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Assessment of Electroosmotic Perfusion in Capillary Chromatographic Columns Using
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The electrical conductivity of capillary electrochromatography (CEC) columns packed with macroporous
particles has been investigated. Columns were prepared with commercially available octadecylsilane-coated
7 um diameter particles (Nucleosil) having nominal pore diameters of 100, 300, 500, 1000, and 4000 A, and
operated under typical CEC conditions. The conductivity of the 100 A column was in agreement with that
predicted from theory for nonporous spheres, indicating that intraparticle current was negligible. Columns
packed with the wide-pore media (1000 A and 4000 A), in contrast, yielded conductivity values over 2-fold
greater than the 100 A. The electroosmotic contribution to current flow in these columns was deemed
insignificant on the basis of theoretical modeling and the experimental data. It was therefore concluded that
the increased column conductivity of the wide-pore packed columns was the result of intraparticle current
transport. These results further suggest that wide-pore packings are more permeable to fluid flow and thus
can provide maximum gains in efficiency due to electroosmotic perfusion when electrical double layer thickness

is small relative to the median pore diameter of the packing.

Introduction diameter, and thus will vary only slightly between more or less
densely packed regions of the column. Nevertheless, packing
uniformity remains vitally important in CEC if efficiency and
peak capacity are to be maximized.

The use of electrical conductivity measurements to character-
ize the packing structure of CEC columns has been reported
recently by Warf,who found that relative column conductivity,
the ratio of packed bed to open tube conductivity, was a
structural constant of the bed, dependent only upon the column
porosity and tortuosity factor. The premise of the work was
that because the particles are themselves nonconductive and,
hence, current is due entirely to ion transport in solution,
conductivity values can provide an indication of the “quality”
of the packed bed. Unusually high conductivity suggests a loose

The desire to achieve even higher efficiencies and shorterl%lckim‘}j structure and low values a collapsed bed or partial
analysis times has led to the use o?macro orous HPLC articlesblOCkage' It was concluded that the conductive properties of
analy i P P the columns tested arose primarily from ion transport around
in CEC under conditions such that flow through the pores of : A : P .

. 6 : . the particles (i.e., in the interstitial region).
the particles occurs® Intraparticle, or perfusive EOF can result . - .
. A S - In an analogous manner, electrical conductivity may provide
in substantially increased efficiencies and shorter analysis times . . >
a useful tool with which to probe the flow permeability of the

due to a decrease in the effective particle diameter and a smallerintra article region of a packed bed. Althouah the pore sizes of
stagnant mobile phase contribution to plate height. P 9 P ’ 9 P

. . " the particles used in the Wan paper were not specified, it would
. Thet structtur?hand u?lformlty of tfhe pﬁcked tbed arﬁ. of cr||t|cal be expected that the extent of ion transport through the particles
importance fo the periormance ot .a chromatographic Column, ., 4 jncrease with pore size. Furthermore, it is reasonable to
particularly with respect to band broadening. Variations in

; . . T X hat ion transport through macropor rticles th
packing density between regions of the packed bed give rise '[oe pect that ion transport throug acroporous particles that

o ) possess a large fraction of through-pores (i.e., pores providing
flow velocity induced broadening of peaks, one of the phenom- . . o
ena associated with eddy diffusi8s highly variable packing a pathway through the particle) would contribute significantly

structure amplifies this effect and can severely limit column to the conductivity of the packed bed. Relative to microporous

performance. One of the advantages of packed column CECcolumns of the same interstitial porosity for which current flow
over capillary HPLC is that the former is much less susceptible is primarily in the interstitial region, higher conductivities would

. . . o be expected for the macroporous packed columns.
to this phenomenon. Under typical CEC operating conditions, Typical macroporous packings are known to be heterogeneous
EOF velocity is essentially independent of flow channel yp P P 9 9

with respect to pore size and structure. Electron microscopic
- analyses conducted by Tanaka et%and confirmed in our
* Corresponding author.
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Laboratories, West Point, PA 19486. Macherey-Nagel (Duren, Germany) reveal that a single packing

