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Macroscopic Heterogeneities in Electroosmotic and Pressure-Driven Flow through Fixed
Beds at Low Column-to-Particle Diameter Ratio
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By using dynamic NMR microscopy with 40m 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 10

S

Due to the nonuniform radial distribution of voidage, perme- 09|
ability, and interstitial velocity in a critical region close to the
wall,*~13the column diametexd) to particle diameterd) 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 porosityefyer) Starts with a maximum value
of unity at the column wall and then displays damped oscilla-
tions with a period close td, over a distance of 45 dj into A
the bulk of the bed until the void fraction reaches values typical 03k
for random close packings of particlegnr = 0.38 — 0.4, r
Figure 1)14-16 This behavior is explained by a decrease of S0 05 10 15 20 25 30 85 40 45 50 85
packing order as the distance from the wall increases. To Distance from Wall [d ]
calculate the isothermal steady-flow profiles from a radial P
porosity distribution functiorine(r), which sensitively depends ~ Figure 1. The radial porosity distribution functiogne(r) for fixed
on parice shape, size disvibuton, and surface roughness 056 1 OTOSeREPAes i pere s e a3 o
gr?r':f?:—:‘e}éer}irnirrlr?azoev(\qlﬁ;ktgfie%%l;yeex?eiEiléjljsi;ct?)l mggg: ?I%Svsd ratios: (a)dJ/d, = 14.1, (b)d/d, = 5.6 (after Benenati and Brosilaf.

rates by adding an inertia term (incorporating the Ergun of this geometrical wall effect for the flow heterogeneity, axial
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pressure-loss relatiéf) dispersion, and particle-to-fluid heat and mass transfer may be
particularly severe at aspect ratips= d¢/d, below 15 where
ap (1= €l (1 =€) 2 the wall region occupies a substantial fraction of the total
o _15077f—r)3 el f—r)3 a columni®22 For larger aspect ratios it was found that (within
el P €l P limits of experimental precision) the dispersion in beds of

@g(ra_y) ) spheres is independent gf?3

roor\ or A second wall effect has been shown to exist in analytical
and preparative-scale columng ¢ 100), which is probably

An effective viscosityyer is used to compensate the failure of caused by friction between the bed and the column #a#f

the pressure-loss relation close to the Wallyhile »; and ps This effect strongly depends on the packing procedure and

are the fluid dynamic viscosity and density. The consequencesoperational characteristics. It is related to the relatively high

compressibility of pulverulent materials and complex distribution
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interaction (compared to the first, purely geometrical effect) is 35 |
much larger and may extend to aboutdydnto the bulk of the o3 ¢,=30L
bed3%:311t may be even thicker for preparative colunf&oth 301 b) /

wall effects and the interplay as a functionpfare 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 { at the solig-liquid interface, i.e., a -
variation of the electrokinetic potential at the hypothetical plane 05 -
of shear®34that determines the flow profile of an electroki- e T YTy s e
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 thoseFigure 2. Radial distribution of the EOF velocity in packed beds
of ion exchange media. (normalized byy, the velocity that is generated locally at the particle’s

Capillary electrochromatography (CEC) is typically carried external surface)_for Q|ﬁerent va_lues Of/Cp and aspect ratios, based
out in capillary columns (i.d< 150um) packed with 3-5 um on eq 2. (ap/dy = 15; (b) d/dy = 5.
porous adsorbent particles (thys,< 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}y3° Basically CEC is a hybrid between 9 o
capillary electrophoresis (CE) and capillary high performance B= (—(1 - gimer)q)) (3)
liquid chromatography (CHPLC), as the partitioning between 2
two phases (e.g., a differential adsorption on the particles ) )
surfaces) still constitutes one major factor, as in CHP.€2, The dimensionless parameterdepends on the drag force that
Concerning the interstitial flow characteristics, mainly two IS Provided by a spherical porous (permeable) particle in the
aspects may contribute to an improved efficiency of the EOF Packing>*°As demonstrated in Figure 2, both the excess zeta-
in chromatographic separations (as compared to pressure-drivePotential and the aspect ratio contribute to the actual EOF
flows)42 They largely reflect implications of the parallel-pore profile. Th(_ese effects are too significant to neglect in current
model for a porous medium, although the exact microscopic CEC practice withy) < 50 unlessfy ~ &,. Although one of
details of the EOF are more complex than it sugg&stélt is the ultimate goal82°6the use of submicron particles in CEC

expected that the velocity distribution in a single pore of the columns ¢ > 100) is still far from a routine app“catiqn-
network carries features of a plug-like profile which is The present work was motivated by a very discrete influence

