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By using dynamic NMR microscopy with 40µm spatial resolution we have demonstrated the existence of
specific wall effects in electroosmotic and pressure-driven flows through a fixed bed at low column-to-
particle diameter ratio. While the geometrical wall effect encountered in pressure-driven flow through the
packed capillary is due to the radial distribution of interstitial porosity, with increasing void space closer to
the wall, the electrokinetic wall effect is caused by different values of the zeta-potential associated with the
inner surface of the capillary and those of the particles. It is shown that these wall effects are very systematic
along the column axis for both types of fluid flow. They can cause a persistent (i.e., long-time) disequilibrium
in the axial dispersion behavior, and associated correlation lengths of the flow field may cover the total
radius of the packed capillary needing trans-column equilibration. The characteristic times of these macroscopic
flow heterogeneities in electroosmotic and pressure-driven flows exceed by far those of the stagnant mobile
phase mass transfer in the bed as we show by complementary pulsed field gradient NMR measurements.

Introduction

Due to the nonuniform radial distribution of voidage, perme-
ability, and interstitial velocity in a critical region close to the
wall,1-13 the column diameter (dc) to particle diameter (dp) ratio
may influence transport properties in fixed-bed catalytic reactors
and chromatographic columns. It has already been shown in
early studies and for uniform spheres with a smooth surface
that the interstitial porosity (εinter) starts with a maximum value
of unity at the column wall and then displays damped oscilla-
tions with a period close todp over a distance of 4-5 dp into
the bulk of the bed until the void fraction reaches values typical
for random close packings of particles (εinter ) 0.38 - 0.4,
Figure 1).14-16 This behavior is explained by a decrease of
packing order as the distance from the wall increases. To
calculate the isothermal steady-flow profiles from a radial
porosity distribution functionεinter(r), which sensitively depends
on particle shape, size distribution, and surface roughness,
Vortmeyer and co-workers13 employed a classical model based
on the Brinkman equation.17 They extended it to higher flow
rates by adding an inertia term (incorporating the Ergun
pressure-loss relation18)

An effective viscosityηeff is used to compensate the failure of
the pressure-loss relation close to the wall,13 while ηf and Ff

are the fluid dynamic viscosity and density. The consequences

of this geometrical wall effect for the flow heterogeneity, axial
dispersion, and particle-to-fluid heat and mass transfer may be
particularly severe at aspect ratiosψ ) dc/dp below 15 where
the wall region occupies a substantial fraction of the total
column.19-22 For larger aspect ratios it was found that (within
limits of experimental precision) the dispersion in beds of
spheres is independent ofψ.23

A second wall effect has been shown to exist in analytical
and preparative-scale columns (ψ . 100), which is probably
caused by friction between the bed and the column wall.24-26

This effect strongly depends on the packing procedure and
operational characteristics. It is related to the relatively high
compressibility of pulverulent materials and complex distribution
of axial and radial stress during the compression of the bed.27,28

For small slurry-packed columns it was found that the packing
density is higher near the column exit and wall than in the upper
and central regions.29 The fractional volume affected by this
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Figure 1. The radial porosity distribution functionεinter(r) for fixed
beds of monodisperse particles with perfect spherical shape and smooth
surface. Experimental data for different column-to-particle diameter
ratios: (a)dc/dp ) 14.1, (b)dc/dp ) 5.6 (after Benenati and Brosilow15).
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interaction (compared to the first, purely geometrical effect) is
much larger and may extend to about 50dp into the bulk of the
bed.30,31It may be even thicker for preparative columns.32 Both
wall effects and the interplay as a function ofψ are critical in
chromatography since radial variations of transport properties
have a far more serious effect on column performance than do
axial ones.

In sharp contrast to the radial porosity distribution function
and its influence on the velocity heterogeneity in pressure-driven
flows (wall effects in particular), it is the radial distribution of
the zeta-potential (ú) at the solid-liquid interface, i.e., a
variation of the electrokinetic potential at the hypothetical plane
of shear,33,34 that determines the flow profile of an electroki-
netically driven mobile phase through fixed beds. Electroosmotic
flow (EOF) originates in the electrical double layer which exists
when the liquid is in contact with charged surfaces such as those
of ion exchange media.