Capillary electrochromatography (CEC) is a chromatographic
technique that employs electroosmosis, which is induced by an
electric field applied along the column axis, as the driving force
for bulk flow.2=4 In their most common form, CEC columns
consist of fused silica capillary tubes packed with conventional
reversed phase HPLC particles (i.e., spherical silica particles
3—5 um in diameter with< 100 A pores). The technique is
analogous to capillary HPLC with the exception that flow results
not from a pressure gradient but from an electrical potential
gradient. The principal advantage of CEC over capillary HPLC
is the increased chromatographic efficiency, and accordingly,
higher peak capacity, that arises from the intrinsic qualities of
electroosmotic flow (EOF).
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consists of multiple subtypes of particles that vary in morphol- wherex, and«, represent the conductivity of the packed and
ogy. Information gleaned from the physical characterization of open tubes, respectively.
these packings as well as from packed column conductivity data In practice, it is difficult to obtain precise values GfandT,
could provide insight into the following: (1) the approximate thereby limiting the utility of eq 3. As a result, semiempirical
pore diameter below which ion transport is minimal, and, relationships have often been used to describe the conductivity
potentially, above which pores act as “through-pores” and (2) of porous media, in which the ratig/«, is usually expressed
differences in obstruction factors, perhaps arising from geometric as a function of porosit{?—1%
effects such as tortuosity, that affect intraparticle current flow.  As in HPLC, most packing materials used in CEC are porous
The assumed operating principle is that the extent of intraparticle and as such transport of ions through as well as around the
current transport in columns packed with macroporous particles particles is possible. If macroporous packings are employed that
could be useful in providing a measure of flow permeability possess a large fraction of through-pores compared to conven-
throughsuch particles under conditions where the double-layer tional porous particles, significant current flow through the
thickness is small relative to the mean pore diameter. particles might be expected. In such cases, where intraparticle
Using the conductivity of a CEC column as a means to as well as interparticle current transport is important, increased
evaluate intraparticle permeability requires that the electroos- «y/k, values would result.
motic contribution to current flow, which results from ion In the presence of electroosmotic flow (EOF), charge transport
transport within the electrical double layer, be small relative to within the electrochemical double layer contributes to the total
the current flow in the bulk solution. To obtain a precise value current in the CEC column. In their thorough treatment of
of the electroosmotic current contribution in a packed column electroosmosis in cylindrical capillary tubes, Rice and Whitehead
would be an exceedingly complex endeavor, thus in this work derived the following expression for the magnitude of elec-
we make use of a simple model in which the column is treated troosmotic current®
as a bundle of parallel cylindrical capillary tubes of varying

diameter, for which a series of equations describing current flow (EOErCK)ZI. 2l (xa) I12(/<a)
has been developed. As will be seen, the values predicted by e” b nCA, [_ al(ka) | 2( a) (4)
the model in combination with the experimental data indicate 0 o\

that electroosmotic current can indeed be neglected in this study.in which I, is the electroosmotic currerit is the current in the
e

bulk solution,ep is the permittivity of vacuunx, is the dielectric
constant of the bulk solutior§ is the zeta potentiak is the
The magnitude of electrical currehftransported through a  reciprocal of the double layer thicknes§, is the solution
tube packed with chromatographic patrticles is lower than that viscosity,C is the molar concentration of electrolyt&, is the
in an open tube, of the same diameter owing to two factors. molar conductivity of the bulk solution, aralis the radius of
First, a decrease in conductance results from a reduction in thethe capillary tubelo andl; are zero and first order, respectively,
free cross sectional area of the packed tube by a facftire modified Bessel functions of the first kind. Equation 4 is limited
porosity) relative to an open tube. The conductance of the by the use of the DebyeHiickel approximation for a (1:1)
packed tube is further reduced by a decrease in effective ionelectrolyte and as such is valid only for low valuesl00 mV)
mobility arising from geometrical constraints. As described by of ¢.
Boyack and Gidding$! this latter effect can be expressed in The ratiold/lp,, termed the relative conductivity, can be
terms of a ratio of effective and free solution ion mobilities, expressed in terms of the following equation, which was derived
termed the obstruction fact§y which includes a tortuosity term  from the Rice and Whitehead equations by Wan.
T and a constrictive factd€.

