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Abstract

Pore flow in capillary electrochromatography (CEC) on porous silica particles has been investigated. To that end the
migration behaviour of narrow polystyrene (PS) standards dissolved in di-methylformamide (DMF) with lithium chloride in
1 and 10 mmol/I concentration has been measured. These data have been compared to theoretical predictions. The latter
were based on a model comprising cylindrical pores of varying diameter as measured experimentally by porosimetry, while
the flow in each set of pores was calculated with the expression given by Rice and Whitehead. A reasonable to good
agreement between experimental and predicted data was observed, provided it was g&umed that pores of differing diameter
occur in series. It was found that the flow in pores with a nominal size of 100 A can be considerable compared to the
interstitial flow, especially at 10 mmol/| ionic strength. It is concluded that pore flow within porous particles in CEC, of
great importance for improved efficiency in both interactive and exclusion type CEC, can be predicted fairly reliably by

means of the Rice and Whitehead expression. [ 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

The concept of capillary electrochromatography
(CEC) as a highly efficient aternative for high-
pressure liquid chromatography (HPLC) has been
introduced a considerable time ago [1,2]. Its implica-
tion in practice has been delayed because of various
practical problems that had to be solved before the
method could be used routinely. However, when
Knox and Grant [3,4] had shown that it is possible to
prepare highly efficient columns for CEC, and Smith
and Evans [5] found a way to prevent the formation
of gas bubbles in the columns, the interest in CEC
grew considerably. Since then, an improvement of
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column performance, in comparison to pressure-
driven systems, was shown by several other research
groups (e.g., [6-10]).

In an electrically-driven system plate heights for a
particular column are expected to be lower than in a
pressure driven system, because of an improved
mass transfer and a smaller influence of packing
inhomogeneities. As the main advantage of CEC,
however, it is generally seen that very small particles
can be used as stationary phase material. In contrast
to a pressure induced flow, the electroosmotic flow
(EOF) in CEC is virtually independent of the particle
size. A number of studies have been devoted to CEC
with small (<3 pm) particles [4,5,11-14]. In some
cases very low plate heights were obtained with
these small particles, for instance as low as 2.0 pm
[12] or even under 1.4 um [15] with 1.5 pm non-
porous particles. Still, in routine work CEC is
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performed mostly with 3-5 pm particles, because
columns with smaller particles are difficult to pack.

In our recent work [16] it was shown that the use
of macroporous particles in CEC can be an alter-
native to that of very small particles. With 7 um
particles with nominal pore sizes of 500—4000 A,
plate heights were obtained down to 2.3 um, i.e, to
a reduced plate height of 0.34. The performance of
these columns was similar to those packed with 1.8
pm material [14], while packing and operation
proved to be considerably more simple. The high
column efficiency with macroporous particles can be
attributed to the existence of a considerable flow
through the pores of the particles. As has been
shown in perfusion chromatography [17,18], pore
flow can drasticaly decrease the mass transfer
contribution to the plate heights. Li and Remcho
have also observed a decrease of plate heights
attributed to pore flow in CEC with macroporous
packing materials [19]. However, they observed
these phenomena only with very wide pores and with
high-ionic strength buffers. The existence of pore
flow in chromatographic media under CEC con-
ditions has been irrefutably proven by Venema et al.
[20,21]. They showed that the retention window in
size exclusion chromatography (SEC) could be much
smaller with an electrically driven system than with a
pressure driven system, the difference depending on
the pore size and the ionic strength of the buffer
used. Since the retention window in SEC reflects the
difference in flow velocity of the mobile phase
between and inside the particles, a considerable
intraparticle flow must have been present in the
electrically driven system.