Capillary electrochromatography (CEC) is typically carried
out in capillary columns (i.d.< 150µm) packed with 3-5 µm
porous adsorbent particles (thus,ψ < 50). Electric fields of up
to 100 kV/m are applied to move a buffer solution and solute
through the medium by electroosmosis (and electrophoresis if
the solute is charged).35-39 Basically CEC is a hybrid between
capillary electrophoresis (CE) and capillary high performance
liquid chromatography (CHPLC), as the partitioning between
two phases (e.g., a differential adsorption on the particles
surfaces) still constitutes one major factor, as in CHPLC.40,41

Concerning the interstitial flow characteristics, mainly two
aspects may contribute to an improved efficiency of the EOF
in chromatographic separations (as compared to pressure-driven
flows).42 They largely reflect implications of the parallel-pore
model for a porous medium, although the exact microscopic
details of the EOF are more complex than it suggests.43,44 It is
expected that the velocity distribution in a single pore of the
network carries features of a plug-like profile which is
predicted45-49 and has also been observed50,51 for pure electro-
kinetic flow in open capillaries, if the electrical double layer
thickness (κ-1) is small compared to the pore radius (rpore).
Second, with thin double layers (κrpore. 1), the average velocity
in a pore is relatively independent of the pore radius and the
actual porosity distribution has largely lost its impact on a flow
heterogeneity.46 This aspect is supported by observing that the
average EOF in packed capillaries is hardly influenced by the
particle diameter.52

For the EOF through fixed beds at a low aspect ratio (ψ <
50), however, it has been shown theoretically by Rathore and
Horváth53 and Liapis and Grimes54 that the excess zeta-potential
úex ) (úw - úp), i.e., the difference betweenú associated with
the capillary surface (úw) and the particles surface (úp), can have
a deleterious effect on the column cross-sectional flow profile
and average velocity. In general, the electrokinetic (and
chromatographic) properties of these surfaces are quite different.
Using the mathematical model constructed and solved by Liapis
and Grimes,54 the influence of the capillary wall (viaúw) on
the radial distribution of the EOF can be expressed by (cf. Figure
2)

with 0 e r e rc - 7/κ ≡ reff and whereI0 is the zero-order
modified Bessel function of the first kind andreff is an effective
capillary radius that accounts for the no-slip condition at the
inner wall of the column, i.e.,Veo(rc) ) 0.54 The constantâ

characterizes the overall permeability of the bed and can be
evaluated from the following relationship55

The dimensionless parameterΦ depends on the drag force that
is provided by a spherical porous (permeable) particle in the
packing.54,55As demonstrated in Figure 2, both the excess zeta-
potential and the aspect ratio contribute to the actual EOF
profile. These effects are too significant to neglect in current
CEC practice withψ < 50 unlessúw ≈ úp. Although one of
the ultimate goals,52,56 the use of submicron particles in CEC
columns (ψ > 100) is still far from a routine application.

The present work was motivated by a very discrete influence
of the column wall on the fluid dynamics of electroosmotic and
pressure-driven flow fields in fixed beds. Because these wall
effects are aggravated at a low aspect ratio, they are relevant to
(electro)separation science whenψ < 50. We used pulsed field
gradient (PFG) NMR and dynamic NMR microimaging to
assign the origin and severe consequences of a systematic
velocity heterogeneity to specific wall effects that are expected
in either type of fluid flow. Our first direct documentation of
wall effects for the EOF through a bed of charged porous
particles in a charged capillary actually addresses the importance
of that issue for a further optimization in CEC column
engineering and surface chemistry.

Theoretical Background

Dispersion in Fixed Beds.In the asymptotic (long-time)
limit, dispersion of a passive tracer in single-phase incompress-
ible fluid flow through random porous media can be described
by the local, averaged convection-diffusion equation in form
of a macroscopic Fick law with an effective, i.e., constant
dispersion tensor (D)57

It assumes implicitly that the dispersion process is Gaussian
where〈c〉 denotes the average concentration of tracer molecules
andV, the mean interstitial velocity, is an average over the local
(instantaneous) velocities,v. Then,D can be expressed by the
autocorrelation function of the fluctuations in the velocity field58

Veo(r)

Vp
) 1 + (úw

úp
- 1) I0(âr/dp)

I0(âreff/dp)
(2)

Figure 2. Radial distribution of the EOF velocity in packed beds
(normalized byVp, the velocity that is generated locally at the particle’s
external surface) for different values ofúw/úp and aspect ratios, based
on eq 2. (a)dc/dp ) 15; (b) dc/dp ) 5.

â ) ( 9
2
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(3)
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+ V‚∇〈c〉 ) D‚∇2〈c〉 (4)
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Actually, eq 5 reflects the Lagrangian description of fluid motion
sinceD is determined by an integral over the whole path of a
molecule (in the limit of long times) and not by an average of
local values as in the Eulerian approach, which involves an
instantaneous picture of all the points in the flow field.59 Eulerian
(DE) and Lagrangian (DL) definitions give the same effective
dispersion tensorD with the exception of possible antisymmetric
components ofDE arising in media whose structures lack a
reflectional symmetry (sinceDL ) symDE).60 When the porous
medium is isotropic on a macroscopic scale,D can be
decomposed into axial and transverse components, i.e., those
parallel (Da) and perpendicular (Dt) to V, and the convection-
diffusion equation becomes

