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The axial and transverse apparent dispersion coefficients of three solvents in two
packed chromatographic columns were determined by pulsed-field-gradient nuclear-
magnetic resonance in a range of mobile phase velocity. The column beds were packed
with 5- um particles of porous CI8 silica or 30- um particles of silica. The solvents
used were methanol and acetonitrile (in an 80:20 ACN/water solution) in the former
case and acetone in the latter. The coefficients were determined over a range of particle
Peclet numbers from less than 0.1 to approximately 10 in the former case and 40 in the
latter. The data obtained with short dispersion times were fitted to the correlations sug-
gested by Giddings, Horvath and Lin, Huber, and Knox. These data agreed well only

with the Giddings equation.

Introduction

The development of preparative liquid chromatography as
a large-scale separation process raises new issues regarding
the packing of columns. These issues are not found in the
packing of analytical columns nor in the packing of the beds
used for conventional adsorption processes. Two implemen-
tations of the chromatographic process are now considered
for large-scale applications, overloaded elution preparative
chromatography (OEPC) on wide-bore columns, and simu-
lated moving bed (SMB) using a train of eight to sixteen
identical columns having a lower diameter than the unique
column used in OEPC for the same production rate. On the
one hand, it is more difficult to pack homogeneous columns
of large diameter than conventional analytical columns. The
specifications for bed homogeneity become more severe when
the diameter increases. Fluctuations of the packing density
on a scale of the same order as the column diameter cause
considerable perturbations in the band profile, due to differ-
ential migration (Yun and Guiochon, 1994). This reduces
production rate and/or yield. On the other hand, proper op-
eration of SMB requires that the different columns used have
nearly identical properties. Otherwise, the production rate
may be reduced or instabilities may develop. When the pack-
ing densities of the columns are different, so are their perme-
abilities, retention factors, and efficiencies. If these parame-
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ters fluctuate too widely, the process may even become un-
stable. We must learn to pack columns that have packing
densities much closer than achieved with current standards.
Significant improvements in the performance of chromato-
graphic processes (Guiochon et al., 1994) and possibly of other
adsorption processes would become possible if major progress
were made in this area.

Numerous studies on procedures for the packing of analyt-
ical columns were carried out in the 1970s (Poole and Poole,
1993). The conventional procedure of slurry packing was de-
veloped. With this method, the consolidation of the bed is
achieved under the viscous stress caused by a high-velocity
solvent stream. Although the efficiency of the columns ob-
tained is usually very good, this method suffers from several
important drawbacks. The packing density of the columns is
poorly reproducible. The packed bed is not always stable; in
many cases, it collapses after a certain period. Finally, the
procedure cannot be used for wide-bore columns, which can-
not stand the high pressure required. The influence of the
parameters of slurry packing on the column efficiency has
been abundantly discussed (Poole and Poole, 1993). How-
ever, these investigations were entirely empirical and the
conclusions of many of them appear to be somewhat contra-
dictory.
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Alternative procedures for large-scale columns involve the
use of mechanical stress to consolidate the bed. Most com-
mon stresses employed are axial (Godbille and Devaux, 1976)
and radial (Little et al., 1976) compression. The importance
of the compressibility of the packing materials under such
mechanical stress has been recognized only recently. Guio-
chon and Sarker (1995) and Sarker et al. (1996) showed that
the packing density of axial compression columns depends to
a large extent on the stress applied to the packing. The pack-
ing density under axial compression at an applied stress of
100 kg/cm? is 25 to 30% higher than the density of the mate-
rial in its original container (Guiochon and Sarker, 1995). The
distribution of mechanical stress inside a bed of pulverulent
material cannot be homogeneous (Train, 1957). Hence, the
distribution of packing density is not homogeneous either.
The packing density of analytical columns prepared by slurry
packing is less than the density achieved in axial compression
columns (Stanley et al., 1996) and it is less reproducible. The
difference between the packing densities of columns pre-
pared in a single batch is usually large enough to prevent
accurate predictions of the band profiles on a column from
the equilibrium isotherms measured on a different column
(Guan and Guiochon, 1995). Such calculations can be done
only if the weight of packing in the columns is known.

To summarize, packing materials are compressible; the
stress applied to the packing material inside the column, dur-
ing its packing, is not homogeneous; the column-to-column
reproducibility of the packing density is poor. The packing
density inside a given column is not homogeneous. The local
column efficiency or height of an equivalent theoretical plate
(HETP), the local retention factor, the local parameters of

the isotherm, and the local permeability depend to some ex-
tent on the location. The bands become warped during their
migration. As a consequence, the performance of the column
decreases with increasing extent of the fluctuations of the lo-
cal packing density. Fundamental investigations of the dy-
namics of column packing and of the characteristics of the
beds obtained is necessary to improve our ability to pack effi-
cient, reproducible columns for preparative chromatography.
There are a number of reports in the literature demon-
strating that the mobile phase velocity and the local HETP
are not constant across the column (Knox et al., 1976; Eon,
1978; Baur et al., 1988; Baur and Wightman, 1989; Farkas et
al., 1994, 1996). All these authors used ratios of column-to-
particle diameter in excess of several hundreds. Knox et al.
(1976) and Eon (1978) used a dry-packing procedure (Poole
and Poole, 1993) and found the velocity and the HETP to be
higher close to the wall than in the center of the column. The
other authors used a slurry-packing method and found the
velocity to be about 5% lower along the column wall than in
its center, while the HETP was several times higher along the
wall than in the center. These results confirm those derived
from investigation of packing behavior discussed previously.
Clearly, a method of investigation of the local properties of
the packed bed in a chromatographic column is necessary.
There is a huge amount of literature on hydrodynamic dis-
persion that cannot be reviewed comprehensively in this work.
However, besides the more specialized literature discussed,
articles by Ebach and White (1958), Gunn (1968), Gunn et al.
(1969), and Hiby (1962) should be acknowledged. These au-
thors have derived correlations between the axial and radial
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Peclet numbers and the Reynolds number. As we show later
in this work, the range of Reynolds number within which lig-
uid chromatography separations are carried out is very low,
of the order of 1x1073. The experimental data on which
most correlations have been studied were collected at values
of the Reynolds number that are much higher than that, al-
ways above 0.1 (Ebach and White, 1958; Gunn, 1968, 1969;
Hiby, 1962). Thus, the previous work cannot be used in this
case.

