or
figure).

The glass bead column was unpacked, then
repacked twice. The new results are shown in
Fig. 7c, as a plot of the relative velocity differ-
ences versus the radial position of the electrode

for all measurements made on these columns.
This plot shows that the velocity distribution is
highly repeatable, except, may be, at the very
wall, where angular fluctuations do exit (Fig. 7c).
This result demonstrates that the packing meth-
od used provides column beds which are highly
reproducible, even though they are not ideal.
Finally, Fig. 7d compares the results obtained
with one of the 40-um glass bead columns, and a
10-pm silica particle column also packed by us.
The radial distributions obtained are nearly
identical, although the retention factor of benzo-
quinone in this case was different from 0 (k' =
0.22). This shows that the phenomenon observed
does not strongly depends on the solute reten-
tion, as expected from its hydrodynamic nature.

This phenomenon was not observed by Knox
et al., who report “little [radial] variation of
peak-maximum velocity” [2, summary] for an 11
mm I.D. column, but still a 4% higher velocity at
the wall than at the center |2, Fig. 6b]. Eon [3]
obtained similar results with two 17 mm I.D.
columns, one made of steel, the other of PTFE
(for radial compression). The velocity near the
wall is 3 to 4% higher than in the column center.
In neither case is there any velocity ridge around
the column core region. Results similar to ours
were reported by Baur et al. [4] who used a 3.2
mm [.D. column, and found that the retention
time increases by a few percents close to the wall
(2% at 0.2 mm from the wall, i.e., at 65 particle
diameters). In our columns, the thickness of the
wall region seems to be ca. 15% of the column
diameter, or 30 particle diameters, a figure in
excellent agreement with the values reported by
Knox et al. [2] and by Eon [3] for the thickness
of the wall region in their columns. Opposite to
these authors’ findings, however, and in agree-
ment with Baur et al., we observe that the
velocity is lower at the wall, by up to 12%, and
not higher.

3.2. Radial distribution of the column efficiency

For the sake of providing proper reference, we
have shown in Fig. 4 the conventional plots of
the reduced column efficiency versus the reduced
mobile phase velocity, as measured with the UV
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Fig. 7. Plot of the relative velocity difference, [1(x,y) —u]/u, versus the position of the electrode. (a) False three-dimensional plot
of the relative velocity difference versus the coordinates of the electrode at the column exit. Column packed with 40-um glass
beads. (b) Projection of the three-dimensional plot in (a) on the y,z plane. Figs. 7a and b, symbols as in Fig. 2. (c) Plot of the
relative velocity difference between the radial distance of the electrode. Data obtained with two different columns packed with
the same 40-pum glass beads, overlaid. (d) Plot of the relative velocity difference between the radial distance of the electrode.
Data obtained with one column packed 40-um glass beads and with one column packed with 10-um porous silica particles,

overlaid.

detector for the commercial column. As benzo-
quinone is practically not retained on any of the
columns, the slope of the curve at high reduced
velocities is essentially due to mass transfer
resistances in the mobile phase. It is smaller for
glass bead columns than for conventional silica
columns, as the beads are not porous. Note,
however, that because of its definition, the cross-
sectional average velocity depends on the inter-
nal porosity of the particles. For a given flow-

rate, the hold-up time is approximately twice as
large for a porous silica particle (with total
porosity =0.8) as for non-porous glass beads,
hence u is twice smaller, while the actual values
of the solvent velocities around the particles are
the same. :

The width recorded for an elution band de-
pends considerably on the position of the elec-
trode. As seen in the Figs. 8a—c, the column
efficiency calculated from the width of the band
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Fig. 8. Plot of the column reduced HETP versus the radial
position of the electrode tip. (a) Column packed with 40-um
glass beads. (b) Column packed with 10-um porous silica
particles. (c) Kromasil column, 10 c¢m long, packed with
16-pem porous particles of octadecyl silica.

at half-height depends much upon the radial
position of the electrode. However, the results
obtained with the different columns show more
variability for the efficiency than for the mobile
phase velocity distribution.

Fig. 8a illustrates the dependence of the ef-

ficiency on the electrode position in the exit
cross-section for the column packed with 40-um
glass beads. The most efficient section of this
column seems to involve the core and the inter-
mediate region corresponding to the velocity
ridge. Within this center, most of the data points
are around 900 theoretical plates, corresponding
to a reduced plate height of ca. 5.5 (for a
reduced velocity of ca. 90). However, some data
points in this region can be as low as 300 plates,
which is very poor, and unexpected. The ef-
ficiency drops sharply in the region close to the
column wall, where all the data points are below
350 plates. Furthermore, peaks recorded at ra-
dial positions close to the wall show strongly
distorted and wide band shapes. Examples are
shown in Fig. 9.

Fig. 8b shows a plot of the column HETP
versus the radial position of the electrode for the
column packed with 10-um particles. The result
is quite similar, but with the notable difference
of a clear maximum at the velocity ridge, where
the efficiency is nearly three times larger than
along the wall, against 2.5 times in the center.
As in the other column (Fig. 8a), the efficiency
drop is precipituous around two-thirds of the
distance between the center and the wall. As
seen in both Fig. 8a and b, it seems that the
column is not exactly cylindrical, but that the
“wall region” is thicker along some directions
than along others.