In the preasymptotic dispersion regime (at intermediate times)
and for heterogeneous porous media, in general, when the
average displacements of tracer molecules are comparable to
the spatial fluctuations in the velocity field andD is time-
dependent, the nonlocal dispersion formalism due to Koch and
Brady could be adapted.61,62Although this transport theory was
originally developed for dilute systems of noninteracting spheres,
experimental evidence for the applicability of that approach to
random close packings has been recently presented by Ding
and Candela.63 D can be considered as a nonlocal generalization
of the traditional (or Fickian) diffusivity, depending on the tracer
particle shifts in space and time61,62

In this respect,P(r ′,t′/r ,t) is the transition probability (or
propagator) of finding a molecule atr ′ at time t′ given that it
was atr at timet. The nonlocal dispersion theory of Koch and
Brady may be used to obtain the average concentration response
to any source, regardless of its length scale or time scale, and
allows to recognize non-Fickian behavior simply as dispersion
processes that have not reached their asymptotic, i.e., (pseudo)-
diffusive limits.

Analysis of Motion via Magnetic Field Gradients. The
general analysis of fluid transport in fixed beds based on
magnetic field gradients has found considerable potential (see
Seymour and Callaghan64 for a detailed description) and it
includes the axial and transverse dispersion characteristics,64-68

structure-flow and dispersion correlations,69,70 scaling behav-
ior,71,72and the stagnant mobile phase mass transfer kinetics.73,74

In the context of dispersion, PFG-NMR can be used to obtain
directly the nuclear spin (hence, a molecular) displacement
probability distribution of the fluid (tracer) molecules in both
electroosmotic and pressure-driven flows through packed capil-
laries, on an experimental time scale between 15 ms and ca.
1.5 s. The motion-encoding field gradients of amplitude (and
direction)g and durationδ define a vector inq-space, i.e., 2πq
) γδg75-77 and γ is the gyromagnetic ratio of the nucleus.
Introducing an averaged propagator,Pav(R,∆),78,79as the prob-
ability that any molecule (e.g.,1H2O) travels a net distanceR
) r ′(t′) - r (t) over the experimental observation time∆ ) (t′
- t), we get a direct Fourier relation betweenPav(R,∆) and the
normalized signal,E(q,∆), acquired in theq-space, character-
izing a PFG-NMR measurement in the narrow gradient pulse
limit (δ , ∆)80,81

Thus,q-space is reciprocal to the (dynamic) displacement space
R andPav(R,∆) is recovered by Fourier transformation ofE(q,∆)
with respect toq. The averaged propagator,Pav(R,∆), of the
fluid molecules is related to their conditional probability,P(r ′,t′/
r ,t), by the probability (i.e., nuclear spin) density,F(r ), for the
original positions

In columns packed with porous particles we may distinguish
(via the net displacements over time∆) between convective-
diffusive interparticle and purely diffusive fluid molecules that
have remained in the deep stagnant pools inside the particles.74

When on the experimental time scale both intraparticle diffusion
and interparticle dispersion are Gaussian processes, the ampli-
tude modulation ofS(q,∆) is given by

An(∆) represents the number of moving and stagnant fluid
molecules. By recordingAintra(∆) it is possible to monitor the
fictitous emptying of the porous particles and characterize
stagnant mobile phase mass transfer and its contribution to hold-
up dispersion in the packed bed. The use of eq 10 assumes that
adequate correction has been made for the nuclear spin-lattice
(T1) and spin-spin (T2) relaxation times.74

In the context of our present PFG-NMR measurements,
typical average axial displacements of the fluid molecules in
both electroosmotic and pressure-driven flows through the
packed capillary are not much larger than the spatial scale of
the actual flow heterogeneity. Thus, the long-time limit of the
apparent (transient) axial dispersion coefficientDap,ataken with
respect to the correlation time of the velocity fluctuations is
not reached on the intrinsic experimental time scale. In this case,
the low-q limit of E(q,∆), corresponding to long-range displace-
ments of fluid molecules in view of eq 8, may be analyzed to
estimateDap,a. It has been shown by Callaghan and Stepisˇnik82

that the initial slope of the amplitude modulation ofE(q,∆) can
be expressed as

Although eq 11 is exact only in the case that the distribution
of corresponding displacements is Gaussian, this asymptotic
analysis with 4π2q2Da(∆)∆ , 1 provides a good working
definition for the apparent (time-dependent) dispersion coef-
ficient, i.e.,Da(∆) ≈ Dap,a.64 In the long-time limit, this quantity
corresponds to the effective (time-independent) dispersion
coefficient that is defined by eq 6, i.e.,Da(∆) ≡ Da. Then, when
the exchange between mobile phase velocity extremes including
intraparticle mass transfer is complete,Pav(R,∆) becomes a
Gaussian and eq 10 has reduced to a single exponent containing
Da.