For a proper description of the pore flow effectsin
CEC, and an intelligent optimisation of experimental
parameters such as particle and pore sizes and buffer
composition, a good model to describe the extent of
flow in the pores of (modified) silica particles is
required. Rathore and Horvath [22] have recently
published a review on the different models that can
be used for such a description. Since some of these
models are quite complicated, most authors refer to
the relatively ssmple model for EOF as presented by
Rice and Whitehead [23]. Rice and Whitehead
describe the effect of double-layer overlap on the
EOF in narrow cylindrical channels and their model
is used in CEC to describe the flow velocity and

profile through a porous medium, such as the col-
umn. So far the validity of this model in CEC has
not been tested. The model assumes a zeta potential
independent of the channel diameter; this assumption
is not trivial, because it relies on a complete charge
regulation at the surface of the (modified) silica [24].
Moreover, in the derivation of the resulting equations
the Debije Huckel approximation has been used,
which is actually only valid for zeta potentials lower
than those usually encountered on silica surfaces.

In the work presented here we have tried to
validate the Rice and Whitehead model for the
description of pore flow in CEC. For this, we have
performed SEC experiments, using polystyrene stan-
dards as probe molecules of different sizes, with a
column packed with a well defined silica material.
The elution behaviour of the probe molecules was
studied with pressure or an electric field as the
driving force, using DMF with different salt con-
centrations as the mobile phase. The experimental
results have been compared with predictions based
on the Rice and Whitehead model. Attention is given
to the effect of the pore size distribution on the
resulting average pore flow velocity.

2. Experimental
2.1. Chemicals

N,N-Dimethylformamide (DMF), tetrahydrofuran
(THF) and methanol were obtained from Acros
(Gesl, Belgium). Prior to use, the DMF was distilled
under vacuum at 70°C to remove any possible ionic
contaminants.

The polystyrene standards were purchased from
Macherey Nagel (Duren, Germany) and had polydis-
persities between 1.03 and 1.30 as was specified by
the supplier. Stock solutions of these polymers were
prepared in either DMF or THF at a concentration of
10 mg/ml. Sample mixtures were prepared by
mixing the stock solutions and dilution with the
mobile phase to a concentration of 1.0 mg/ml. To all
sample mixtures toluene was added, which served as
the totally permeating marker.

The particles used as the column material (Lich-
rosorb 100-10) were obtained from Merck (Darm-
stadt, Germany). A relatively large particle diameter
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was chosen to allow a comparison between pressure
driven and electrically driven flow experiments.
The mobile phases consisted of either DMF or
THF to which LiCl was added at concentrations of
1.0 and 10 mM. At a LiCl concentration of 0.1 mM
significant secondary interactions took place between
the stationary phase and the polystyrene, thereby
restricting the successful mass calibration of the
capillary SEC column. Therefore, these results were
disregarded in the remainder of this work.

2.2. Apparatus

All experiments were performed on a HP*'CE
instrument (Hewlett Packard, Waldbronn, Germany).
External pressure was delivered through a nitrogen
gas bottle. Detection was performed by UV absorp-
tion at a wavelength of 260 nm. Although DMF has
a UV cut-off at approximately the same wavelength,
it was possible to detect the polystyrene, although
relatively high concentrations had to be injected.

The same instrumental set-up was used for both
the pressure and the electro drive experiments per-
formed on the capillary columns. With the HP CE
system, up to 12 bars of pressure can be applied on
the column inlet, resulting in sufficiently high (>2.0
mm/s) linear velocities with columns made from 10
pm particles. This mode of operation is preferred
over the use of a second instrumental set-up for the
pressure drive experiments, since it allows direct
comparison of the same column under both modes of
operation and limits the risk of column damage.

The characterisation of the polystyrene standards
was performed with a standard SEC system. The
HPLC system consisted of a Spectroflow 757 solvent
delivery system (ABI, Ramsey, NJ, USA) operated in
the constant flow mode a 1.0 ml/min connected
on-line to a Spectroflow 757 variable wavelength UV
detector (ABI) operated at 254 nm and a viscosity
detector model H502 (Viscotek, Oss, The Nether-
lands). The injection was performed with a Rheo-
dyne type 7120 injector (Rheodyne, Berkeley, CA,
USA) equipped with a 20 pl sample loop. The
column was a 7.5 mm |.D. stainless steel column
packed with 3 pm polymeric PLRP-S particles
gcross-linked polystyrene-divinylbenzene) with 300
A pores (Polymer Laboratories, Church Stretton,
Shropshire, UK).