2 (=208,
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characterizes the overall permeability of the bed and can be
evaluated from the following relationsii

predicted5 49 and has also been obser#&?t for pure electro- of the column wall on the fluid dynamics of electroosmotic and
kinetic flow in open capillaries, if the electrical double layer ~Pressure-driven flow fields in fixed beds. Because these wall
thickness £~ is small compared to the pore radiugofd). effects are aggravated at a low aspect ratio, they are relevant to

Second, with thin double layersrfoe> 1), the average velocity ~ (electro)separation science whgn< 50. We used pulsed field

in a pore is relatively independent of the pore radius and the 9radient (PFG) NMR and dynamic NMR microimaging to

actual porosity distribution has largely lost its impact on a flow assign the origin and severe consequences of a systematic

heterogeneity® This aspect is supported by observing that the Velocity heterogeneity to specific wall effects that are expected

average EOF in packed Capi”aries is hard|y influenced by the in either type of fluid flow. Our first direct documentation of

particle diamete?? wall effects for the EOF through a bed of charged porous
For the EOF through fixed beds at a low aspect ragio< particles in a charged capillary actually addresses the importance

50), however, it has been shown theoretically by Rathore and ©f that issue for a further optimization in CEC column

Horvahs3 and Liapis and Grimééthat the excess zeta-potential €ngineering and surface chemistry.

Cex=(Cw — &p), i.e., the difference betweedhassociated with

the capillary surface(,) and the particles surfacg, can have ~ Theoretical Background

a deleterious effect on the column cross-sectional flow profile Dispersion in Fixed Beds.In the asymptotic (long-time)

and average velocity. In general, the electrokinetic (and i

h i hi " fih ; ite diff ¢ mit, dispersion of a passive tracer in single-phase incompress-
chromatographic) properties of these surfaces are quite di €reNlipie fluid flow through random porous media can be described

Using the mathematical model constructed and solved by Liapis by the local, averaged convection-diffusion equation in form

and Grimes$? the influence of the capillary wall (vid,) on f S~ . L
P : Fick | th ffective, i.e., tant
the radial distribution of the EOF can be expressed by (cf. Figure gisSelrrTs]%Cr:otz%ZF;&)-”;C aw with an-efiective, 1.e., constan

2)
Vedl) (CW ) lo(Br/d,) 98, /. vier= p-vPeD (4)
—_ = _ (2) at

|o(Brefildy)

It assumes implicitly that the dispersion process is Gaussian
with 0 < r < r. — 7lk = res and wherelg is the zero-order  wherelé[denotes the average concentration of tracer molecules
modified Bessel function of the first kind amgk is an effective andV, the mean interstitial velocity, is an average over the local
capillary radius that accounts for the no-slip condition at the (instantaneous) velocities, Then,D can be expressed by the
inner wall of the column, i.e.ye(rc) = 05 The constanf3 autocorrelation function of the fluctuations in the velocity fiéld
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D=lim [y VO) = VIu(t) - VIt (5) E@A) =3 _ b (R A)exp2ig-R) AR ()

S0,A)
Actually, eq 5 reflects the Lagrangian description of fluid motion . . S
sinceD is determined by an integral over the whole path of a Thus,qg-space is reciprocal to the (dynamic) displacement space

molecule (in the limit of long times) and not by an average of R_E?]ndPa\,(R,A) is rechovered by FO(I)urier transformationl;‘e(?,ﬁ)
local values as in the Eulerian approach, which involves an With respect tog. The averaged propagatdaR,A), of the

instantaneous picture of all the points in the flow figldEulerian fluid molecules is rg.late.d to their condltllonal prqb abiligyrt/
(De) and Lagrangian@y, ) definitions give the same effective r,t_),_by the pr_obablllty (i-e., nuclear spin) densipfr), for the
dispersion tensdd with the exception of possible antisymmetric °Tiginal positions

components oDg arising in media whose structures lack a

reflectional symmetry (sincB. = symDg).5° When the porous P.(R.A) = f p(r) P(r',t'/r.t) dr 9)
medium is isotropic on a macroscopic scale, can be