Theory

267, 2l,(ka)  1,%(ka)
E=CT? @ COART | T kalg(ka) 1 2(ka) ®)

The tortuosity ternT—2 accounts for the reduction in effective
migration rate due to nonalignment of flow channels with the

field axis. This nonalignment acts to decrease the effective The general structure of a model previously publighees

electric field strength and increase migration distance per unit
. . employed to calculate a volume averaged packed bed conduc-
displacement along the tube axis, hence the squared dependencge . =’ _". o :
2 . ity 1. Briefly, pores with diameters ranging from 50 to 10000

on T. The constrictive facto€ represents the reducing effect

o ; D A were partitioned into 995 intervals of width 10 A. From pore
of channels of differing cross sectional area on electric field . S . . . .
strength size d_|str|but|ons for the packings obtained b_y mercury intrusion
Accou.ntin for these effects. the conductance of a packed porosimetry, the fraction of total column void volume contrib-
tube G. is dgcreased a fact@é’relative to an open tubg of uted by each pore interval was determined. In these calculations,
P

. . . . an interstitial porosity of 0.4 was assunfed.he volume
identical diamete6,. In a chromatography column packed with . - . . - .

- L2 fractions determined for the intervals and the interstitial region
nonporous particles, the total porosity: is equal to the

. - . were subsequently used as weighting factors to obtain volume-
interstitial porositye;, thus . o
averaged relative conductivity values for each column at each
_ of the three buffer concentrations used. Treating each of the
G, =G (2) - , .

P columns as comprising a bundle of capillary tubes of varying
diameter, eq 4 was used to calculate the relative conductivity
for each pore interval and for the interstitial space. The zeta
potential was estimated for each column and buffer concentra-
tion from electroosmotic mobility measureméfisnd assumed
P €& (3) to be equal on the outer particle surface and on surfaces within
Ko the pores. For the intraparticle pores, channel radiuss set

Estimations of A for the different columns and eluent
conditions employed in this study were obtained as follows.

Equation 2 can be written in terms of conductivity and re-
arranged as follows:
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TABLE 1: Physical Dimensions of the Capillary Columns TABLE 2: Volume Averaged Relative Conductivity Values
Used in This Study? for the Packed Columns Calculated as Described in the Text
nominal pore diameter volume averaged relative conductivity
of packing (A) Lbea(CM) Liot (CM) column 5mM Tris 10 mM Tris 20 mM Tris
20 oo 3 100 A 0.018 0.013 7.2 10°
500 24'0 32'5 300 A 0.029 0.020 0.0013
1000 4.0 326 500 A 0.038 0.012 7.% 1075
1000 241 326 1000 A 0.025 0.017 1.2 104
: : 4000 A 0.024 0.015 9.2 10°°
a All packings were Nucleosil ODS #Zm particle diameter. For each
column: i.d.= 75um, o.d.= 360 um. rate of 100 points mint. The data presented in the text represent

the mean value of a minimum of 150 data points.
equal to the midpoint of the pore radius interval, e.g., pores in  Pore size distributions of the Nucleosil packing materials were
the diameter range 2900 A were assigned = 295 A. For investigated by mercury intrusion porosimetry. These analyses
the interstitial space, the relatialy, = 0.28J,° was used to  were performed by Micromeritics Instrument Corporation
estimate channel diameter from particle diamedgyr §ssuming (Norcross, GA) using a Micromeritics AutoPore mercury
a uniform, well packed bed. Volume fraction weighting factors porosimeter. Analysis of the porosimetry data was performed
«v. calculated for each pore interval and the interstitial space using GraphPad Prism (GraphPad Software, Inc., San Diego,
were subsequently used in the determination of a volume CA) and Microsoft Excel (Renton, WA) software. Scanning
averaged relative conductivity as indicated below. electron micrographs were obtained using an AmRay 3300 FE

scanning electron microscope (AmRay, Bedford, MA).