2.3 Particle characterisation

The pore-size distribution of the packing material
was determined by mercury intrusion on a PASCAL
440 porosimeter (CE instruments, Austin, TX, USA).
The skeleton density of the silica particles was
measured with a 25 ml pycnometer (Micrometrics,
Norcross, GA, USA).

2.4. Column preparation

At one end of a piece of fused-silica capillary (375
pm O.D. X100 pm I.D., Polymicro Technologies,
Phoenix, AZ, USA) atemporary frit was prepared by
tapping it into a pile of dry silica particles (Hypersil
120-5 ODS, Hypersil, Astmoor, Runcorn, UK) and
sintering them in place by heating locally with a
small gas flame. A durry containing 10 mg/ml of
the packing material was prepared in methanol and
homogenised by ultrasonification for 5 min. A 20 cm
piece of stainless steel tubing with an I.D. of 1/16"
served as the durry chamber and was filled with the
dlurry using a 3 ml syringe. The capillary was
connected to the slurry chamber using standard LC
connectors.

Next, high pressure was used to drive the particles
into the capillary. The pressure was delivered by a
high pressure membrane pump operated at an in-
creasing pressure up to 500 bar. After 1 h at
maximum pressure, the pressure was released slowly
and the column was flushed with water for 30 min at
a pressure of 150 bar. At this water pressure the
permanent in- and outlet frits were prepared by
heating locally with a hot metal strip device a a
distance of 25 cm from each other. Then the pressure
was released slowly and the column was reversely
connected to the pump. At a pressure of 100 bars the
remainder of the particles was flushed out of the
capillary and a detection window was prepared
immediately after the packed bed by burning of the
protective polyimide coating using the hot metal strip
device.

The column was then cut to the desired length and
installed into the CE instrument. Next, the column
was flushed with the mobile phase for 30 min by the
application of 10 bars of headpressure at the column
inlet. For the electro-driven experiments, the column
was electrokinetically conditioned by the application
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of a ramped voltage gradient of up to 25 kV across
the column during 30 min.

3. Results and discussion

3.1. Characterisation of the stationary phase
material

The density of the silica material was measured
gravimetrically as 2.00 g/cm®. Using a mercury
porosimeter, the pore size distribution of the silica,
with a nominal pore diameter of 100 A, was de-
termined. A clear distinction was found between the
intrae and the interparticle void volume, with less
than 4% of the total volume in the 50—-500 nm pore
size range. Therefore, a value of 50 nm was taken
arbitrarily as the limit between the intraparticle pores
and the interparticle space. The intraparticle pore
volume was found to be 0.913 cm®/g. In Fig. 1 the
pore size distribution of the silica material studied is
shown. For the intraparticle pores a fairly narrow
distribution was found, with a volume-average pore
diameter of 9.9 nm. The smallest pores measured had
a diameter of 5 nm.

Since pore flow can be strongly dependent on the
pore diameter, a further classification of the pores to
size was made based on the measured distribution.
The intraparticle pore volume was divided in 10%-
fractiles;, in Table 1 the diameter limits of the
fractiles, and their median diameter, are given.

rel.
abundance

d, [nm]

Fig. 1. The intraparticle pore size distribution of LiChrosorb
S 100.

Table 1
Size characteristics of the 10%-fractiles of the intraparticle pore
volume of LiChrosorb Si 100

10%-volume fractile Pore diameter limits Median diameter

(nm) (nm)

1 <82 75
2 8.2-8.9 8.7
3 8.9-9.3 9.1
4 9.3-9.6 9.4
5 9.6-9.9 9.7
6 9.9-11.0 10.4
7 11.0-14.0 12.1
8 14.0-18.8 16.0
9 18.8-28.0 22.7
10 28.0-50.0 35.2