Nuclear magnetic resonance (NMR) imaging (Callaghan,
1991) and the related method of pulsed-field-gradient (PFG)
NMR (Callaghan, 1984) are now well-established methods,
particularly in medicine (Cho et al., 1993; Wehrli et al., 1988),
but also in material sciences (Stilbs, 1987; Kirger et al., 1988;
Komoroski, 1993). Following the pioneering work of Stejskal
and Tanner (Stejskal, 1965; Stejskal and Tanner, 1965; Tan-
ner and Stejskal, 1968; Tanner, 1970), PFGNMR can be used
for measuring diffusion coefficients in systems ranging from
unrestricted bulk diffusion in liquids (Callaghan et al., 1980)
to the much slower motion of, for example, sorbed molecules
in zeolites (Kdrger and Ruthven, 1992) or restricted diffusion
in porous media (Gibbs et al., 1992). These methods can also
be implemented for direct investigations of the three-dimen-
sional (3-D) profile of bands migrating along a chromato-
graphic column and in situ measurement of the apparent dis-
persion coefficient in any direction of a packed bed. Results
obtained by NMR imaging have demonstrated the warping of
chromatographic bands (Tallarek et al., 1995). On the other
hand, preliminary data (Baumeister et al., 1995) have shown
the local values of the apparent axial and transverse disper-
sion coefficients to correspond to relatively low values of the
local plate height, with a minimum of the relative axial plate
height of the order of 1.3, or nearly half the value typically
obtained with a well-packed column. The advantage of this
method of measurement is that it allows the acquisition of
data inside the column, without requiring any injection. The
mobile phase itself is used as the probe. This eliminates the
contributions of the sources of extra-column band broaden-
ing and the influence of the retention. Furthermore, because
the apparent dispersion coefficients are measured for low
values of the dispersion time, the results are independent of
large-scale fluctuations of the local velocity. In this article,
we discuss the velocity dependence of the apparent axial and
transverse dispersion coefficients and compare several mod-
els that have been proposed to account for this phenomenon.

Theory

We characterize the column efficiency using the definition
given by Giddings (1965) of the height equivalent to a theo-
retical plate as the slope of the dependence of the band vari-
ance on its migration distance. As a result, we consider the
axial and transverse reduced HETP

A H, 1 do?
¢ d, d, oz
H, 1 ¢0?
ht = E‘_ -—Z s (1)
P P
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where H, and H, are the axial and transverse HETPs, 4,
and A, the corresponding reduced HETPs.

The axial and transverse dispersion coefficients derived
from measurements using the setup and pulse sequences
shown in Figure 1 are values of these coefficients averaged
over the entire section of the column inside the RF coil, that
is, 2.5 to 3 cm long. Thus, we consider here the correspond-
ing axial and transverse HETPs derived by application of the
conventional relationships

Hu hovD,
Papa=3 "3
Hu h,vD,
Dypi=—=—F—> (2)
where D,,, and D,,, are the apparent axial and transverse

dispersion coefficients, respectively, D, is the molecular dif-
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fusivity, u is the cross-section average mobile phase velocity,
and v=ud,/D,, is the reduced velocity or particle Peclet
number. The column axis being taken as the axis Oz, a trans-
verse dispersion coefficient can be measured in any direction
in the plane (x,y). Because the results of NMR measure-
ments (see later, first paragraph of Results and Discussion
section} have shown that the transverse dispersion coefficient
does not vary significantly with the direction in which it is
measured, we assume that the column has cylindrical symme-
try.

Several equations have been proposed to account for the
apparent dispersion of bands migrating along a chromato-
graphic column. They are reviewed below.

Simple Giddings equation

Axial dispersion is due to a combination of molecular and
eddy diffusion. Molecular diffusion is caused by concentra-

ca. 30 mm

(a)

Figure 1. The instrument.

(b)

(a) The pulse—echo sequences. Pulsed-field-gradient spin echo (PFGSE, upper part) and pulsed-field-gradient-stimulated echo (PFGSTE,
lower part) sequences with gradient amplitude, g, gradient pulse duration, §, and interpulse spacing, A. In the spin echo version, 7 is the
time between the 90°, and 180°, r.f. pulses and corresponds to half the spin echo formation time, T¢. In the stimulated echo version, the

echo time is given by Tg = 27, + 75.

(b) The liquid-chromatograph—-NMR spectrometer setup used for PFGNMR dispersion measurements in chromatographic columns. a:
microimaging gradient system; b, PEEK frit; ¢, 15-mm r.f. insert; d, PEEK column (4.4-mm ID); e, porous packing in the column.
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tion gradients that exist necessarily when a zone of finite
length migrates along a column. It follows Fick’s law. How-
ever, since diffusion cannot proceed along a straight line in a
packed bed, the apparent axial diffusion coefficient is lower
than the molecular diffusivity, a phenomenon accounted for
by the introduction of the tortuosity coefficient in the HETP
equations (see later) (Giddings, 1965). Eddy diffusion results
from the inequalities of the local values of the linear velocity
in the different channels available to the stream. It should be
noted that liquid chromatography is carried out under experi-
mental conditions such that the Reynolds number is ex-
tremely low. The Reynolds number can be rewritten as

Dm
Ly 3)
7 7

Typical vatues of p and 7 for the mobile phase are 0.8 g/mL
and 0.01 P, respectively, with a range of values not exceeding
20 and 50%, respectively, in actual practice. The flow rate is
usually selected so that the reduced velocity is between 5 and
15. With molecular diffusivity ranging between 1x10~° and
1Xx107% cm?/s for most components separated in liquid chro-
matography, the Reynolds number is of the order of 1x107?
in most cases, indicative of a creeping laminar flow, with neg-
ligible turbulence (Bird et al., 1960). (N.B. Obviously, the
Reynolds number is independent of molecular diffusivity; this
parameter is used here only as an intermediate in the calcu-
lation of typical values of the Reynolds number for typical
chromatographic conditions.)

Giddings (1965) has shown that eddy diffusion depends on
the mobile phase velocity, in contrast with what a simple
model of this effect would predict. A molecule that is in a
fast stream path takes a step forward with respect to the zone.
This step can end cither because the velocity of the stream
path decreases (because of the complexity of the channel net-
work, velocities at different positions along a given stream
path are unrelated) or because the molecule jumps by diffu-
sion from one stream path to another. Thus, diffusion relaxes
the radial concentration gradient that tends to be built up by
the inequalities in the local flow velocity. Applying the ran-
dom-walk relationship to a model of eddy diffusion incorpo-
rating this coupling between transverse diffusion and spacial
fluctuations of the velocity, Giddings (1965) developed a
plate-height equation, by analogy to conductors in parallel.
This equation is given by

P LR, @)
—— 4
v 1+ wv™ v

where y is the tortuosity coefficient, A and w are geometri-
cal parameters and functions of the retention factor, and x is
a constant equal to 1. The random-walk relationship used is
tantamount to assuming a linear dependence of the convec-
tive mass-transfer rate on the velocity. This is a simplification
that appears to be valid in the velocity range used in chro-
matography but may falter at higher velocities. Finally, we
note that the simple Giddings equation lumps together the
transverse convective/diffusive relaxation of the effect of the
heterogeneity of the axial velocity with film mass transport.
The third term in Eq. 4 is proportional to the reduced veloc-
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ity; hence it can account only for mass-transfer processes tak-
ing place inside the particles.

Based on Eq. 4, it is possible to write the following equa-
tion for the transverse reduced plate height

2
n=""4Dp, )
14

where D is a coefficient accounting for the contribution of
eddy diffusion to transverse dispersion. This last contribution
has been explained in the literature by the phenomenon of
“stream splitting” (Saffman, 1959, 1960; Horne et al., 1966;
Littlewood, 1966), as explained later. The first term in the
righthand side (RHS) of Eq. 5 represents the diffusion contri-
bution to the transverse reduced plate height.