As seen in Fig. 8c, the commercial column,
packed with 16-um particles, seems to be some-
what more homogeneous than our packed col-
umns, although the results are substantially the
same. The shape of the plot of the column
efficiency versus the radial position is quite
similar to those seen in Fig. 8b, and to that of
the plot of the peak-maximum velocity versus
the radius (Fig. 7d). The column efficiency is
poor at the column wall, maximum along the
velocity ridge, and lower at the center. However,
the efficiency drop observed near the column
wall is much less important than in the other
columns. The efficiency at the wall is about 60%
of the maximum, along the velocity ridge, and,
quite surprisingly, more than 90% of the ef-
ficiency in the core region. This column is
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certainly much more homogeneously packed
than those made in our laboratory.

These results agree with those previously pub-
lished, but only to a point. As reported here,
Knox et al. [2], Eon [3], and Baur et al. [4]
found that the column efficiency is much better
at the center than along the wall. The profiles of
the radial distribution of the column efficiency
shown by Knox and co-workers [2], by Eon [3]
and by Baur et al. [4] are similar to those shown
in Fig. 8. In all these cases and in the present
work, the maximum efficiency is two to three
times higher than the efficiency near the wall.
However, all these authors found the column
efficiency to be constant in the central core
region. This is not the case for the different
columns studied here, even for the commercial
column. This shows that more work is necessary
to develop an improved packing technology
which could reduce or eliminate the wall region
and give a more homogeneous, more efficient
packed bed.

A consequence of the experimental results of
previous authors, confirmed by our own results,
is that markedly better separations could be
performed by HPLC if only on-column detection
were used. A three-fold gain in column efficiency
is a major achievement, translating into a 70%
better resolution, or three times faster analyses.
If this approach is used, however, the positioning
of the detecting sensor should be carefully
chosen, inside the core area within half a column
radius from the column axis, or better, along the
velocity ridge.

3.3. Radial distribution of analyte concentration

Fig. 10a shows the distribution of the signal
maximum over the column cross-section cor-
rected for the differences in response compared
to the electrode placed close to the column axis.
Despite the relative lack of precision in the
determination of the local concentrations at
different values of the column radius, we see that
the maximum concentration of the peaks is
largest at the column center and in the core
region, while it is three to four times lower along
the column wall.
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This result is in agreement with our previous
findings. Since the bands are wider and the
column efficiency is poorer at the wall than in
the core region, the same amount of material
injected per unit surface area will give a peak
shorter along the wall than in the center. How-
ever, multiplying the peak height and its width at
half-height gives a figure which is proportional to
the peak area. This value is not constant across
the column, but increases, albeit much less

rapidly than the peak height, from the column
wall to its center (Fig. 10b). This latter finding
explains why the large peak width recorded at
the column wall does not contribute more to the
overall peak width observed with a bulk detec-
tor. The results shown in Fig. 10a are in excel-
lent agreement with those of Baur et al. [4]. The
ratio of the maximum peak concentrations at the
column center and along its wall is ca. 5 in their
case, about 3 to 4 in ours.
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As shown in the Experimental section, it is
possible to rule out any significant contribution
of the injection band profile to the radial dis-
tribution of the solute concentration. The princi-
ple, design and mode of operation of the sam-
pling valve and its connection to the column
permit the achievement of almost flat injection
profiles. Because the concentration profile of an
analyte along the wall passes later and is wider
and shorter than in the column center, the signal
of a bulk detector is bound to exhibit some
degree of tailing, even if the peak profile at any
point of the column cross-section is Gaussian.
This phenomenon could provide a likely expla-
nation to the puzzling tailing exhibited by weakly
polar or non-polar compounds on well-deacti-
vated, end-capped, carefully bonded octadecyl
silica packings.

4. Conclusions

Although the details of our results are differ-
ent from those obtained by previous workers
[1-4], there is a substantial agreement regarding
the nature of the phenomenon. Analytical HPLC
columns are not radially homogeneous. On the
contrary, a rather homogeneous core is sur-
rounded by a thick layer of packing along the
wall. The thickness of this layer is around 30 to
50 particle diameters. Why this layer is some-
times less permeable and probably denser than
the core, as in our experiments and those of
Baur et al. [4], while in other cases it is more
permeable, as in the experiments of Knox and
co-workers [1,2] and Eon [3], and why this is so,
remains open for discussion. This observation is
important as it does not seem to be consistent
with the conventional explanation regarding the
low stability of the beds in preparative columns,
that these beds are lacking “wall support”. The
wall region contributes more to band broadening
than the core region. Band profiles recorded at
the column wall are later eluted, more dilute and

wider than those recorded in the center during
the same experiment.

As a consequence, analytical columns are
operated under experimental conditions where a
significant fraction of their potential performance
is wasted. A small concentration sensor placed at
the column axis would see narrower, better
resolved and more concentrated bands. Recent
progress in the realization of microelectrodes
and optical fibers could permit the design of
improved chromatographs. The fact that the
analyte is more concentrated in the areas where
the efficiency is higher renders this approach
more attractive.

The behavior of packed column beds and the
dynamics of the packing methods are still poorly
understood [7-9]. Further progress in the per-
formance of analytical as well as preparative
columns could be expected from research done
in these areas.
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