decomposed into axial a_nd transverse components, i.e., those | columns packed with porous particles we may distinguish
parallel O) and perpendicularY) to V, and the convection-  (yia the net displacements over timg between convective-

diffusion equation becomes diffusive interparticle and purely diffusive fluid molecules that
SE0 200 have remained in the deep stagnant pools inside the partfcles.
e VeV = DL ="+ DV 2@ (6) Whe'n on the 'expenmentgl time scale bgth intraparticle diffusion '
ot & 92 Lt and interparticle dispersion are Gaussian processes, the ampli-
tude modulation 0of§(q,A) is given by
In the preasymptotic dispersion regime (at intermediate times)
and for heterogeneous porous media, in general, when the 2 P)
average displacements of tracer molecules are comparable to Sa,A) = ) A(A) ex;{—MZqZDn(A - —)] (20)
the spatial fluctuations in the velocity field ard is time- = 3
dependent, the nonlocal dispersion formalism due to Koch and
Brady could be adapted:52 Although this transport theory was ~ An(A) represents the number of moving and stagnant fluid
originally developed for dilute systems of noninteracting spheres, molecules. By recordinéinra(A) it is possible to monitor the
experimental evidence for the applicability of that approach to fictitous emptying of the porous particles and characterize
random close packings has been recently presented by Dingstagnant mobile phase mass transfer and its contribution to hold-
and Candel&2 D can be considered as a nonlocal generalization up dispersion in the packed bed. The use of eq 10 assumes that
of the traditional (or Fickian) diffusivity, depending on the tracer adequate correction has been made for the nucleartaiice
particle shifts in space and tirfies? (T1) and spin-spin (T2) relaxation timeg#
In the context of our present PFG-NMR measurements,
D=10v(r't) = V] P(rt/rt) [v(r,t) = VIO  (7) typical average axial displacements of the fluid molecules in
both electroosmotic and pressure-driven flows through the
A o . packed capillary are not much larger than the spatial scale of
propagator) of finding a molecule atat timet' given that it ihe actual flow heterogeneity. Thus, the long-time limit of the

was atr at timet. The nonlqcal dispersion theory of Koch and apparent (transient) axial dispersion coefficibgg ataken with
Brady may be used to obtain the average concentration responsgagnect to the correlation time of the velocity fluctuations is

to any source, regardless of its length scale or time scale, and, o reached on the intrinsic experimental time scale. In this case,
allows to recognize non-Fickian behgwor S|mply as dispersion pq lowq limit of E(q,A), corresponding to long-range displace-
processes that have not reached their asymptotic, i.e., (pseudo)sents of fluid molecules in view of eq 8, may be analyzed to
diffusive limits. estimateDap.a It has been shown by Callaghan and Steja®

Analysis of Motion via Magnetic Field Gradients. The that the initial slope of the amplitude modulationffy,A) can
general analysis of fluid transport in fixed beds based on expressed as

magnetic field gradients has found considerable potential (see

Seymour and Callagh&hfor a detailed description) and it 5

includes the axial and transverse dispersion characteriétiss, lim — log|E(q,A)| = —47°D (A)A (11)
structure-flow and dispersion correlatidiis? scaling behav- a0 5q

ior,’-72and the stagnant mobile phase mass transfer kinétiés.

In the context of dispersion, PFG-NMR can be used to obtain  Although eq 11 is exact only in the case that the distribution
directly the nuclear spin (hence, a molecular) displacement of corresponding displacements is Gaussian, this asymptotic
probability distribution of the fluid (tracer) molecules in both ~analysis with 4%g?D(A)A < 1 provides a good working
electroosmotic and pressure-driven flows through packed capil- definition for the apparent (time-dependent) dispersion coef-
laries, on an experimental time scale between 15 ms and ca/ficient, i.e.,Da(A) ~ Dapa®* In the long-time limit, this quantity
1.5 s. The motion-encoding field gradients of amplitude (and corresponds to the effective (time-independent) dispersion
direction)g and duration$ define a vector irj-space, i.e., 2q coefficient that is defined by eq 6, i.@4A) = Da. Then, when

= y0g”> 7" and y is the gyromagnetic ratio of the nucleus. the exchange between mobile phase velocity extremes including

In this respect,P(r',t'/r,t) is the transition probability (or

Introducing an averaged propagat®s(R,A),’87%as the prob-  intraparticle mass transfer is comple®.(R,A) becomes a
ability that any molecule (e.g!H,0) travels a net distande Gaussian and eq 10 has reduced to a single exponent containing
= r'(t') — r(t) over the experimental observation time= (' Da.