Comprehensive Giddings equation

Eddy diffusion results from the inequalities of the local ve-
locity. Such inequalities arise at different scales inside the
column. Although there is a continuous distribution of these
scales, Giddings has divided them into four different levels:
(1) the transchannel contribution to band spreading arises
from the radial distribution of velocities inside each individ-
ual channel; (2) the short-range interchannel contribution is
due to the existence of small groups of tightly packed parti-
cles between which more loosely packed regions are found;
(3) the fluctuations of local packing density causes this pat-
tern of tightly packed groups of particles interspersed by
loosely packed regions to be erratic, which results in the
long-range interchannel contribution; and (4) the existence of
systematic variations of the mobile phase velocity between
different regions of the column (i.e., in the center and the
outer regions) is responsible for the transcolumn contribu-
tion. Each of these effects introduces a term similar to the
one derived from the coupled theory and given in Eq. 4. The
comprehensive equation that accounts for all the possible
contributions related to eddy diffusion becomes

2 2
h="21x

v 1+ !

i

+Cv, 6)

where the coefficients A; and o; correspond to the velocity
inequality of type i among the four listed earlier. This equa-
tion is complex and difficult to use. The determination of the
numerical values of these coefficients would be a most ardu-
ous experimental task. It has never been undertaken, as far
as we know. The values estimated by Giddings (1965) on a
theoretical basis for the transchannel, short-range interchan-
nel, long-range interchannel, and transcolumn effects are 2A
=0.5, 0.5, 0.1, and 0.04 m? (m, ratio of column to particle
diameters) and =100, 2.0, 0.1, and 40, respectively. Efforts
to reduce Eq. 6 to practice have led to the Knox equation
(see later).

Huber equation

Using a correlation derived through a dimensional analysis
of the data collected by Hiby (1962), Huber (1973) calculated
the dispersion term arising from the nonuniformities of the
flow and derived the plate-height equation given by Eq. 4
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with x = 0.5. Note that the constants w and C have different
physical meaning and different dependence on the packing
characteristics in the Giddings, the Huber, and the
Horvath-Lin equations.

Horvath and Lin equation

Horvath and Lin (1976) considered the stagnant film of
mobile phase surrounding each particle in the bed and as-
sumed that axial dispersion takes place only in the fluid out-
side the stagnant film. The thickness of this film, &, de-
creases with increasing mobile phase velocity. Pfeffer and
Happel (1964) have shown that the Sherwood number, Sk =
kqd,/D,,, increases in proportion to the power 1/3 of the
reduced velocity. Horvath and Lin (1976) have assumed that
8 is equal to the thickness of the Nernst diffusion layer,
Dm/kf, with kf rate constant of mass transfer. Thus, from
this dependence of the rate of mass transfer on the reduced
velocity, they obtained

d

§=—2—. 7
— @

Using this value of the thickness of the stagnant film, they
derived a plate-height equation that is given by Eq. 4 with
x =0.33.

Horvath and Lin (1976, 1978) have shown that their model
is consistent with their experimental results, although this
does not constitute a proof of its validity, given the complex-
ity of the relationship involved.

Comparison of the three equations

The equation derived by Huber (1973) is not based on a
physical model but on an empirical correlation, the accuracy
of which has been questioned (Deelder, 1970). Horvath and
Lin (1976) did not attempt to calculate a coupling effect be-
tween molecular and eddy diffusion. They only assumed that
the volume of the extraparticle space in which eddy diffusion
takes place is reduced by a film of stagnant mobile phase
velocity. However, it seems that the thickness of this film is
constant in the range of reduced velocities within which lig-
uid chromatography is usually carried out and within which
eddy diffusion is encountered and is found to vary with the
flow velocity. Arnold et al. (1985) explained that the relation-
ship derived by Pfeffer and Happel (1964) between the Sher-
wood number and the reduced velocity is valid only at large
velocities, for v > 50. At lower values of the velocity, the
Sherwood number would approach a constant limit and so
also would the mass-transfer coefficient and the thickness of
the stagnant boundary layer (Pfeffer and Happel, 1964). Un-
der such conditions, the Horvath-Lin equation would re-
duce, like the Giddings equation, the Huber equation, and
Eq. 4 to the Van Deemter (1956) equation (Eq. 9), with A =
2 A. However, Nelson and Galloway (1975) have shown that,
although the Sherwood number is constant at lower values of
the velocity for a single particle, this result is not true for
densely packed particle beds. In this case, the Sherwood
number becomes proportional to the Reynolds number at low
flow rates. If this dependence is substituted in the thickness
of the Nernst layer (Eq. 7), the Giddings equation (Eq. 4 with
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x=1) is obtained instead of the Horvath and Lin equation
(Eq. 4 with x = 0.33).

Early experimental results by Giddings and Robison (1962)
have shown that the conventional expression of the eddy dif-
fusion term used in Eq. 9 and other related plate-height
equations is not valid. They studied eddy diffusion in gas
chromatography using a 12 m long, 1/4 in. (6.4 mm) OD (pre-
sumably, 4.6 mm ID) column, packed with 1.17 +0.1-mm-dia.
glass beads, nitrogen as the carrier gas, and carbon dioxide
and p-xylene vapor as the sample (diffusivity, 0.073 cm/s?;
Giddings, 1965). Measurements were carried out very care-
fully in a range of reduced velocity extending from 0.2 to 2.3.
In this range, a plot of 4 vs. 1/v is linear and has a very small
intercept (and a slope corresponding to y = 0.735). The value
of w was very large, probably well above 10, effectively ren-
dering the eddy diffusion term negligible. This is expected as
the column having a ratio d_./d,, of 4 can hardly accommo-
date more than one channel. It is remarkable that the value
of £ for the five data points at reduced velocities larger than
1.0 are all below 1.0, with one value of h reported at 0.5.
This work, however, did not attempt any investigation of the
h(v) relationship at higher reduced velocities, which would
have been experimentally most difficult at the time. Stern-
berg and Poulson (1964) demonstrated that the minimum
value of % is below 1 for columns packed with glass beads
larger than 0.1 times the column diameter. Halasz and Heine
(1962) also obtained values of h lower than 1 with drawn-glass
packed capillary columns. Other works from Giddings on the
efficiency of gas chromatographic columns reported a few
values of /# below 1.0 (e.g., Giddings, 1963).

A careful experimental study of this problem has been
made by Magnico and Martin (1990). These authors packed a
16.6 X2.4 cm column with 200-220 pm solid glass beads, tak-
ing great care to achieve an homogeneous bed by ensuring
radial homogeneity of the flux of new beads carried by a wa-
ter stream to the top of the bed. They measured the profiles
of breakthrough curves of concentration steps of solutions of
nonretained salts. The profiles were found to be well ac-
counted for by an error function (erf), as expected under lin-
ear conditions (which should prevail since there is no reten-
tion). The HETP derived from the variance of these erf func-
tions was measured at different flow rates corresponding to
reduced velocities between 0.5 and 300. The data are in ex-
cellent agreement with the prediction of the Giddings equa-
tion (Eq. 4 with x =1). They falsify the other two equations
(Eq. 4 with x = 0.5 or 0.33). It is useful to note that the mini-
mum value found for the HETP was 1.0, achieved for a re-
duced velocity of about 3.

The excellent agreement reported by Magnico and Martin
(1990) between the Giddings equation and their experimental
data demonstrates that either one of the four different levels
of flow nonuniformities distinguished by Giddings is affecting
the column efficiency in their experiment or that, if several of
them are involved, they have similar values of . By parame-
ter identification, they derived from their data values of 2\ =
1.06 and o =10.3. The values estimated by Giddings (1965)
on a theoretical basis for the transchannel, short-range inter-
channel, and long-range interchannel effects are 2A = 0.5, 0.5,
and 0.1 and =100, 2.0, and 0.1, respectively. The authors
conclude that, since transchannel effects are always present
and since it is impossible to avoid any short-range interchan-
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nel effects, their data must reflect some combinations of these
two effects.