Intraparticle Interstitial

Contribution Contribution Results and Discussion
= XA T ot Ligoghoos T Luindhint As is the case with most CEC columns, the capillaries in
A= Yor F oo L1005 T Xoint © this study consisted of a packed bed and an open section on

which detection is performed. Because the total column
conductivity «; is the directly measurable quantity in these
experiments, it was necessary to determipehe conductivity
Concentrated hydrochloric acid (37%) was purchased from of the packe_d be_d, by indirect means. With the a_ssumption that
Mallinckrodt, St. Louis, MO. Ultrapure grade (99:96) tris- the current is uniform over the length of the caplll_ary and that
(hydroxymethyl) aminomethane (Tris) was obtained from Al- the system obeys Ohm's law, can be expressed in terms of
drich Chemical, Milwaukee, WI. HPLC grade acetonitrile was Measurable quantities as follows:
purchased from Fisher Scientific, Pittsburgh, PA. Water was
thoroughly filtered and deionized using a Barnstead series 582 i _ Lo |t
water purification system (Barnstead/Thermolyne Corporation, “p Lo Lo
Dubuque, IA). Fused silica capillary tubing of Z8n i.d., 360
um o.d., was purchased from Polymicro Technologies, Inc., jn which L, is the total column lengthl, is the packed bed
Phoenix, AZ. Nucleosil C18 silica particled,(= 7 «m) with length,L, is the open section length, arglis the conductivity
nominal pore diameters of 100, 300, 500, 1000, and 4000 A of the open sectionc, was determined through a separate set
were obtained from Meta Chem Technologies, Torrance, CA. of experiments using an open fused silica capillary tube of the
The desired concentrations of Tris buffer were obtained by same internal diameter as the packed columns from the same
preparing a 100 mM solution of Tris (base form) adjusted to |ot of tubing.
pH 8.0 by titration with concentrated HCI. This buffer solution At the outset, a review of the estimated contributions of
was subsequently diluted in deionizegHto yield 50 and 25 electroosmotic conductivity is in order. In Table 2, volume-
mM solutions. The concentration of protonated TRIS (acid averaged relative conductivity values are presented. Most of
form), necessary for double layer thickness calculations, was the values are below 0.02 and in all cases are less than 0.04. At
estimated using the Henderson-Hasselbach equation (in thisthe highest Tris concentration of 20 mM, the relative conductiv-
system, ionic strengthis essentially equal to the concentration ity values are 0.0013 or less for each of the columns. On this
of Tris in the acid form). Appropriate volumes of each buffer pasis, it can be concluded that differencescjfx, values are
were mixed with acetonitrile to yield (20:80) (v/v) buffer/  attributable primarily to ion transport in the bulk solution.
acetonitrile solutions, yielding final buffer concentrations of 20, The «,/«, values obtained for the series of capillaries at Tris
10, and 5 mM. These solutions were employed as eluents inconcentrations of 5, 10, and 20 mM are plotted in Figure 1. An
the capillary electrochromatography experiments. important observation regarding the shape of the plots is that,
Packed capillary columns were prepared using a protocol within experimental error, they/k, ratio is essentially inde-
reported previously.The physical dimensions of the columns pendent of Tris concentration, as evidenced by the shapes of
used in this study are provided in Table 1. the curves. This observation is critical in that it supports the
Current measurements were conducted using a Hewlett-assertion that electroosmotic conductivity is negligible under
Packard3PCE instrument (Hewlett-Packard Co., Waldbronn, these conditions. Were it not, variation in the conductivity
Germany) equipped for external pressurization. During the runs, ratio with Tris concentration would be expected. Increasing the
an external pressure of 5 bar was applied to the inlet and outletbuffer concentration will compress the double layer, resulting
mobile phase vials to minimize bubble formation within the in a decreased zeta potential (as well as an increased electro-
capillary. A capillary temperature of 25C was maintained kinetic radius), which egs 4 and 5 predict will affect the extent
during the experiments. Current data was collected with the of electroosmotic current, specifically a decreaselinvith
Hewlett-Packard Chemstation software package at a samplingincreasing Tris concentration due to the squared dependence