— 1), we get a direct Fourier relation betwekg(R,A) and the When in addition to the motion-encoding field gradiegts

normalized signalE(q,A), acquired in theg-space, character-  also spatial localization gradients of amplitude (and direction)
izing a PFG-NMR measurement in the narrow gradient pulse G and duratiort are applied, the acquired signal is modulated
limit (6 < A)8081 in g-space and-space (Zk = yAG)82-84



8594 J. Phys. Chem. B, Vol. 105, No. 36, 2001

Sak)= [ o) [ P.[R,A) exp(27q-R) dR
exp(2rk-r) dr = [ p(r) E(q.r,A) exp(2rker) dr (12)

Thus, k-space is reciprocal to the (static) image spaand
PauR,A) is implicitly a function of the pixel coordinate.
Double inverse Fourier transformation 8fk,q) with respect

to bothk andq returnsp(r)PaR,A). Normalizing this function

by the image density(r) acquired withg = 0, P,(R,A) 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*

Experimental Section

Capillary (Electro)Chromatography. The 250um i.d. (365
um 0.d.) cylindrical fused-silica capillary (Polymicro Technolo-
gies, Phoenix, AZ) was slurry-pack&dvith spherical-shaped,
strong cation-exchange particled, & 50 um, thusy = 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 sotfidiquid 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 wédIThe final bed
length was 20 cm. A degassed 20/ sodium tetraborate buffer

solution (pH 9.13) was used as the mobile phase in all our t

experiments, usually run in the creeping laminar flow regime
with Reynolds numbers of the order of 0.%5.For the
measurements requiring a steady EOF in the packed capillary,

the electrodes of a modular CE instrument operating from O 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. An integrated HPLC pump could
be used for pressure-driven flows. Electrical field strengths and
currents typically involved were around 35 kV/m and 28,
respectively.

Nuclear Magnetic ResonanceTheH 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.) in$ért
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 measurementsPgf(R,A) we used the
stimulated echo sequence of the PFG-NMR methoddibgith
A up to 1.5 s.5q,A) is generally acquired with a constant
gradient pulse duratiord(= 2.5 ms,0 < A), but incremented
gradient amplitudg by taking 40g-steps in the range afgmax
and up to 64 signal averages at each valug.dEcho signals
were acquired on-resonance and phased individually to extract
the net amplitude modulation &q,A). The dispersion coef-
ficient is characterized in the log-limit, with 47292D4(A)A
< 1 (cf. egs 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

Tallarek et al.
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Figure 3. Multiecho PFG-NMR imaging experiment after Fourier
ransformation of the data with respectko(a) 24 x 12 images of the
packed capillary (24q-steps and 12 echoes) demonstrating the
modulation of the complex signals real part depending ¢horizon-

tally) and echo number (vertically). (b) 24 images after zero filling in
g-space from 24 to 72 steps and Fourier transformation with respect
0 g. The horizontal axis represents displacement space. Experimental
parameters: 206« 20 x 12 x 24 matrix; 0.8 mm field of view; 6.0

mm slice thickness; 0.8 s repetition tin@sax 0.31 T/m,0 = 2.3 ms;

A = 17.5 ms; and echo time in train, 5.2 ms.

spin—echo imaging modulé® 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(k,q)

with respect tok. Horizontally shown in Figure 3a is the
modulation of the real part 0p(r)S(q) as a function ofq,
whereas the signal decay in the echo-train is displayed vertically.
After Fourier transformation gé(r)S(q) with respect tay (zero-
filling of the data is possible here), we obtai(r)P.(R,A) in
Figure 3b. The signal decay in the echo-train is usually
characterized by, but with a used nominal in-plane resolution
of 40 x 40 um the imaging gradients become large enough
that this decay is also affected by the dispersive motion of the
fluid molecules®” In principle, such a multiecho PFG-NMR
imaging experiment can relate an initial signal amplitude and a
characteristic decay time to any pixel and valué&kofVe used

an additional multiecho imaging experiment (i.@.5= 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.
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Figure 4. Observation time-dependence of the apparent axial dispersion e r Q) —— experimental data
coefficientDgp afor electrokinetically and pressure-driven flows through o0s L Y 2 — best Gaussian fit

the packed capillary at Pe Vdy/Dr = 15.Dy = 2.25x 105 cnP st
(molecular diffusivity of pure water) and is the mean velocity in the 0.04 -
bed referring to its total porosity because the particles are porous. 003