Knox equation

Kennedy and Knox (1972) have shown that a simple addi-
tive contribution, a »'?, to the plate-height equation can ac-
count for the combination of the effects of the four different
levels of flow nonuniformities distinguished by Giddings
(1965), transchannel, short-range interchannel, long-range in-
terchannel, and transcolumn effects. The replacement by this
term of the complex sum of four terms in Eq. 6 causes a
considerable simplification. The resulting plate-height equa-
tion is known as the Knox equation

b
h=—+av"+cv, ®
14

where a, b, ¢, and n are numerical coefficients, functions of
the nature of the packing material used, of the compound
studied, and of the homogeneity of the column bed. The first
term in the RHS of Eq. 8 accounts for axial diffusion, the
second for a combination of axial dispersion and eddy diffu-
sion, the last one for the mass-transfer kinetics in the linear
case. The exponent n is between 0.2 and 0.35. It is often
taken as equal to 0.33 in the chromatographic literature
(Knox, 1977), although it was set at 0.2 in some early work
(Eon, 1978). Equation 8 is an empirical correlation that is in
agreement with most experimental results (Horne et al., 1966;
Knox and Saleem, 1969; Eon, 1978; Unger et al., 1978), pro-
vided they are acquired in a sufficiently wide range of flow
rates. Thus it is possible to separate the contributions of the
last two terms in the RHS of Eq. 8. The minimum value of A
is achieved for values of v around 3. It seems that data have
to be acquired in a velocity range from 0.5 to 50 to provide a
reasonable precision of the estimates of the three coefficients
obtained by identification.

However, in a number of cases (e.g., Katz et al, 1983),
mainly because experimental data are acquired in too narrow
a range of reduced velocities, the data fit at least as well to
the Van Deemter (1956) equation

b
h=a+—+cv. 9)
v

This latter model does not account for the flow-rate depend-
ence of the eddy diffusion term that is weak but becomes
noticeable when measurements are carried out in a range of
mobile phase velocities exceeding an order of magnitude.

The Knox equation is much simpler and practical than the
complete plate-height equation by Giddings (Eq. 6) and about
as correct for columns of moderate or good efficiency. The
determination of all the eight parameters of Eq. 6 from ex-
perimental data is practically impossible. However, the Knox
equation is not expected to work as well as the Giddings
equation when the column efficiency is high, as in the case of
the study made by Magnico and Martin (1990).

Transverse dispersion and stream splitting

When a zone migrates along a chromatographic column, it
is dispersed both axially and radially by a combination of dif-
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fusive and convective processes. When a streamlet hits a par-
ticle, it splits into several, unequal streamlets that flow around
the hit particle, between it and its different neighbors, and
merge with other different streamlets of similar origin.
Transverse diffusion in the new streamlets and a cascade suc-
cession of similar events at each particle encountered pro-
mote transverse dispersion. Because the average width of
streamlets in a packed bed is much smaller than one particle
diameter, typically of the order of 0.1d,, or less, local trans-
verse homogenization of the mobile phase composition takes
place quickly. It is much slower at the scale of the column
diameter, however.

Saffman (1959, 1960) investigated the problem rigorously,
using a random-walk model. He assumed that there is no ad-
sorption, the medium is isotropic, and the mean pressure gra-
dient is constant. The column is supposed to consist of a net-
work of randomly oriented capillary tubes. Two problems
were successively solved. First, molecular diffusion was ne-
glected compared to convective dispersion (Saffman, 1959).
Later, a more sophisticated model allowed the derivation of
a solution in the case in which transfer by molecular diffusion
is significant (Saffman, 1960). In chromatography, however,
separations are carried out under conditions such that the
reduced velocity always exceeds 2 and is often between 5 and
10. So, we can consider only the former, simpler solution that
gives for the transverse dispersion coefficient

3u
D, =yD, +—m.
ap,r = Y 16dp (10)
Hence
2
h =" 10375 (11)
v

Horne et al. (1966) applied the classic random-walk model
of chromatography developed by Giddings (1965). They as-
sumed that the particles are spherical and that, when a
streamlet hits a sphere, it divides equally around it. This
causes the average molecule to undergo a transverse step of
average length d,/m. The radial variance contribution, ac-
cording to the random-walk model is nl?, with n = number of
steps, and /= average length of a step. Assuming that one
lateral step is taken for every distance a d, moved axially
(with a = a number between 0 and 1), they derived a variance
contribution equal to Ld,/(a ar?). The corresponding contri-
bution of stream splitting to the reduced HETP is

hy=D=—s. (12)

In a dense packing such as the bed of a chromatographic
column, it is reasonable to expect that a is between 0.5 and
1, giving a value of D between 0.1 and 0.2. Within this range,
D could be a function of the particle shape and of the pack-
ing density.

There are few determinations of D in the chromatographic
literature. Using systematic determinations of the elution
profiles in a number of points scattered over the cross-sec-
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tion area of the exit frit of a column, Knox et al. (1976) de-
rived for D a value of 0.060. The experimental data were
acquired for values of » between 16 and 250, with a 11.7 mm
ID column packed with 64-um glass beads. Using a similar
method, Eon (1978) derived a value of D equal to 0.075, the
measurements being made for values of » between 0.6 and
1000, using a 17-mm-ID column packed with 76-um glass
beads. Using on-column NMR measurements of the trans-
verse dispersion coefficients on a 26-mm-ID column packed
by gravity sedimentation with 15-um silica particles,
Baumeister found a value of D equal to 0.201. Given the
packing procedure, a markedly lower packing density was
achieved in this experiment than in those using a more classic
packing method, even dry-packing as used by Knox et al.
(1976) and Eon (1978).

Determination of diffusion and apparent dispersion
coefficients by NMR

In a homogeneous magnetic field, the spin of a given nu-
cleus precesses around the direction of this field at the Lar-
mor frequency, w,, which is related to the field intensity, By,
by

wg =By, (13)

where vy is the gyromagnetic ratio of the nucleus being con-
sidered (Abragam, 1961; Slichter, 1963). In the case of pro-
tons (y =2.675x10% rad-s~!-T™1), in a large superconduc-
tive magnet where B, = 9.4 T, this frequency is vy = wy/27
=400 MHz. Thus, nuclear magnetic resonance provides a
molecular label via the characteristic Larmor frequencies of
the component nuclei, most commonly the protons. In a mag-
netic field gradient, each proton is provided with an address
corresponding to the exact field at the time of excitation. In
practice, the spatial dependence of the label is given by the
imposition over the sample space of a well-defined pulsed-
magnetic-field gradient, characterized by its strength g, its
duration §, and its direction. This pulse causes the proton
spins to precess at different frequencies, according to their
locations r along the direction of the applied gradient (Cal-
laghan, 1991). Hence, we can define a local Larmor fre-
quency as

w(r)=vyB,+ygr. 14)