When in addition to the motion-encoding field gradientsg
also spatial localization gradients of amplitude (and direction)
G and durationλ are applied, the acquired signal is modulated
in q-space andk-space (2πk ) γλG)82-84

D ) lim
tf∞

∫0

t
〈[v(0) - V]‚[v(t′) - V]〉 dt′ (5)

∂〈c〉
∂t

+ V‚∇〈c〉 ) Da

∂
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∂z2
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) ∫ Pav(R,∆) exp(i2πq‚R) dR (8)
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Thus, k-space is reciprocal to the (static) image spacer and
Pav(R,∆) is implicitly a function of the pixel coordinater .
Double inverse Fourier transformation ofS(k,q) with respect
to bothk andq returnsF(r )Pav(R,∆). Normalizing this function
by the image densityF(r ) acquired withq ) 0, Pav(R,∆) can
be reconstructed for each pixel of the image. This dynamic NMR
imaging (eq 12) naturally contains elements of both a Lagrangian
(via motion-encoding) and Eulerian (via the spatial localization)
information encoding.64

Experimental Section

Capillary (Electro)Chromatography. The 250µm i.d. (365
µm o.d.) cylindrical fused-silica capillary (Polymicro Technolo-
gies, Phoenix, AZ) was slurry-packed85 with spherical-shaped,
strong cation-exchange particles (dp ) 50 µm, thusψ ) 5) at
pressures up to 100 bar. These particles (POROS HS from
PerSeptive Biosystems, Framingham, MA) have a high density
of sulphopropyl groups (i.e., permanent charges over a wide
range of pH) at their surface which provide the basis for an
electrical double layer at the solid-liquid interface and the
generation of an EOF through the fixed bed, in addition to the
EOF being generated at the inner surface of the capillary due
to the silanol groups of the fused-silica wall.34 The final bed
length was 20 cm. A degassed 10-3 M sodium tetraborate buffer
solution (pH 9.13) was used as the mobile phase in all our
experiments, usually run in the creeping laminar flow regime
with Reynolds numbers of the order of 0.05.59 For the
measurements requiring a steady EOF in the packed capillary,
the electrodes of a modular CE instrument operating from 0 to
30 kV and up to 0.2 mA (Fa. Grom, Herrenberg-Kayh,
Germany) were connected to the column by a home-built PEEK
block with flow splitter and a buffer vessel through open fused-
silica capillary segments.51 An integrated HPLC pump could
be used for pressure-driven flows. Electrical field strengths and
currents typically involved were around 35 kV/m and 20µA,
respectively.

Nuclear Magnetic Resonance.The1H NMR measurements
were made at 30.7 MHz on an electromagnet (Bruker, Karlsruhe,
Germany) interfaced with a SMIS console (Surrey Medical
Imaging Systems, Guildford, U.K.) and an actively shielded
gradient system (Doty Scientific, Columbia, SC) providing
magnetic field gradients of up to 0.6 T/m. The packed capillary
was fixed within a home-built radio frequency (r.f.) insert51

based on a 1.5 mm i.d. and 11 mm long solenoidal r.f. coil
which allows a convenient sample access in the magnet. For
spatially nonresolved measurements ofPav(R,∆) we used the
stimulated echo sequence of the PFG-NMR methodology,84 with
∆ up to 1.5 s.S(q,∆) is generally acquired with a constant
gradient pulse duration (δ ) 2.5 ms,δ , ∆), but incremented
gradient amplitudeg by taking 40q-steps in the range of(qmax

and up to 64 signal averages at each value ofq. Echo signals
were acquired on-resonance and phased individually to extract
the net amplitude modulation ofS(q,∆). The dispersion coef-
ficient is characterized in the low-q limit, with 4π2q2Da(∆)∆
, 1 (cf. eqs 10 and 11). All calculations were made by using
IDL (Interactive Data Language, Research Systems Inc.,
Boulder, CO).

For the microimaging of molecular displacements in the
packed capillary, we implemented a pulse sequence that
combines motion-encoding pulsed field gradients with a multiple

spin-echo imaging module.86 It is the unique feature of this
approach that not only an amplitude attenuation but also phase-
information is maintained over the whole echo-train at each
value ofq. Figure 3 illustrates the information of the multiecho
PFG-NMR experiment after Fourier transformation ofS(k,q)
with respect tok. Horizontally shown in Figure 3a is the
modulation of the real part ofF(r )S(q) as a function ofq,
whereas the signal decay in the echo-train is displayed vertically.
After Fourier transformation ofF(r )S(q) with respect toq (zero-
filling of the data is possible here), we obtainF(r )Pav(R,∆) in
Figure 3b. The signal decay in the echo-train is usually
characterized byT2, but with a used nominal in-plane resolution
of 40 × 40 µm the imaging gradients become large enough
that this decay is also affected by the dispersive motion of the
fluid molecules.87 In principle, such a multiecho PFG-NMR
imaging experiment can relate an initial signal amplitude and a
characteristic decay time to any pixel and value ofR. We used
an additional multiecho imaging experiment (i.e.,q ) 0) with
increased signal-to-noise ratio (40 averages and 20 echoes) to
examine the characteristic decay time for each pixel in the
column. No systematic differences in decay times could be
retrieved and we used the mean value (32 ms) to filter signals
in the echo-train for each pixel in order to add filtered signals
when needed and increase the signal-to-noise ratio of the final
pixel propagators.