0.02

Results and Discussion

P_(RA)

av

0.01

The inherent length scales of axial and transverse fluid
transport heterogeneities in fixed beds not only influence the 000 e
asymptotic value of the axial dispersion coefficiebg)(but also 5
affect the time scale on which this value is approached at a . i : . L ' : . .
given Peclet number (Pe). The ultimate goal in terms of 0400002 04 08 08 10 12 e
dispersion is a rapid exchange (“equilibrium”) of molecules _ o S
moving in velocity extremes of the fluid flow field. It may be Figure 5. Radially averaged axial displacement probability distributions
achieved by reducing associated correlation lengths in the bedfF(,’rEOF through the fixed bed in dependence of the observation time,

. - - e=15. (a)A = 35 ms, (b)A from 75 to 300 ms, and (¢ = 600
_anO_VOF by fast Iater_al d'_SperS'on' In this reSpec?t':PVdP/Dm ms. Electrical currents remained constant over the measurement periods
indicates the relative importance of convective and purely within 3%.
diffusive contributions.

Beginning with the temporal domain characterizing the longitudinal pore dimension, i.e., fluid molecules do not
transient dispersion, Figure 4 displdyg, .as a function of time exchange between different pores i the average pore
for electroosmotic and pressure-driven flows atP#5, which velocity). Concluding from this microscopic viewpoift,(R,A)
is in a range typical for liquid chromatography {6Pe < 20). = P(v) also contains the complete velocity heterogeneity
After a first, relatively steep increase up to ca. 250 ms (first underlying the macroscopic flow profile. The highest average
domain), the curves level off aridh, sseems to reach a plateau  pore velocity that we calculate with Figure 5a (neglecting the
region. However, a closer look reveals that within this second fact that lateral diffusion over abp of 12 um at A = 35 ms
domain the dispersion still increases in both types of liquid flow, has already achieved some exchange between flow velocities
i.e., Dapahas not reached an asymptotic value yet and, in fact, and thus blurs the clean velocity spectrum) is about 2.95 mm/
it is not observed on the experimental time scale. In addition to s. This is quite a high (local) value, assuming that it originates
this long-time tail (“disequilibrium”) in the dispersion charac- in a straight pore between charged particles. Even when we take
teristics (it should be recalled thB, aitself is calculated from into account that the column cross-sectional averaged EOF (as
the NMR signal amplitude in the low-limit by eq 11), Figure compared to the straight single-pore geometry) is reduced by
5 shows corresponding, complete axial displacement probability the tortuosity factor of the bed (approximately 0.6), this value
distributions for EOF through the packed capillary. Propagator remains much too high for typical cation exchange resins that
shapes for pressure-driven flow are qualitatively similar. They have been used in CE®:°? It rather suggests that the high-
reveal features that have been reported earlier for nonporousvelocity components observed in Figure 5a are associated with
particles®® Differences in the present work are due to the fact the fused-silica wall of the capillary. The values are, in fact,
that the particles are totally porous, with an intraparticle porosity closer to those EOF velocities that have been obtained for open

Displacement, R [mm]

of about 0.65° and that the aspect ratio is very loy & 5). (fused-silica) capillaries using the same NMR approach and
Thus, a contribution of wall effects (cf. Figures 1 and 2) to the buffer; stronger thermal effects in the open tubular case caused
studied macroscopic flow heterogeneity is aggravated. by a Joule heating can explain most differences that may still

At short times, the radially averaged axial displacement exist>! Thus, by knowing the typical EOF velocities in open
probability distribution mostly reflects the distribution of average and packed capillaries at sufficiently high already the one-
velocity components in single pores of the porous medium dimensional propagator information allows to recognize larger
(Figure 5a). It is caused by microscopic factors such as the displacements of fluid molecules close to the column wall
random orientation of pores and differences in local morphology moving in an annular region with a lateral dimension of the
(permeability) or the electrokinetics (zeta-potential), depending order ofLp, i.e., the distance that a molecule withax at res
on which type of flow we consider. While the diffusion length (eq 2) can diffuse along the radial velocity gradient.