Very sensitive precessional phase displacements may be
detected through the degree of phase refocusing in an NMR
spin echo. Hahn (1950) was the first to suggest that these
echo signals might be used to measure molecular transla-
tional motions and to propose the spin echo experiment. The
pulsed-field-gradient nuclear magnetic resonance (PFGNMR)
spin echo method in its simplest form consists of a two-r.f.-
pulse Hahn echo experiment with identical magnetic-field-
gradient pulses of magnitude g and duration 8. These two
pulses are separated by a time A. They are applied respec-
tively during the dephasing and rephasing parts of the echo
cycle (see Figure 1a, upper part). After irradiation of the pro-
ton spins by a nonselective 90° pulse, the first gradient pulse
produces a rapid precessional phase shift depending on the
position of each nucleus in the sample. Between the two gra-
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dient pulses the molecules containing the spatially labeled
nuclei change position, for example, because of diffusion, dis-
persion, or convection. During this period, the nonselective
180°C r.f. pulse has inverted all prior phase shifts. Thus, the
second gradient pulse, at time t, + A, has the effect of pro-
ducing phase compensation {or refocusing). To the extent that
molecular motion has occurred, the refocusing is incomplete
and the consequent attenuation of the intensity of the spin
echo (located at time =27 =1t +t, + A + §) gives a mea-
sure of the ensemble average of the nuclear translations. The
larger the gradient strength used to label the spins, the
stronger this echo attenuation. The two gradient pulses record
the initial and subsequent positions of the nuclei over the
well-defined time scale A, respectively, A series of spin echo
spectra is recorded while incrementing the gradient strength
from one experiment to the next. The echo intensities display
a characteristic Gaussian distribution for unrestricted
isotropic diffusion. Usually the intensities are analyzed in
terms of the Stejskal-Tanner equation (Stejskal and Tanner,
1965, Callaghan, 1991)

M(k,A) _

—k2D(A - §3)

Mon ¢ , 15
where k = y8g, g is the gradient strength and direction, & is
the pulse duration, vy is the gyromagnetic ratio, A is the pulse
period, and A, = A — 8/3 is the reduced or effective diffusion
time. M(0, A) is the echo intensity obtained in the absence of
any pulsed field gradient (g = 0), so M(k,A)/M(0,A) is the
normalized amplitude. In practice, the intensities are plotted
as log [M(k,A)/M(0,A)] vs. g% or k? and the diffusion coef-
ficient is derived from the slope of the corresponding plot.

Incorporating the effect of a convective displacement
caused by the flow velocity and superimposed on the disper-
sion is straightforward. The combined effect of diffusion or
dispersion and flow on the echo signal is a phase shift due to
the flow and an attenuation due to the diffusion, the global
effect being given by

M(k,A)

_ LikvA—K1D(A - 8/3),
M5 e (16)
where v is the mean flow velocity (Callaghan, 1991). It is
important to note that an attenuation of the signal intensity
is caused only by diffusion. Therefore, by phase correcting
successive spectra or recording them in the magnitude mode
instead of the absorption mode, diffusion effects can be well
resolved from flow effects, the latter assigning a characteris-
tics phase shift to the signal because of their coherent nature.
This method allows the determination of diffusion or dis-
persion coefficients in the presence of flow. In some circum-
stances, however, short transverse nuclear relaxation times T,
limit the spin echo signal-to-noise (S/N) ratio. Moreover, ir-
reversible decay due to spin-spin (transverse) relaxation lim-
its the time A over which PFGNMR measurements are possi-
ble. These problems associated with the short T, can be cir-
cumvented sometimes, especially where the spin-lattice
(longitudinal) relaxation time, T, greatly exceeds T’,. In this
case, the stimulated echo method can prove useful (Tanner,
1970; Stilbs, 1987; Kirger et al., 1988) (see Figure 1a, lower
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part). In this method, the 180° r.f. pulse is divided into two
successive 90° r.f. pulses. The stimulated echo center is lo-
cated at ¢ =27, + 7,. During time 7, (the major part of the
diffusion time, A), the spatially labeled spins are subject to
longitudinal instead of transverse relaxation, because the sec-
ond 90° pulse, after r,, rotates the magnetization into the
longitudinal direction, that is parallel to the direction of the
main magnetic field.

Experimental Studies
Chromatography

No samples were injected into the chromatographic col-
umn to perform the NMR experiments. Instead, pure sol-
vents or solvent mixtures were pumped through the chro-
matographic column under study. Thus, no injection valves
and no detectors were needed. The pump must maintain a
constant mobile phase flow rate in the range investigated
(0.01-4.6 mL/min). Altogether, this made the experiment de-
sign most simple.

No metal can be introduced inside or placed close to the
magnet, however, as it would cause too strong perturbations
of the magnetic field and would interfere with the signal. For
this reason, it was not possible to use an axially or radially
compressed column in these experiments. The design of a
nonmetallic skid is still under active consideration. Accord-
ingly, the 4.4-mm-ID, 10-cm-long columns were made of
PEEK (poly (aryl ether ether ketone)), a high tensile plastic
material, were closed with PEEK frits (Upchurch Scientific,
Oak Harbor, WA), and were connected to the pump and the
waste collection by narrow-bore PEEK tubings. PEEK unions,
fingertights, and end column fittings were manufactured out
of PEEK rods in the workshop of the University of Tiibingen.
They were modeled on conventional high-performance liquid
chromatography (HPLC) hardware. A Bischoff micropump
head (Bischoff, Leonberg, Germany) was adapted to the
Bischoff pump for the low flow-rate measurements (0.01-0.6
mL/min). The pump being located several meters from the
magnet can be of conventional design and materials. A con-
ventional analytical head was used for flow rates up to 4.6
mL/min. The flow rate was derived by measuring the volume
of effluent collected during a given time. The pump was
placed about 1.5 m away from the magnet. Precolumn filters
were used at the pump outlet to keep the column itself free
from impurities (e.g., metal particles) originating from the
pumping system.

The PEEK columns were packed with one of the two ma-
terials used in this study, adapting the slurry-packing method.
An approximately 5% slurry of the packing material in de-
gassed isopropanol (which wets well C,; silica) is placed in a
stainless steel container that is connected at its outlet to the
column, at its inlet to a hydropneumatic HPLC pump
(Knauer, Berlin, Germany). The slurry is then forced into the
column by pumping degassed methanol with the pump into
the container and through the column (Poole and Poole,
1993). The inlet pressure is raised to 300 atm, and the pack-
ing material is consolidated for 25 to 35 min under the vis-
cous stress caused by the solvent stream.

Two packing materials were used. LiChrosorb RP18 is a
chemically bonded C18, porous, irregular silica with an aver-
age particle size of 5 um. The other material was a 30-um
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particle, porous, spherical silica from YMC (YMC Europe,
Schermbeck, Germany). The PEEK frits used were 0.5 pm
for the S-um particle material and 0.5 pum for the 30-pm
particle material. The solvents used were acetone, acetoni-
trile, methanol, and water from Merck (Darmstadt, Ger-
many). They were used as received, without further purifica-
tion, but were degassed prior to their use in the experiments.

The efficiency of the second column (5-pem LiChrosorb C18
particles) was determined following the conventional chro-
matographic procedure (Poole and Poole, 1993), using a con-
ventional liquid chromatograph assembled with the same
Bischoff HPLC pump as used in the NMR experiments, very
short connecting tubes, a 10-uL. Rheodyne valve (Cotati, CA),
a LINEAR UVVIS 200 spectrophotometric detector (LIN-
EAR Instruments, Reno, NV) operating on the bulk eluent,
and a Kipp and Zonen (Schénberg, Germany) BD8 chart
recorder. The values of the HETP were measured for toluene,
which is very slightly retained, in 80:20 acetonitrile as the mo-
bile phase, at flow rates between 0.1 and 4.5 mL/min.