Figure 3. Multiecho PFG-NMR imaging experiment after Fourier
transformation of the data with respect tok. (a) 24× 12 images of the
packed capillary (24q-steps and 12 echoes) demonstrating the
modulation of the complex signals real part depending onq (horizon-
tally) and echo number (vertically). (b) 24 images after zero filling in
q-space from 24 to 72 steps and Fourier transformation with respect
to q. The horizontal axis represents displacement space. Experimental
parameters: 20× 20 × 12 × 24 matrix; 0.8 mm field of view; 6.0
mm slice thickness; 0.8 s repetition time;gmax, 0.31 T/m,δ ) 2.3 ms;
∆ ) 17.5 ms; and echo time in train, 5.2 ms.

S(q,k) ) ∫ F(r ) ∫ Pav(R,∆) exp(i2πq‚R) dR

exp(i2πk‚r ) dr ) ∫ F(r ) E(q,r ,∆) exp(i2πk‚r ) dr (12)
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Results and Discussion

The inherent length scales of axial and transverse fluid
transport heterogeneities in fixed beds not only influence the
asymptotic value of the axial dispersion coefficient (Da) but also
affect the time scale on which this value is approached at a
given Peclet number (Pe). The ultimate goal in terms of
dispersion is a rapid exchange (“equilibrium”) of molecules
moving in velocity extremes of the fluid flow field. It may be
achieved by reducing associated correlation lengths in the bed
and/or by fast lateral dispersion. In this respect, Pe) Vdp/Dm

indicates the relative importance of convective and purely
diffusive contributions.

Beginning with the temporal domain characterizing the
transient dispersion, Figure 4 displaysDap,aas a function of time
for electroosmotic and pressure-driven flows at Pe) 15, which
is in a range typical for liquid chromatography (5< Pe< 20).
After a first, relatively steep increase up to ca. 250 ms (first
domain), the curves level off andDap,aseems to reach a plateau
region. However, a closer look reveals that within this second
domain the dispersion still increases in both types of liquid flow,
i.e., Dap,ahas not reached an asymptotic value yet and, in fact,
it is not observed on the experimental time scale. In addition to
this long-time tail (“disequilibrium”) in the dispersion charac-
teristics (it should be recalled thatDap,aitself is calculated from
the NMR signal amplitude in the low-q limit by eq 11), Figure
5 shows corresponding, complete axial displacement probability
distributions for EOF through the packed capillary. Propagator
shapes for pressure-driven flow are qualitatively similar. They
reveal features that have been reported earlier for nonporous
particles.88 Differences in the present work are due to the fact
that the particles are totally porous, with an intraparticle porosity
of about 0.65,89 and that the aspect ratio is very low (ψ ) 5).
Thus, a contribution of wall effects (cf. Figures 1 and 2) to the
studied macroscopic flow heterogeneity is aggravated.

At short times, the radially averaged axial displacement
probability distribution mostly reflects the distribution of average
velocity components in single pores of the porous medium
(Figure 5a). It is caused by microscopic factors such as the
random orientation of pores and differences in local morphology
(permeability) or the electrokinetics (zeta-potential), depending
on which type of flow we consider. While the diffusion length
LD ) (2Dm∆)1/2 in this flow regime may be sufficient to allow
an exchange of velocities within the single pore, bothLD and
the convective lengthLC ) Vj∆ are typically smaller than the

longitudinal pore dimension, i.e., fluid molecules do not
exchange between different pores (Vj is the average pore
velocity). Concluding from this microscopic viewpoint,Pav(R,∆)
) P(vj) also contains the complete velocity heterogeneity
underlying the macroscopic flow profile. The highest average
pore velocity that we calculate with Figure 5a (neglecting the
fact that lateral diffusion over anLD of 12 µm at ∆ ) 35 ms
has already achieved some exchange between flow velocities
and thus blurs the clean velocity spectrum) is about 2.95 mm/
s. This is quite a high (local) value, assuming that it originates
in a straight pore between charged particles. Even when we take
into account that the column cross-sectional averaged EOF (as
compared to the straight single-pore geometry) is reduced by
the tortuosity factor of the bed (approximately 0.6), this value
remains much too high for typical cation exchange resins that
have been used in CEC.90-92 It rather suggests that the high-
velocity components observed in Figure 5a are associated with
the fused-silica wall of the capillary. The values are, in fact,
closer to those EOF velocities that have been obtained for open
(fused-silica) capillaries using the same NMR approach and
buffer; stronger thermal effects in the open tubular case caused
by a Joule heating can explain most differences that may still
exist.51 Thus, by knowing the typical EOF velocities in open
and packed capillaries at sufficiently highψ, already the one-
dimensional propagator information allows to recognize larger
displacements of fluid molecules close to the column wall
moving in an annular region with a lateral dimension of the
order ofLD, i.e., the distance that a molecule withVjmax at reff