Experimental Section

()
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1.00 -100 Median Pore

Mean Values + s.d. Diameter

0.0 100 A = 0.26 £0.02 90 Packing @& &
0.80 300 A=0.35£0.02
500 A = 0.47 £0.02
0.70 1000 A = 0.55+0.03
060 4000 A = 0.55£0.03

-80 100 A 95 0.50

70 300 A 290 0.76
500 A 620 0.69
60 1000A 980 0.80

Differential Pore Volume

i‘: 0.50 4000 A 1580 0.69

¥ 50{
0.40 / 100 A

40] !
0.30 —300 A
0.20 -30 -~500 A
0.10 -20 -=1000 A
0.00 : 10 4000 A
0 5 10 15 20 25 ol S A I
‘Tris concentration (mM) 150 175 200 225 250 275 300 325 350 375 4.00
Figure 1. «plk, values as a function of Tris concentration for the five Log Pore Diameter

packed capillary columns. Error bars indicaté standard deviation. &

Figure 2. Pore size distributions for the packings determined by

TABLE 3: Experimental and Theoretical ky/k, Valuest mercury intrusion porosimetry.
column (ep/Ko)ex (replico) (rcplKco)Bc® (rcp/rco)mr ) -
’ mental values obtained by Van Der Put and Bijsterb&sfur
100A 0264002 herical pol icl — 0.28 + 0.02). Th
300A 035+ 002 spherical polystyrene partic esrp(xq = 0. 0. ). he
500 A 0.47+ 0.02 0.28 0.26 0.2 agreement between these values implies that intraparticle ion
1000 A 0.55+ 0.03 transport is indeed negligible for the 100 A packing. The larger
4000A  0.55+0.03 pore sizes, however, differ significantly from the predicted
a Theoretical Values Calculated Using the Equations below in Which conductivity values. It is evidently intraparticle current that
6 =0.4andd = 1— ¢ S = Slawinski equatior2 results in the increased conductivities of the columns packed
with larger pore particles.
S__ S In wide-pore media, the free cross-sectional area contributed
Ko (1.3219+0.321%;)? by current-carrying pores will have the effect of increasipy
¢BG = Boyack-Giddings equatio:* Ko. In this case, an effective total poroséyis needed to replace
i in eq 3. The effective porosity is greater tharand simply
K,
K—p =eCT? represents the combined contributions of the interstices and the
° current carrying intraparticle through-pores to the overall free
T=1+0.173(1~¢) cross-sectional area. In principle, differences in intraparticle pore
e 146 71 geometry and connectivity for the various packing materials
(1-6°%% could result in larger obstruction factors for some media, further
dMT = Meredith-Tobias equatioH: increasingep/ko. ) _
It could be argued that the free cross sectional area available
Kp_ o(2—6)1—6) for current transport should be calculated based on the total
ko (44 0)(4—-0) column porositye;. This, however, assumes that ion transport
e Pore size independent values. can occur in any pore, regardless of size or connectivity.