Nuclear magnetic resonance

NMR experiments were performed at 19+ 0.5°C on a
Bruker (Karlsruhe, Germany) MSL 200 spectrometer
equipped with an Oxford 4.7-T, 8.9-cm-bore superconducting
magnet. A Bruker imaging probe with a 15-mm-ID “saddile”
r.f. insert was used, and the gradient coils were driven by a
stereo power amplifier (Model 2200) from NAD Electronics
Inc. (Boston, MA). The magnet has a static field strength of
4.7 T, yielding a proton resonant frequency of 200.13 MHz.
Data acquisition was controlled by an Aspect 3000 computer.
The final spectral linewidths of water, methanol and acetoni-
trile were around 35-40 Hz in the porous packing in the ab-
sence of externally applied magnetic field gradients.

The 90° pulse duration was approximately 20 us. Field-
gradient pulses were applied to the sample using a Bruker
microimaging gradient system consisting of three mutually or-
thogonal coil groups that can produce pulse-field gradients in
any direction respective to the axis of the main magnetic field.
Gradient pulse intensities g were varied between 0.2 and 32
G/cm (1 Gauss = 10~* Tesla), with a duration 8 of 3 and 5
ms, respectively. The values selected for the diffusion time,
A, were between 30 and 80 ms. PFGNMR experiments were
generally performed using fixed echo time and duration of
the gradient pulses and varying only the gradient intensity by
suitable incrementation. The PEEK columns are directly in-
serted into the imaging probe, using a special home-built
sample holder that makes impossible any column movement
during the measurements. The entire system is schematized
in Figure 1b. Finally, the column axis is parallel to the axis of
the main magnetic field.

Procedures

Orienting the pulsed-field gradients either in the direction
parailel to the column axis or in any perpendicular direction,
it is possible to measure independently the axial and the
transverse apparent dispersion coefficients as a function of
the mobile-phase flow velocity. These dispersion experiments
were performed with either the standard Stejskal-Tanner
pulse sequence (spin echo) or the stimulated echo version
(PFGSE and PFGSTE, respectively). The latter method is
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Table 1. Coefficients of Self-Diffusion™

Apparent Apparent Coefficient
Transverse-  Axial- of Self-
Dispersion Dispersion Diffusion

Solvent Coefficient Coefficient (cmz/s)
Acetone 1.94 2.04 4.08
Acetonitrile (ACN/H,0, 80:20)  1.85 1.92 2.75
Methanol 1.19 1.25 1.98
Water 1.98

*In 10~° cm?4.

advantageous for the systems under study because the proton
relaxation times T, for the fluids in the porous matrix are
much larger than the corresponding relaxation times 7,. As
explained earlier, the effects of dispersion and flow velocity
on the resonance signal can be well separated and deter-
mined. The combined effect of both factors on the echo sig-
nal is a phase shift due to the mobile phase flow rate (first
term in the exponent) and an attenuation due to dispersion
(second term).

The results are plotted as log [M(k, A)/M(0,A)] vs. the
squared gradient intensity, g2 (Eq. 15). A straight line is ob-
served, indicating that background gradients are negligible in
our experiments. The coefficient of apparent dispersion is
derived from the small-k dependence of the amplitude,
M(k, A), as the slope of this plot. To achieve a sufficient sig-
nal-to-noise ratio, M(k,A) and M(0,A) were determined as
the averages of up to 64 repetitions of the relevant pulse se-
quence. Usually, the gradient strength is incremented in 16
steps and D, is determined by a least-squared fit to the cor-
responding data set.

The coefficients of self-diffusion and diffusion obtained this
way for the solvents studied are reported in Table 1. These
data were derived from measurements made on the chro-
matographic columns in the absence of flow and on samples
of the pure liquids, respectively. For each data set linear re-
gressions yield a correlation coefficient of at least 0.999. The
self-diffusion coefficient of pure water was found to be 1.96
x107° cm?/s at 19°C. This value agrees very well with the
one obtained by extrapolation of Mills data (I.e., 1.98X 107>
cm2/s), a value that is often used as a reference. The values
of the self-diffusion coefficients of normal and heavy water
between 1 and 45°C obtained by Mills (1973) are considered
as very accurate and precise. They were determined using
radioactive tracer methods.

The value of the diffusion coefficients measured in the ax-
ial direction in the absence of flow are a few percents higher
than in the radial direction. It is interesting to note that the
same result was observed previously (Baumeister et al., 1995),
in a study using a different instrumental setting, in which the
column axis was perpendicular to the axis of the main mag-
netic field, while these axes are superimposed in the experi-
ments reported here. In both cases, however, the axial dis-
persion coefficient is only 2 to 7% higher than the transverse
dispersion coefficients in the absence of flow.

Results and Discussion

As indicated earlier, the values of dispersion coefficients
reported here are averaged over the entire column cross sec-
tion and over a length of 30 mm. Axial dispersion coefficients
are measured by sending the pulse of magnetic field gradient
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Figure 2. Axial (O) and radial (@) reduced plate height
vs. the reduced velocity.

Column packed with 30-um particles of silica from YMC.
Solvent: acetone. Symbols, experimental data; lines, plots of
Egs. 4 (for x =1) and 3.

in the Oz direction (i.e., along the column axis). Transverse
coefficients are measured by sending this pulse in any direc-
tion of the x, y plane. It has been verified that the gradients
in both directions were equally calibrated. The transverse
dispersion coefficient was measured in different directions
perpendicular to the column axis, by rotating the direction of
the puised magnetic field gradient. In all cases, it was found
that the values obtained were not significantly dependent on
the radial direction. Within the experimental errors, the two
columns used in this work can be considered as having a
cylindrical symmetry.

Figures 2 to 6 show plots of the reduced plate height vs.
the reduced velocity under three different sets of experimen-
tal conditions. The data obtained on the column packed with
30-pum particles of silica are reported in Figure 2. The data
obtained with the column packed with 5-um particles of sil-
ica are reported in Figures 3 (mobile phase, 80:20 solution of
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Figure 3. Axial (O) and radial (@) reduced plate height
vs. the reduced velocity.

Column packed with 5-um particles of Lichrosorb RP18.
Solvent: methanol. Symbols, experimental data; lines, plots
of Egs. 18.
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Figure 4. Axial (O) and radial (@) reduced plate height
vs. the reduced velocity.

Column packed with 5-um particles of Lichrosorb RP18.
Solvent: methanol. Symbols, experimental data; lines, plots
of Eqgs. 19.

acetonitrile and water) and 4 (mobile phase, pure methanol).
There is a small scatter of the data points (symbols) around
the best curves obtained by fitting these data to Eq. 4 with
x =1 in Figure 2, to Eq. 5 or 10 in Figures 3 and 4. It was not
possible to measure accurate values of the dispersion coeffi-
cients at values of the reduced flow velocity higher than 12
with the 5-pm particle column because the corresponding ac-
tual velocity is too large. A fraction of the labeled protons
carried downstream by the mobile phase escapes from the
volume in which their signal is measured. When this fraction
becomes too large, the measurements are no longer accurate.