(eq 2) can diffuse along the radial velocity gradient.
Electrokinetic potentials at the inner wall of quartz capillaries

up to-100 mV and even above are not unusual, although with
the buffers and concentrations typically used in CEC the value

Figure 4. Observation time-dependence of the apparent axial dispersion
coefficientDap,afor electrokinetically and pressure-driven flows through
the packed capillary at Pe) Vdp/Dm ) 15.Dm ) 2.25× 10-5 cm2 s-1

(molecular diffusivity of pure water) andV is the mean velocity in the
bed referring to its total porosity because the particles are porous.

Figure 5. Radially averaged axial displacement probability distributions
for EOF through the fixed bed in dependence of the observation time,
Pe) 15. (a)∆ ) 35 ms, (b)∆ from 75 to 300 ms, and (c)∆ ) 600
ms. Electrical currents remained constant over the measurement periods
within 3%.
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presents an upper limit andúw usually ranges between-50 and
-100 mV.93-96 By contrast,úp of many commercial strong
cation exchange particles such as those used in the present work
can be significantly smaller thanúw of the bare fused-silica
capillary,91 depending on the exact surface chemistry of the
particle and associated electrokinetics. Thus, although these
surfaces with sulfonic acid (cation exchange particle) and silanol
groups (fused-silica capillary) both carry a negative charge
density, the ratioúw/úp can be still substantial in current CEC
practice (cf. Figure 2).90-92 In the extreme case that the particle
surface does not generate an EOF, only the capillary inner
surface may contribute to a volume flow,54 if the resistance
provided by the fixed obstacles does not prevent it completely.
This also depends on the ratio of involved surface areas and
consequently onψ.

Yet another remark concerning the EOF behavior in porous
media should be made at this point. It has been demonstrated
that the equivalent radius of interstitial channels in packed beds
(r inter) is 25 to 40% of the particle radius,97 i.e., r inter ≈ 8 µm in
the present work forrp ) 25 µm. Together with the buffer
concentration (10-3 M), which givesκ-1 of the order of only
10 nm,34 we are actually measuring in the limit of thin electrical
double layers (κr inter . 1). In this regime, double-layer overlap
in individual channels of the packed beds interstitial pore space
is completely prevented (except at the contact points of particles)
and the EOF should show a significantly superior performance
compared to pressure-driven flows, including a relatively flat
pore-level flow profile and average pore velocity that is rather
independent of the pore radius (thus, also of the local packing
homogeneity).46,93 As we have already seen in Figure 4,
however, the axial dispersion characteristics of the EOF at long
times are only moderately better than for pressure-driven flow
(about 15%) when compared to the striking difference in a
straight open capillary,50,51,98 and we demonstrate the main
reason for it in due course.

By proceeding from Figure 5a, which indicates the distribu-
tion of average pore velocities via the exponential front of
Pav(R,∆),88 to Figure 5c, the observation time∆ is increased to
600 ms. The most striking result is that (in agreement with the
data shown in Figure 4) a perfect Gaussian shape has not been
reached after this long time, which, on a purely diffusive basis,
translates to anLD of ca. 50µm. It is evident that a disequi-
librium in the fluid molecule axial displacement probability
distribution must remain,Pav(R,∆) shows still substantial
fronting. In the literature dealing with non-Gaussian dispersion
in porous media, usually two mechanisms are discussed in that
context: trapping of fluid molecules in stagnant zones and
macroscopic flow heterogeneity.58,99 However, in contrast to
some consolidated porous media such as rocks or sintered glass
beads, the packed beds typically used in modern liquid chro-
matography have a relatively discete time scale and length scale
characterizing transport in stagnant zones and flow heterogene-
ity. The particles are spherical, with narrow size distribution.85

Thus, the interstitial pores for flow are well connected, without
particle cracks and fines, while stagnant zones are limited to
the intraparticle pore space and hydrodynamic boundary layer
that exists on the particle’s external surface.

To specifically focus on macroscopic flow heterogeneity as
a cause for the observed non-Gaussian behavior, we first study
the characteristic time of stagnant mobile phase mass transfer
for pressure-driven flow through the packed bed. It is achieved
by selecting Pe high enough that moving and stagnant fluid can
be quantitatively discriminated by eq 10, i.e., that the interstitial
dispersion far exceeds intraparticle diffusion (cf. Figure 6a).