Furthermore, the data obtained for the 100 A column show that

on &. The shapes of the curves permit b, values for each although the particles have a considerable porosiy= 0.5
column to be averaged; these values are shown in the inset ofdetermined by mercury intrusion porosimetry), intraparticle
Figure 1. current is negligible. Therefore, inclusion of pores in this size

It can be seen that as the nominal pore size of the packingregime for this material would not yield an accurate method of
increases from 100 to 1000 Ak, values increase. Between normalization.
the 1000 and 4000 A packings, however, no noticeable Although a precise assessment of pore connectivity in these
difference exists. It is interesting to note that #ybc, values packings would be at best a formidable task, pore size distribu-
for the widest pore media (1000 and 4000 A) exceed those of tion data andcy/k, values can be used to estimate the diameter
the smallest (100 A) by a factor of approximately 2. The fact above which the intraparticle pores are likely to transport current.
that the nominal particle diameters of these packings are Intuitively, it would be expected that larger diameter pores have
identical @, = 7 #um) and that the columns were packed using a greater probability of extending through the particles. Fol-
the same procedure allows the assumption to be made that théowing this reasoning, packings with a greater fraction of large
interstitial porosities of the five columns are essentially identical. pores would be expected to yield higher valuesgto.
On this basis, it can be concluded that the differences in the Pore size distributions for the packings determined by
Kkplko values are due to the extent of intraparticle current flow. mercury intrusion porosimetry are shown in Figure 2. With the
Comparison of these experimentally determined values with exception of the 100 A media, the distributions are bimodal,
those predicted from various theoretical and semiempirical having one maximum at approximately 120 A and another at
expressions derived for porous media consisting of hard spheressome larger diameter, the value of which varies with the
provides a method for testing this hypothesis. material. The wide pore HPLC packings employed in this study

Table 3 shows experimental/x, values in addition to those  have been shown to comprise a mixture of particle tyS¢ise
determined using three equations found in the literature. The shapes of the distributions reflect the heterogeneity of the
calculated values were determined by neglecting particle poros-materials. From the pore size distribution data and Table 3, it
ity and assuming; = 0.4. Immediately apparent is that the 100 is evident thai/k, increases with the median pore size of the
A packing agrees quite well with each of the three calculated packings up to 1000 A. No significant difference exists between
values. Additionally, the 100 A data closely approach experi- the 1000 A and 4000 A columns. Interestingly, a median pore
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TABLE 4: Intraparticle Pore Volume Fraction Contributed
by Pores below Each Cutoff Diameter and Effective Total
Porosity ¢; Values for the Columns Employed in the Study

intraparticle volume
fraction below cutoff €

column 300A 500A 700A 300A 500A 700A

diameter of approximately 1600 A, significantly different from
the nominal value, was determined for the 4000 A packing. This
likely accounts for the high degree of similarity ig/x, values
between the 1000 and 4000 A columns.

These data allow the estimation of an “effective” total
porosity, which, in addition to the interstitial volume, includes
only the fraction of intraparticle void volume contributed by
putative through-pores for each column. Values of effective total
porosity ¢/ were determined by first selecting a cutoff pore
diameter below which current transport was assumed to be
negligible. It was shown previously that current flow in the 100
A capillary occurs nearly exclusively in the interstitial region.
Therefore, the pore size distribution of this packing was used
as the basis from which to assign a cutoff point. Specifically,
the range of pore sizes contributing most to the cumulative pore
volume of the 100 A pore size packing were assumed not to
participate in current transport. To this end, and to evaluate
results at different cutoff points, three cutoffs, at 300, 500, and
700 A, were chosen. From the pore size distribution data, TABLE 5: Obstruction Factors for the Capillary Columns
effective particle porosity, values were determined by ne- £+sd
glecting the volume contribution of pores below the cutoff.