The nonlinear regressions were done using Eq. 9 for the
axial dispersion coefficient and Eq. 5 for the transverse dis-
persion coefficient. In Eq. 9, we took n = 0.33, in compliance
with the tradition among chromatographers. As a matter of
fact, it was not possible to distinguish between the best curves
supplied by a linear regression of the data to Eq. 9 using
n=20.20 and n=0.33 (Figure 5). The nonlinear regression
gives the following best equations:

—For the data in Figure 2 (30-um silica particles, acetone):

h,= +0.15v9334+0.13v (172)
14
1.03
h,=——+0.14. (17b)
14

The confidence level of the fit is 0.9997 for the axial reduced
HETP, provided the data points beyond v = 15 are excluded.
Otherwise a systematic deviation takes place (see the later
discussion). Figure 5 compares a plot of this limited set of
experimental data (symbols) and Eq. 17a (dashed line). The
systematic deviations taking place around the curve minimum
and at high velocities are obvious. The coordinates of the
minimum of the & ,(v) plot are h;, = 0.91 and »,,, = 2.5. The
confidence level of the fit is 0.999 997 for the transverse
reduced HETP, in the whole range of data points. Note that
the minimum value of h observed is lower than 1.0, in agree-
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Figure 5. Axial reduced plate height vs. the reduced ve-
locity.

Experimental data (symbols) compared with Eq. 9 (line).
Column packed with 30-um particles of silica from YMC.
Solvent: acetone. The contribution of the second term of the
RHS is negligible and the two lines are practically overlaid.

ment with data previously reported by Giddings (1963) and
Giddings and Robison (1962) (more on this result later).

—TFor the data in Figure 3 (5-um silica particles, acetoni-
trile/water, 80:20):

+0.62v%%¥ +0.12v

I

(18a)

ha

14

h

+0.27.

(18b)

r
v

The confidence level of the axial HETP fit is 0.998 (all data
points included). The coordinates of the minimum of this plot
are h.;, =158 and w,, =2.4. The confidence of the fit of
the reduced transverse HETP is 0.999 8.

"H 200 MHz PFGSTE
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Figure 6. Axial reduced plate height vs. the reduced ve-
locity.

Experimental data (symbols) compared with Eq. 4, with x =
1, 0.5, and 0.33 (lines). Column packed with 30-pm particles
of silica from YMC. Solvent: acetone.
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—Finally, for the data in Figure 4 (5-um silica particles,
methanol):

1.25
h,=— +0.642v%3 +0.088 v (19a)
14

1.23
h,=——+0.31.
14

(19b)

The confidence level of the fit of the reduced axial HETP
was 0.996 and that of the fit of the reduced transverse HETP
was 0.999 96. The coordinates of the minimum of the curve
hv) are h,;, =153 and ,, =2.35. These equations must
be compared with those derived by Knox et al. (1976) (KLR),
Eon (1978) (Eon), and Baumeister et al. (1995) (BKA). These
authors obtained for the axial dispersion coefficient:

1.4
h(KLR) = — +0.73y°%
14

15
h,(Eon) = — +0.64°2!
14

4
h(BKA) = +0.4060%%1 +0.204v, 20)

v

and for the radial (KLR, Eon) or the transverse (BKA) dis-
persion coefficient:

14
h,(KPR) = — = 0.060
14
1.5
h,(EOIl) = T +0.075

0.994
h(BKA) = —— +0.20. (1)
v

We note that the values obtained in this work for the first
coefficient, 2v, in the case of large particles (Figure 2) in
Egs. 17a and 17b is in excellent agreement with the previous
result of Baumeister et al. (1995), who used the same tech-
nique as ours, with a different instrument. They are, how-
ever, smaller than those obtained by authors using chromato-
graphic methods. In the case of small particles, the value of
this first coefficient is intermediate, 1.25 to 1.35, vs. 1 for
previous NMR studies and 1.5 for chromatographic determi-
nations. Note that the value obtained by Giddings and Robi-
son for their exceptionally efficient column was 1.47, ruling
out the possibility of a correlation between column efficiency
and the value of y.

The values of the second coefficient of the RHS of Eqs. 20
is much larger (by nearly 50%) in this work than in previous
ones. The equations for the axial dispersion coefficient do
not contain a c» term in the cases of the measurements by
Knox et al. (1976) and Fon (1978) because these authors used
solid glass beads to pack their columns, while Baumeister et
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al. (1995) used porous particles for chromatography. Mass
transfer through the particles used in this work seems some-
what faster than through those used previously (Lichrosorb).
The radial dispersion coefficients were derived by Knox et al.
(1976) and Eon (1978) by measuring the radial width of the
elution band obtained with pointlike injection of the sample,
using a syringe. An electrochemical detector with a micro-
electrode allowed the determination of the elution profiles at
various distances from the column center. The precision of
these determinations is certainly much lower than what can
be achieved using the PFGNMR method.

Axial dispersion

The parameters of the PFGSTE NMR method used for
the acquisition of the dispersion coefficients were slightly dif-
ferent in the three cases. The pulse width, 5, was 5 ms with
the 5-um silica particles and 3 ms with the 30-um particles.
The pulse period, A, was 80, 30 and 45 ms for the experimen-
tal results reported in Eqs. 17, 18 and 19, respectively. This
gives a value of the mean dispersion distance, [{7?)]V2, over
which the data are averaged as 25.6, 12.8 and 13.1 pm, re-
spectively, or approximately 90% of the average particle size
with the 30-um particle column and 2.5 of the particle diam-
eter with the 5-um particle column (using the Einstein rela-
tion and the values of the diffusion coefficients derived for
the pure solvents; Table 1). Consequently, the dispersion dis-
tance is even lower in practice. This may explain some of the
differences between the two different sets of data, especially
regarding the value of the b = 2y coefficient in Egs. 17 to 19.
Note that, although the diffusion coefficient is lower inside
the pore network of a porous particle than in the bulk mobile
phase, the molecules have time in all these experiments to
diffuse inside all the external space, around the particle, and
inside most of the intraparticle space. We should anticipate
that with the coarser particles, only the transchannel flow
nonuniformities are sampled by the molecules. With the finer
particles, both the transchannel and the short-range inter-
channel nonuniformities or at least part of the latter should
be experienced.

The values obtained for the coefficient of the term ac-
counting for molecular axial dispersion, b = 2v, are in excel-
lent agreement for all experiments performed on the same
column. The values are 1.05 and 1.03 for the 30-um particle
column. For the S-um particle column, they are 1.35 and
1.32 for axial and transverse dispersion, respectively, with
methanol, and 1.25 and 1.23, respectively, with aceto-
nitrile/water. Assuming that the tortuosity coefficient, y =
1/T (T = conventional tortuosity) is close to the square root
of the external porosity (Wong et al, 1984; Roberts and
Schwartz, 1985), we obtain 0.27 and 0.41 as estimates of the
external porosity of the two columns. The latter value is typi-
cal of analytical columns. It suggests a medium packing den-
sity, as allowed by the restriction placed by the limited me-
chanical strength of a PEEK tubing on the maximum flow
rate that can be used during shurry packing. The former value
seems unusually low compared to values obtained with ran-
dom packing of this type of material under axial compression
stress (Guiochon and Sarker, 1995; Sarker et al.,, 1995). The
most probable explanation for this value is that the tortuosity
model of dispersion in a packed bed is not valid when disper-

November 1996 Vol. 42, No. 11 3051



sion is measured over an average dispersion length of only
90% of the particle diameter. Dispersion has to take place
over much longer distances for the tortuosity of the packed
bed to be fully felt. The anomaly, however, is that value ob-
tained is too low.