3.2, Characterisation of the column

The total porosity of the column was determined.
For this, the volumetric flow-rate was measured by
weighing the change of the mass of the outlet vial
during a series of pressure driven runs of in total
1.5-2 h length, taking into account the density of the
solvent DMF (0.944 g cm™® at 25°C). With every
run the linear velocity of a marker analyte (toluene)
was also measured. By comparing the volumetric
flow velocity with the (average) linear flow velocity
of the marker the total porosity of the column could
be caculated. A total column porosity &, oOf
0.80£0.02 was found. Based on the data for the
intraparticle pore volume and the density of the
silica, the total column porosity can be divided into
an intraparticle porosity ¢, of 0.37 and an interparti-
cle porosity ¢, of 0.43. The latter value is higher
than what is usualy found for conventional HPLC
columns; this may be attributed to a lower packing
density (a relatively low pressure is used during
packing) and to a more important wall effect.

3.3 Characterisation of the probe molecules

Since data on the size (hydrodynamic radius) of
polystyrene molecules in DMF were not available in
the literature, these were determined by SEC based
on the principle of universal calibration [25]. The
relation between the molecular mass and hydro-
dynamic radius of polystyrene in THF is well
documented [26]. It can be described by the power
law:
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R, (THF) = 0.0144 X M>°%* (1)

with the hydrodynamic radius R, in nm and M, =the
molecular mass.

A standard SEC column was calibrated with PS
standards using THF as the mobile phase. Toluene
was used as the marker for the total mobile phase
volume. The calibration curve of the relative migra-
tion volume 7 as a function of log M, was converted
into a curve describing the relation between = and
log R, for PS in THF, using the power law above.
Next, 7 values were measured for the PS standards
with DMF as the mobile phase. R, values in DMF
were calculated by comparing the experimental
values with the calibration line as measured with
THF. In Fig. 2 the results are shown. It was found
that the sizes of PS molecules in DMF are dlightly
larger than in THF, especially in the high M, range.
By regression of log R, with log M, the following
power law was obtained for the hydrodynamic radius
of PSin DMF:

R.,(DMF) = 0.0119 X M?°% (2)

In further calculations the above expression was used
to obtain R, values for PS probe molecules of
different sizes in DMF.

3.4. Column behaviour in pressure driven SEC

To predict the column behaviour under pressure-

2.0 1
log (Ry /nm)
1.5 A
1.0 1

0.5 A1

0.0 A

-0.5 T T T T il

log MW

Fig. 2. Relation between the hydrodynamic radius and molecular
mass for PS standards in DMF. (@): experimental values;
( ): regression line; (- - -): regression equation in THF.

driven conditions, the intraparticle void volume was
modelled as an ensemble of cylindrical channels with
different diameters d, ;, given by the means of the
10%-fractiles of the pore volume. Every spherical PS
probe molecule i with a hydrodynamic radius R, ;
will sample only a part (f;) of the volume of a
certain cylindrical channel j, Wlth diameter d, ;, due
to the steric exclusion from the wall of the channel.

The fraction f of the total intraparticle volume
sampled by a certain PS molecule can be estimated
as.

10 10 (d 2
fizz fii EQ

(ford,>2R,,) (3)
i=1 7 j=1 d?

p.j

In Table 2 the hydrodynamic radii of the PS stan-
dards used are given and the calculated fraction of
the pore volume sampled by these probe molecules.
In pressure driven SEC the linear velocity of a
probe molecule (u;) is determined by its distribution
between the flowing mobile phase between the
particles and the stagnant mobile phase in the pores
of the particles that is sampled:
gout
out + 8 f (4)

Oth

The excluded volume for the marker (toluene) is not
completely negligible. With a radius estimated as
0.25 nm (calculated from its molar volume) the
sampled fraction of the intraparticle space for toluene
(f,) is calculated to be 0.91.