Then, with a series of measurements at increasing∆, we
determineAintra(∆), the amount of those fluid molecules that
have remained purely diffusive inside the particles (in general,
in any stagnant region of the medium as long as the character-
istic dimension of that stagnant zone is much larger thanLD).
By recording this fictitous emptying of the particles, we use
that approach to calculate an intraparticle diffusion coefficient
(Dintra) from the classical mass transfer rate constant74,100

The results of the analysis are shown in Figure 6b, and we
see that the diffusion equation fits well the experimental data.
Based on the intraparticle tortuosity factor (τintra), the average
size and spherical shape of the particle diffusion-limited mass
transfer should be finished after a characteristic exchange time
(∆e), assuming that the molecules have to travel a net distance
of dp/2 to leave the porous particles completely

With eq 13 we findDintra ) 1.34× 10-5 cm2 s-1 (τintra ) Dm/
Dintra ) 1.68) and∆e ) 233 ms. Thus, the well-characterized
stagnant mobile phase mass transfer in the packing (Figure 6)
can be excluded as a cause for the transient dispersion behavior
observed in domain 2 of Figure 4 and a corresponding non-
Gaussian propagation of fluid molecules in Figure 5c. On the
other hand, the temporal domain of this kinetics matches the
time scale of domain 1 and, thus, may be responsible for most
of the steep increase inDap,a(∆). Actually, the dotted line in
Figure 4 indicates the time when stagnant mobile phase mass
transfer is complete for pressure-driven flow. This behavior is
in contrast to nonporous particles for which an asymptotic
dispersion, i.e., a transition from stationary random flow to
pseudo-diffusion, is reached much faster than with porous
ones,64 because the holdup contribution is simply not present.71

In this respect it has been indicated that correlation times for
nonmechanical dispersion mechanisms (holdup and boundary-
layer dispersion) are long diffusive times and that transient
effects associated with nonmechanical dispersion are more
persistent than those associated with mechanical dispersion, i.e.,

Figure 6. Stagnant mobile phase mass transfer for the 10-3 M sodium
tetraborate buffer solution entrained in the deep pools of the cation
exchange particles (dp ) 50 µm). (a) Averaged propagator distribution
demonstrating stagnant and moving fluid fractions in the bed,∆ ) 22
ms. (b) Actual mass transfer kinetics and best fit of the data to
eq 13 (solid line,r2 ) 0.998).
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with the dispersion due to velocity fluctuations in the bulk fluid
induced by the randomly distributed particles.62

In the present case, however, we also expect substantial
macroscopic flow heterogeneity for EOF and pressure-driven
flows through the bed (Figures 1 and 2). The length scales
coupled to this nonuniformity of the flow pattern may spread
over the whole capillary radius and by far exceed those
associated with the stagnant mobile phase mass transfer (in
which case it is just the particle radius). Then, the time needed
to achieve an exchange of fluid molecules moving in the center
of the bed and at the wall by lateral diffusion (or, more correctly,
lateral dispersion at the actual Pe, becauseDt > Dm/τbed) can
be a few seconds forrc ) 125µm. The situation becomes more
severe for slowly diffusing biomolecules (Dm < 10-7 cm2 s-1).
It implies that through the involved transcolumn correlation
length a macroscopic flow heterogeneity is responsible for the
most persistent transient dispersion component (Figures 4 and
5), similar to the preasymptotic regime of Taylor-Aris disper-
sion in an open tube (although it shall by no means imply that
the actual flow profiles are similar).51,101For the latter case of
a transcolumn equilibration, a perfect Gaussian displacement
distribution is observed only whenLD g rc.102 In the case of
fixed beds, on the other hand, this length scale (rc) may be
covered faster due to lateral dispersion and the “diffusion” length
becomesLD ) (2Dt∆)1/2. By applying the magnetic field
gradients perpendicular to the flow direction we can measure
transverse dispersion and findDap,t ) 2.64× 10-5 cm2 s-1 at
∆ ) 600 ms and Pe) 15 (cf. domain 2, Figure 4). Concerning
its flow rate dependence,Dap,t(∆) has just left the so-called
tortuosity-limited dispersion regime characterized byDm/τbed<
Dt < Dm.

The value ofDap,t(∆) is almost an order of magnitude smaller
thanDap,a(∆) and translates to anLD of only 56 µm. Although
it slightly exceeds purely diffusive mass transfer, this distance
is by far not enough to allow the lateral dispersion of fluid
molecules over the whole column radius. Consequently, features
of a macroscopic flow heterogeneity such as transient dispersion
and an associated non-Gaussian distribution of the fluid-element
displacements will persist at corresponding observation times
(as evident in Figures 4 and 5).