Lo = (2DmA)¥2in this flow regime may be sufficient to allow Electrokinetic potentials at the inner wall of quartz capillaries
an exchange of velocities within the single pore, bbghand up to—100 mV and even above are not unusual, although with
the convective lengtlhc = A are typically smaller than the  the buffers and concentrations typically used in CEC the value
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presents an upper limit artl, usually ranges between50 and 0560
—100 mV?®3-9% By contrast,¢, of many commercial strong sl D) = a)

cation exchange particles such as those used in the present work

can be significantly smaller thaf, of the bare fused-silica

capillary?! depending on the exact surface chemistry of the g ossp

particle and associated electrokinetics. Thus, although these _2 't :

surfaces with sulfonic acid (cation exchange particle) and silanol = o2 Ogismac;mzem < °[‘;1 " o8
groups (fused-silica capillary) both carry a negative charge = ~g**| ’
density, the ratidw/&, can be still substantial in current CEC < oso|

practice (cf. Figure 2J9-92In the extreme case that the particle

Stagnant Fluid

050 Moving Fluid

0.25

surface does not generate an EOF, only the capillary inner
surface may contribute to a volume flé#jf the resistance
provided by the fixed obstacles does not prevent it completely.
This also depends on the ratio of involved surface areas andFigure 6. Stagnant mobile phase mass transfer for the Msodium
consequently onp. tetraborate buffer solution entrained in the deep pools of the cation
Yet another remark concerning the EOF behavior in porous exchange particlesi{ = 50 um). (a) Averaged propagator distribution

media should be made at this point. It has been demonstratecdémonstrating stagnant and moving fluid fractions in the Beg; 22

that the equivalent radius of interstitial channels in packed beds™MS: (b) Actual mass transfer kinetics and best fit of the data to
(Finter) iS 25 to 40% of the particle radidg;.e., rinter ~ 8 um in eq 13 (solid liney* = 0.998).

the present work for, = 25 um. Together with the buffer
concentration (1@ M), which givesk~! of the order of only

0 I I ' I L L I
0.015 0.020 0.025 0.030 0.035 0.040 0.045

Observation Time, A [s]

0.2

0.050

Then, with a series of measurements at increagingwe
10 nm34we are actually measuring in the limit of thin electrical determmeA_imra(A), the amount pf t_hose fluid _molec_ules that
have remained purely diffusive inside the particles (in general,

double layers«riner > 1). In this regime, double-layer overlap . ; . .
in individual channels of the packed beds interstitial pore space In any stagnant region of the medium as long as the character

. . ; istic dimension of that stagnant zone is much larger thgn

is completely prevented (except at Fhe contact points of particles) By recording this fictitous emptying of the particles, we use
and the EOF should shovx_/ a S|gn|f|ca|_1tly superior performance that approach to calculate an intraparticle diffusion coefficient
compared to pressure-driven flows, including a relatively flat (Dinsa) from the classical mass transfer rate congtas?
pore-level flow profile and average pore velocity that is rather *~ ™"

independent of the pore radius (thus, also of the local packin
p p ( p g Aintra(A) 6 5 DintraA

Aintra(o)