The retention factor  of a probe molecule, its

retention volume divided by that of the low-M,
marker, can then be estimated as:

Table 2
Hydrodynamic radii and sampled fractions of the intraparticle pore
volume of the PS standards used

M, (kD) R (hm) f
0.95 0.7 0.78
22 11 0.66
76 23 0.38

125 31 0.25
19.8 40 0.15
439 6.4 0.06
97.2 102 0.02
336 211 0.00
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1.0 1
T
0.9 4
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0.7 1 \
®
0.6
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log MW
Fig. 3. Relative retention of PS standards in a pressure driven system. (@®): experimental values, (———): prediction. DMF with 1.0 mM
LiCl.
+e - f where o is the electroosmotic velocity relative to
Cout 8in i

T =

Sout + Ein”* fO (5)
In Fig. 3 the experimental 7-values for polystyrene
standards, measured under pressure-driven condi-
tions, are compared with the predictions based on the
porosity measurements. As is clear from the figure,
there is a satisfactory agreement between the model
and the experimental results.

3.5. Pore flow models

In wide channels, with a width well exceeding the
thickness of the electric double-layer on the wall, the
electroosmotic mobility is independent of the chan-
nel width. However, when the dimensions of the
channel approach that of the double layer, the EOF is
suppressed by the so-called double layer overlap.
Rice and Whitehead [23] have derived an expression
describing the effect of double-layer overlap on the
electroosmotic velocity in thin cylindrical channels:

21,(d,/25)
1= (d,/26) - 1o(d,/25) (6)

w =

that in a wide channel, d, is the channel diameter, 6
the electrical double-layer thicknessand |, and I, are
zero-order and first-order modified Bessel functions
of the first kind, respectively.

Electroosmotic velocities measured in packed
columns can not be compared directly to EOF values
measured in wide, open capillaries. First, corrections
have to be made for the difference in field strength in
the packed and open parts of a CEC column [27].
Moreover, due to the tortuosity of the streamlines in
a packed bed, giving both a longer migration dis-
tance and a lower effective field strength, the appar-
ent electroosmotic mobility in a packed bed will
aways be lower than in an open capillary under
comparable experimental conditions. However, in
first instance it can be assumed that the tortuosity for
streamlines between particles in a packed bed is the
same as the tortuosity through the pores of the
particles. When such an assumption is justified, the
w-value as given in Eq. (6) predicts the velocity of
the flow in a pore of a particle in comparison to the
mobile phase velocity in the interparticle space.

To describe the effect of the pore size distribution
on the average pore flow velocity two different
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models have been used. In the first model the pores
are regarded as an ensemble of parallel cylindrical
channels with different diameters. This model would
be adequate when a probe molecule would be
transported through a certain channel or pore with a
relatively uniform width over a relatively long
distance before entering a next pore with a different
diameter. The pore flow velocity is a strong function
of the pore diameter. Fig. 4 shows the relative flow
velocities, calculated with Eg. (6), for the different
channel diameters representing the 10%-fractiles of
the pore volume, for two different values for the
ionic strength of the DMF solution. The flow in the
wider channels has a strong influence on the average
pore flow velocity. The volume-average pore flow
velocity (w,,,) in this parallel channel model is given

by:

10

2

_ =

10

c_‘)vol - (7)

The second model describes the pores in the station-
ary phase materia as an ensemble of cylindrical
channels with different diameters in series. This
model would be adequate when the probe molecules

0.8 1

0.6 A

0.4 4

205

would follow pathways through pores or channels
with a continuously changing width, or channels
continuoudly splitting up and merging. The varying
degree of double-layer overlap in such a non-uniform
channel would be levelled out by parabolic flows.
The resulting average flow velocity ;, is the weight-
ed average of the velocity in the different parts of the
channel, with the flow resistance (1/d;j) as the
weight factor:

10

2
2 (a/d;)
10

-:21 (1/d2))

Wy =

(8)

In this series model the average pore flow velocity is
dominated by the flow-rate in the narrow channels.
In Table 3 the pore flows predicted with the two
models are compared.