Settinge; = 0.4 and using the following relation, values &f column 300 A cutoff 500 A cutoff 700 A cutoff

Figure 3. Scanning electron micrographs of the packing materials:
(A) 100 A, (B) 300 A, (C) 500 A, (D) 1000 A, (E) 4000 A.

were subsequently obtained. 100 A 0.55+ 0.05 0.58+ 0.05 0.59+ 0.05
300 é 0.56+ 0.03 0.60+ 0.04 0.67+ 0.03

. 500 0.67+ 0.04 0.72+ 0.04 0.81+ 0.05

a=etel—e) ®) 1000 A 0.71+ 0.04 0.73+ 0.04 0.76+ 0.04

4000 A 0.73+ 0.05 0.74+ 0.05 0.76+ 0.05

In Table 4 the fraction of intraparticle pore volume contrib-

uted by pores below each cutoff diameter is shown for each conqyctivity ratios cannot be accounted for by differences in
packing material. Additionally, values of;, calculated for  free cross-sectional area alone.

each column by truncating at the appropriate pore diameter (300, Scanning electron micrographs of the packings are shown in

500, or 700 A), are provided. Expectedly, the pore volume Figure 3, in which the particle subtypes present in each material
fraction below each cutoff is greatest for the 100 A packing. gre visible. These images allow several important observations
For example, 84% of the cumulative pore volume falls below 4 e made. First, the particles comprising the packings can be
the cutoff diameter of 500 A for the 100 A packing, versus giided into three general subtypes: narrow pore particles
22% for the 4000 A material. having a smooth appearance; intermediate pore size particles
The effectlve total porosity values were next usgd to calculate \yiih spongy appearance; and a wide pore subtype having a
obstruction factors for the columns. Rearranging eq 3 and o4k surface. Expectedly, the 1000 and 4000 A media contain
substitutinge; for ¢ yields the following expression for the 5 gignificant fraction of the wide pore subtype. These particles
obstruction factor. appear to have a more open structure relative to the other
subtypes and are absent in the other packings. The conductivity
g=—"2 9) data, as well as the results of transmission electron microscopic
Kot analysis of these packindg3provide evidence that the wide pore
subtype consists largely of through-pores. The 100 A packing,
If the trends in experimental,/k, values were due solely to  in contrast, appears more homogeneous, consisting only of the
differences in free cross-sectional area available for current flow, smooth particles. These narrow pore smooth particles predomi-
then any variation in obstruction factors for the five columns nate in the 300 A packing as well, although the intermediate
should be insignificant. Although the values presented in Table subtype is also visible. Last, a mixture of smooth and intermedi-
5 do show a degree of convergence, they are seen to fall intoate pore size particles is found in the 500 A packing. It is
two groups. At each cutoff, no difference exists, within important to note that the fraction of smooth patrticles is less in
experimental error, between obstruction factors for the 100 andthe 500 A packing than in the 300 A. The conductivity data
300 A columns or the 500, 1000, and 4000 A columns. Again imply that current transport occurs through the intermediate
invoking the assumption that intraparticle current in the 100 A particle subtype (i.e., to an appreciable extent, these pores
column is negligible, it is evident that the discrepancy in behave as through-pores).
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The differences in obstruction factors for the packings may permeability relative to the smaller pore media. These findings,
be attributable to geometrical effects within the particle subtypes in concert with results obtained from a thorough study of chro-
that comprise each packing material. The pores comprising thematographic efficiency of macroporous packed columns in the
large-pore particle subtype found in the 1000 A and 4000 A perfusive regimé, indicate that the use of these wide pore
packings may exhibit a decreased overall tortuosity and/or an packings in CEC under conditions in which double layer thick-
increased constriction factor relative to the smaller pores in the ness is small compared to the median pore diameter can serve
intermediate subtype. This effect may be less pronounced forto maximize gains in efficiency arising from electroosmotic
the intermediate pore size subtype of particle, resulting in the perfusion.
slightly smaller obstruction factor for the 500 A column. The
agreement in obstruction factors between the 100 and 300 A Acknowledgment. The authors gratefully acknowledge Al
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