Still another detail (Figure 5c) suggests that some macroscopic
flow heterogeneity of a type indicated by Figures 1 and 2 is
responsible for the non-Gaussian distribution of fluid-element
displacements (whenLD < rc). We generally observed no tailing
but fronting in Pav(R,∆), which implies the existence of a
substantial region in both electroosmotic and pressure-driven
flows with higher-than-average velocity (the “true” average
refers to a packed segment without wall effect, i.e., to an infinite-
diameter bed). By contrast, the large heterogeneities caused by
low-permeability zones in which the velocity is not necessarily
zero and by purely diffusive zones (especially important for
porous media near the percolation threshold or very slowly
diffusing solutes which strongly adsorb on the surface) usually
give rise to tailing.57,58 We now tried to spatially resolve these
wall effects by dynamic NMR microimaging with in-plane
resolution of 40µm. The slice thickness was set to 6 mm
because we expect the effects to be systematic along the column
axis and consequently do not require a high spatial resolution
in this third dimension. Thus, a reasonable signal-to-noise ratio
and a sufficiently high resolution over the column cross-section
(compared to the particle diameter,dp ) 50 µm) could be
achieved.

The results of this microscopic investigation are summarized
in Figures 7 and 8. The single-pixel propagator distributions in

Figure 7 clearly reveal a substantial increase of fluid velocity
close to the column wall as compared to the center of the bed.
It seems that the macroscopic flow heterogeneities in electro-
osmotic and pressure-driven flows extend even further inward
from the wall to pixels at intermediate positions and thus may
cover length scales of the order of the column radius in the
present case withψ ) 5. The propagators from four added pixels
representative of wall and center positions are shown in Figure
8. Data were collected from opposite edges of the capillary
cross-section (wall region 1 and 2), and, in contrast toPav(R,∆)
in Figure 7, they are zero-filled and normalized. The distribu-
tions show pronounced shoulders or even separate local maxima
for fluid molecules in pixels closer to the column wall and the
effects scale with observation time (Figures 8a and 8b), but a
lateral exchange of molecules between velocity extremes is also
promoted. Thus, pore-level velocities become increasingly
blurred as we approach equilibrium in the mobile phase.

In both types of flow, we observe higher velocities as we
move toward the wall, although at this stage it is difficult to
say whether the effects are more severe in EOF than for
pressure-driven flow because the difference inDap,a(∆) remains
small at the observation times used to acquire the data shown
in Figures 7 and 8 (domain 1, Figure 4). Yet, they have a
completely different origin, but in both cases contribute
substantially to the interstitial dispersion. At this stage, however,
it is more important that the high-velocity components seen in
these imaging studies close to the capillary wall compare well
with top velocities in the exponential front of the 1-D propaga-
tors (Figure 5a), which a priori have been blamed on the fused-
silica wall (viaúw). The results confirm that a first insight into
the magnitude of EOF velocities in the critical wall region can

Figure 7. Axial displacement probability distribution for fluid
molecules in single pixels of the image. (a) EOF and (b) pressure-
driven flow through the packed capillary (∆ ) 17.5 ms). Pixels are
taken along a straight line through the center, wall, and intermediate
region of the column cross-section. For experimental parameters refer
to Figure 3.
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already be gained from the 1-D data, with measurement times
of 10 min only. Ongoing studies that could help to distinguish
further between these macroscopic flow heterogeneities could
employ matched surface potentials (úw ≈ úp) while keepingψ
constant and, thus, leaving the wall effect critical for pressure-
driven flow, but minimizing it with EOF.

Conclusions

Our results demonstrate that a significantly superior perfor-
mance, which has been shown for EOF through packed
capillaries35-39 compared to pressure-driven flows, can be
obstructed by wall effects, and it is difficult to trace back
remaining differences in the asymptotic dispersion observed for
these types of fluid flow to an inherent performance concerning
intraparticle and film mass transfer or a macroscopic flow
heterogeneity. NMR microscopy and PFG-NMR are techniques

by which the physical mechanisms that contribute to dispersion
in the flowing and stagnant zones of the bed may be addressed
separately.

The influence of the documented electrokinetic wall effect
in current CEC practice (ψ < 50) is two-fold. First, depending
on the ratiosdc/dp and úw/úp, it contributes to the long-time
averaged velocity through the packed capillary. Second, it
engenders additional band spreading. Even if the aspect ratio
can be increased and the first consequence be neglected,
systematic offsets in zeta-potential remain and sensitively
influence eddy-dispersion. This particular contribution can be
eliminated only whenúw ≈ úp and is rather important to consider
in CEC where particle technology has begun to focus on
electrokinetics in more detail.39

The operation with pressure-driven flows in packed capillaries
is limited by the back pressure of the beds. For this reason,
aspect ratios typically used in CHPLC are below 50. Wall effects
are caused by the radial distribution of porosity, which has been
extensively studied for larger columns.1-16 The problems
encountered with particulate packings in CHPLC and CEC can
be overcome by the use of monoliths.103-105 They are fabricated
as a continuous porous medium with small domain size of the
solid or porous fractal skeleton, but relatively large flow-through
pores, providing low pressure-drops and high column efficiency.
In view of the zeta-potential and CEC applications, the capillary
inner wall may be coated by a fluid-impervious annulus of the
same material, thus reducing the excess zeta-potential between
wall (usually fused-silica) and monolithic material.
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