Both models have been used to predict the veloci-
ties of PS standards of different M, in an electrically
driven SEC system. In the paralledl model, each
10%-fractile of the pore volume has its own relative
flow velocity; the average velocity of a probe
molecule depends on the volume fraction sampled of
these 10%-fractiles:

10

1

1 2 3 4 5 6

7

10%-fractile

8 9 10 avg- avg-

vol fr

Fig. 4. Calculated relative pore flow velocities in channels representing the 10%-fractiles of the pore volume. DMF with 1 and 10 mM LiCl.
For comparison the volume-averaged and the flow-restriction averaged values are aso shown.
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Table 3
Predictions of the average pore flow velocity and exclusion limits
(7o) by the parallel and series channel models

LiCl concentration (mM) 1 10

5 (nm) 6.51 2.06
Parallel model, ,,, 0.124 0.450
Series model, w, 0.068 0.363
Parallel model, 7, 0.59 0.75
Series model, T, 0.57 0.70

excl

Pressure driven,

excl

0.54 0.54

10
Sout + €in 2 fi,i T
j=1

out” Eout + Ein’ fl (9)

Compared to the pressure-driven mode, the model
predicts an increase of all probe molecule velocities
compared to that of a totally excluded compound,
i.e, a general loss of mass selectivity. Also, it
predicts that the loss of selectivity is strongest in the
high M, range. These high M, compounds sample
only the widest pores, with the highest pore flow
velocities, so that the velocities of these compounds
come even more close to that of a totally excluded
compound.

The series model implies that the flow velocitiesin
wider and narrower parts of the pores are levelled
out to a flow-resistance averaged value. The linear
velocity of a probe molecule is how only determined
by the fraction of the total pore volume it samples:
gout + gin : fi .Z)fr

=u (10)

out” ‘gout + Ein’ fi
Again, a general loss of selectivity is predicted,
abeit to a smaller extent than in the previous model
because the average pore flow velocity is lower. The
loss of selectivity is not especially strong for large
molecules, because the flow velocity in the widest
parts of the pores is assumed to be levelled out to the
average value.

3.6. Column behaviour in electrically driven SEC

Mixtures of PS standards have been separated in

the ED-SEC mode with an applied voltage of 15 kV.
As the maobile phase DMF solutions of 1 mM and 10
mM LiCl were used. Experiments on the conduc-
tivity of DMF solutions of LiCl showed that ion
association does not play a role in this concentration
range. Therefore, the concentrations could be taken
as the ionic strength of the solutions.

As had been observed previoudy [20,21], the
retention window, the difference in retention time
between a totally excluded compound and the low-
M, marker, was smaller than in the pressure driven
mode, the decrease being most manifest with a high
mobile phase ionic strength. In Fig. 5 the experimen-
tal 7-values for the PS standards are compared with
the predictions based on the two models that have
been elaborated. The predictions of the series chan-
nel model are closest to the experimental results. The
pore flow velocity predicted by the parallel channel
model is apparently too high. Moreover, the extra
loss of selectivity in the high-M, range predicted by
this model is not found in practice.

4. Conclusions

It is of great importance to be able to predict the
pore flow velocity in CEC, because it improves
efficiency, especially when not-too-small particles
are used. SEC experiments allowed a direct assess-
ment of the extent of pore flow. The results of such
experiments indicate that the Rice and Whitehead
theory gives a good prediction of the relative pore
flow velocity in packed CEC columns. However, the
theoretical calculations show that not only the aver-
age pore diameter of the stationary phase is im-
portant, but also its pore size distribution. Different
stationary phase materials with the same average
pore size but different distributions could give
strongly different perfusion rates. Moreover, the
microstructure of the particles is to be taken into
account. For the particular stationary phase material
studied, the agreement between experimental results
and theoretical predictions is best for the series
model, which describes the pores as an ensemble of
channels with a continuously changing diameter.
With this model a flow-resistance averaged pore flow
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Fig. 5. Relative retention of PS standards in an electrically driven system. (@): experimental values; ( ): predictions with the parallel
(@ and series (b) models; (- - -): prediction for a pressure driven system. (A): 1 mM LiCl; (B): 10 mM LiCl.
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