1
—ex

n2

(13)
= r

p

Tintra

e 2D,

homogeneity}693 As we have already seen in Figure 4,
however, the axial dispersion characteristics of the EOF at long —nw
times are only moderately better than for pressure-driven flow
(about 15%) when compared to the striking difference in a
straight open capillar§?®1.98 and we demonstrate the main The results of the analysis are shown in Figure 6b, and we
reason for it in due course. see that the diffusion equation fits well the experimental data.
By proceeding from Figure 5a, which indicates the distribu- B2sed on the intraparticle tortuosity factor.), the average
tion of average pore velocities via the exponential front of SiZ€ and spherical shape of the particle diffusion-limited mass
P.(R,A),E810 Figure 5¢, the observation tinteis increased to transfer sho.uld be finished after a characteristic exchange time
600 ms. The most striking result is that (in agreement with the (Ae), @ssuming that the molecules have to travel a net distance
data shown in Figure 4) a perfect Gaussian shape has not beef?f dv/2 10 leave the porous particles completely
reached after this long time, which, on a purely diffusive basis, q\2 q
translates to amp of ca. 50um. It is evident that a disequi- ) [m2 __p
librium in the fluid molecule axial displacement probability (2) with (Y Rinwa D=, = 2 (14)
distribution must remainP,(R,A) shows still substantial
fronting. In the literature dealing with non-Gaussian dispersion \yith eq 13 we findDinya = 1.34 x 1075 cn? S (Tinga = D/
in porous media, usually two mechanisms are discussed in thatp, .~ —'1.68) andA. = 233 ms. Thus, the well-characterized
context: trapping of fluid molecules in stagnant zones and stagnant mobile phase mass transfer in the packing (Figure 6)
macroscopic flow heterogeneity>® However, in contrast o ¢an pe excluded as a cause for the transient dispersion behavior
some consolidated porous media such as rocks or sintered glasgpserved in domain 2 of Figure 4 and a corresponding non-
beads, the packed beds typically used in modern liquid chro- Gaussian propagation of fluid molecules in Figure 5¢c. On the
matography have a relatively discete time scale and length scalegther hand, the temporal domain of this kinetics matches the
characterizing transport in stagnant zones and flow heterogenetime scale of domain 1 and, thus, may be responsible for most
ity. The particles are spherical, with narrow size distribution.  of the steep increase iBapAA). Actually, the dotted line in
Thus, the interstitial pores for flow are well connected, without Figyre 4 indicates the time when stagnant mobile phase mass
particle cracks and fines, while stagnant zones are limited to transfer is complete for pressure-driven flow. This behavior is
the intraparticle pore space and hydrodynamic boundary layerin contrast to nonporous particles for which an asymptotic
that exists on the particle’s external surface. dispersion, i.e., a transition from stationary random flow to
To specifically focus on macroscopic flow heterogeneity as pseudo-diffusion, is reached much faster than with porous
a cause for the observed non-Gaussian behavior, we first studyones®* because the holdup contribution is simply not pregént.
the characteristic time of stagnant mobile phase mass transfein this respect it has been indicated that correlation times for
for pressure-driven flow through the packed bed. It is achieved nonmechanical dispersion mechanisms (holdup and boundary-
by selecting Pe high enough that moving and stagnant fluid canlayer dispersion) are long diffusive times and that transient
be quantitatively discriminated by eq 10, i.e., that the interstitial effects associated with nonmechanical dispersion are more
dispersion far exceeds intraparticle diffusion (cf. Figure 6a). persistent than those associated with mechanical dispersion, i.e.,
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with the dispersion due to velocity fluctuations in the bulk fluid 40
induced by the randomly distributed particf@s. s

In the present case, however, we also expect substantial 301 a)
macroscopic flow heterogeneity for EOF and pressure-driven 5|
flows through the bed (Figures 1 and 2). The length scales Py
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, becaDse Dp/Tpegd Can T s oz o1 oo i s os oz
be a few seconds fog = 125um. The situation becomes more Displacement, R [mm]
severe for slowly diffusing biomoleculeBg < 1077 cn? s71).

It implies that through the involved transcolumn correlation
length a macroscopic flow heterogeneity is responsible for the 30
most persistent transient dispersion component (Figures 4 and 5|
5), similar to the preasymptotic regime of Taytokris disper-

sion in an open tube (although it shall by no means imply that
the actual flow profiles are similaP}:191 For the latter case of

a transcolumn equilibration, a perfect Gaussian displacement
distribution is observed only whelnp > r..192 In the case of st
fixed beds, on the other hand, this length scal¢ ihay be ol
covered faster due to lateral dispersion and the “diffusion” length
becomesLp = (2D:A)Y2 By applying the magnetic field

gradients perpendicular to the flow direction we can measure T ed s w2z w1 00 o1 oz o3  oa
transverse dispersion and fifd, = 2.64 x 10°cn? st at Displacement, R [mm]

A = 600 ms and Pe= 15 (cf. domain 2, Figure 4). Concerning  Figure 7. Axial displacement probability distribution for fluid

its flow rate dependencé)ap(A) has just left the so-called  molecules in single pixels of the image. (a) EOF and (b) pressure-

wall region
..... intermediate
........ capillary center

PaV(R,A)
T

35

wall region
| A Bttt intermediate
b) W e capillary center

-

20

P_(RA)

tortuosity-limited dispersion regime characterized®ytpeq < driven flow through the packed capillanA(= 17.5 ms). Pixels are
D; < Dn. taken along a straight line through the center, wall, and intermediate
region of the column cross-section. For experimental parameters refer

The value oD (A) is almost an order of magnitude smaller
thanD4p {A) and translates to ap of only 56 um. Although
it slightly exceeds purely diffusive mass transfer, this distance rjqre 7 clearly reveal a substantial increase of fluid velocity
is by far not enough to allow the lateral dispersion of fluid o6 tg the column wall as compared to the center of the bed.
molecules over the whole column radius. Consequently, features); saems that the macroscopic flow heterogeneities in electro-
of a macroscopic flow heterogeneity such as transient dispersion,sqtic and pressure-driven flows extend even further inward
a_nd an assomatet_j non-(_Bau53|an dlstrlbutl_on of the quu_:I-eIe_mentfrom the wall to pixels at intermediate positions and thus may
displacements will persist at corresponding observation times .\ o, length scales of the order of the column radius in the

(as evident in Figures 4 and 5). present case witly = 5. The propagators from four added pixels
Still another detail (Figure 5¢) suggests that some macroscopicrepresentative of wall and center positions are shown in Figure
flow heterogeneity of a type indicated by Figures 1 and 2 is 8. Data were collected from opposite edges of the capillary
responsible for the non-Gaussian distribution of fluid-element cross-section (wall region 1 and 2), and, in contragfi{6R,A)
displacements (whels < rc). We generally observed no tailing  in Figure 7, they are zero-filled and normalized. The distribu-
but fronting in Pa(R,A), which implies the existence of a tions show pronounced shoulders or even separate local maxima
substantial region in both electroosmotic and pressure-drivenfor fluid molecules in pixels closer to the column wall and the
flows with higher-than-average velocity (the “true” average effects scale with observation time (Figures 8a and 8b), but a
refers to a packed segment without wall effect, i.e., to an infinite- |ateral exchange of molecules between velocity extremes is also
diameter bed). By contrast, the large heterogeneities caused bypromoted. Thus, pore-level velocities become increasingly
low-permeability zones in which the velocity is not necessarily plurred as we approach equilibrium in the mobile phase.
zero and by purely diffusive zones (especially important for | poth types of flow, we observe higher velocities as we
porous media near the percolation threshold or very slowly move toward the wall, although at this stage it is difficult to
diffusing solutes which strongly adsorb on the surface) usually say whether the effects are more severe in EOF than for
give rise to tailing?"**We now tried to spatially resolve these  pressure-driven flow because the differencBig {A) remains
wall effects by dynamic NMR microimaging with in-plane  small at the observation times used to acquire the data shown
resolution of 40um. The slice thickness was set to 6 mm i Figures 7 and 8 (domain 1, Figure 4). Yet, they have a
because we expect the effects to be systematic along the columzompletely different origin, but in both cases contribute
axis and consequently do not require a high spatial resolution sypstantially to the interstitial dispersion. At this stage, however,
in this third dimension. ThUS, areasonable Signal'tO'nOise ratio it is more important that the high_ve|ocity Components seen in
and a SUfﬁCiently hlgh resolution over the column cross-section these |mag|ng studies close to the Capi"ary wall compare well
(compared to the particle diameted, = 50 um) could be  with top velocities in the exponential front of the 1-D propaga-
achieved. tors (Figure 5a), which a priori have been blamed on the fused-
The results of this microscopic investigation are summarized silica wall (via,). The results confirm that a first insight into
in Figures 7 and 8. The single-pixel propagator distributions in the magnitude of EOF velocities in the critical wall region can

to Figure 3.
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Figure 8. Added propagators comparing the fluid dynamics in wall
and center positions of the capillary for EOF: (&)= 17.5 ms and

(b) A = 35 ms, and pressure-driven flow (&)= 35 ms. Displacement
distributions have been normalized by their surface area. Mobile
phase: 10° M sodium tetraborate buffer (pH 9.13).

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 potentialy, (~ p) while keepingy
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
capillarie$>3° 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

Tallarek et al.

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 practicey( < 50) is two-fold. First, depending
on the ratiosd/d, and /G, 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 wherdy, =~ &, and is rather important to consider
in CEC where patrticle technology has begun to focus on
electrokinetics in more detaif.

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. Walll effects
are caused by the radial distribution of porosity, which has been
extensively studied for larger columhst® The problems
encountered with particulate packings in CHPLC and CEC can
be overcome by the use of monolith8:195 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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