Figure 5 compares the experimental data (symbols) for ax-
ial dispersion and their best fit to the Knox equation (Eq.
17a). Two different values of n were used: the classic value
used in chromatography, 0.33; the value used in early works
(e.g., by Eon (1978)), 0.20. The second term of Eq. 9 seems to
have no influence on the shape of the plot under the condi-
tions that best fit our data. Indeed, the coefficient a is un-
usually small. This is in agreement with the extremely small
value of the minimum plate height, 0.91, a value lower than
most if not all those previously reported for porous particles
in liquid chromatography. Obviously, the experimental condi-
tions are different, there is no extracolumn band broadening
under the experimental conditions of this work, and local val-
ues are measured. Nevertheless, this result is important be-
cause it tells how well the column is trying to work and how
poorly we utilize its potential.

Figure 6 compares the experimental data obtained with the
coarser particle column (symbols) and the curves correspond-
ing to the best fit of these data to the Giddings (Eq. 4 with
x =1), Huber (Eq. 4 with x = 0.5), and Horvath-Lin (Eq. 4
with x = 0.33) equations. Clearly, the Giddings equation gives
by far the best fit. So, not surprisingly, our results agree with
those of Magnico and Martin (1990). The differences be-
tween the experimental conditions used in their work and
ours enhance the importance of this agreement. We used
particles that are one to two orders of magnitude smaller than
theirs. These particles are porous. Dispersion was measured
in situ, without injection or any other external perturbation of
the dynamics of the processes taking place in the column.
Accordingly, the values obtained characterize the local axial
and transverse HETP, not averages over the entire column
volume as in the previous work.

The fit of the experimental data obtained with the coarser
particles to the three equations 4, with x = 1 (Giddings, 1965),
x =0.5 (Huber, 1973), and » = 0.33 (Horvath and Lin, 1976)
gave residual standard deviations that are, respectively, 0.083,
0.382, and 0.575, confirming the conclusions of a visual exam-
ination of Figure 6. A considerable number of iterations was
required in the last two cases, 172 and 38, respectively, and
the best values obtained for y and w are physically meaning-
less. Stopping the nonlinear regression at the last set of phys-
ically meaningful values of these parameters lead to a stan-
dard deviation that is barely 10% higher than the previous
ones. The best values of y, A, w, and C obtained in the non-
linear regression of the experimental data using Eq. 4 (with
x=1)are y=0.52, A=3.51, @ =35.3, and C = 0.015 (Figure
2). These values should be compared with those obtained by
Magnico and Martin (1990), y = 0.6, A=0.53, ® =10.3,C=0
(solid particles). The value of A found by Magnico and Mar-
tin (1990) is the same as the one predicted by Giddings for
the transchannel contribution. The value that we found for
this parameter is seven times larger. It is consistent, however,
with the assumption of a significant contribution of the
transparticle effect that was inexistent in Magnico and Mar-
tin’s experiment but is significant in ours. The value obtained
for @ in this work is 3.5 times larger than that measured by
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Magnico and Martin (1990). This agrees with the much
smaller contribution of the short-term interchannel effects to
eddy diffusion that should be anticipated in our experimental
conditions compared to theirs.

Transverse dispersion

The values obtained for the coefficient of the first term in
Egs. 17b, 18b, and 19b are practically equal to the values of
the coefficient of the corresponding term in Eqgs. 17a, 18a,
and 19a. They are consistent with the indications given by
theory in the derivation of Eq. 5 and with those of the
stream-splitting model. These values were discussed in the
previous section.

The numerical values of the coefficient D in Eq. 5 com-
pare well with those reported in previous studies (Knox et al.,
1976; Eon, 1978; Baumeister et al., 1995). Our values are 0.14

for the coarser particle column, 0.27 and 0.31 for the finer
particle column, with acetonitrile /water and methanol, re-
spectively. The value reported by Knox et al. (1976) was 0.060.
The value obtained by Eon (1978) was 0.075. The value ob-
tained by Baumeister et al. (1995) was 0.20 for 15-um parti-
cles. In gas chromatography, Littlewood (1966) found ‘an av-
erage value of D =0.20, with results for individual columns
ranging between 0.13 and 0.24, the larger values correspond-
ing to the smaller particles (which is also the case for our
results). Horne et al. (1966) concluded that values between
0.10 and 0.20 are the more probable. The results obtained
regarding the axial dispersion coefficient have shown that the
column packed with the coarser particles is the more effi-
cient, that is, the better packed, whatever the reason it is so
might be. We note also that Knox et al. (1976) and Eon (1978)
were using large-size solid glass beads, about 60 and 76 um
in diameter, respectively. The center cores of their columns
were extremely well packed as witnessed by the very low value
of the reduced HETP they measured along the column axis
(as opposed to the much higher values found close to the
wall).

Axial dispersion measured: by NMR vs. by conventional
chromatography

Figure 7 illustrates the considerable loss in potential per-
formance that is incurred with the current procedures used
in chromatography. The data in Figure 7b show what the col-
umn is trying to do, in terms of the local contribution to band
broadening that takes place in the packing. The data in Fig-
ure 7a shows the overall effect, the actual amount of bank
broadening produced. It is the corresponding bandwidth that
controls the degree of separation achieved with the column
in all practical applications of chromatography. The differ-
ence between the two sets of data stems from a combination
of extra- and intracolumn contributions to band broadening.
The former results from axial dispersion taking place in the
sampling valve, the connecting tubes, the column ends, and
the detector cell. This contribution is eliminated in PEFEGNMR.
The latter contribution originates from the way the local con-
tributions to band dispersion combine together. Because the
bed is not homogeneous, the local axial velocity of the band
depends on the location. The band profile become distorted.
Although the band is locally very thin, all the parts of its
profile do not reach the exit at the same time (Farkas et al.,
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Figure 7. Reduced axial HETP derived: (a) conventional
procedures of chromatography using the
peaks recorded at the column outlet vs. ana-
lytical chromatograph; (b) axial dispersion
coefficient determined by PFG NMR.

Experimental conditions, PEEK column packed with
LiChrosorb RP18 5 um. Solutes, (a) toluene, eluted with
80:20 acetonitrile/water as the mobile phase; (b) acetonitrile
and méthanol.

1994; Tallarek et al., 1995). This appears to cause most of the
actual band spreading observed. Improving the degree of ho-
mogeneity of the packing obtained could allow a reduction of
the column HETP by up to a factor of 3 (Figure 7).

Conclusion

Carefully conducted experiments, in which the contribu-
tions of the sources of extracolumn band broadening and the
long-range interchannel effects are eliminated and the
short-term channel effects are minimized, give values of the
apparent axial dispersion coefficients whose flow velocity de-
pendence supports the conclusions of the detailed analysis
provided by Giddings (1965). This was the case in the experi-
ments done by Magnico and Martin (1990). These authors
used large-size glass beads that are easier to pack homoge-
neously than the small silica particles used in liquid chro-
matography. For a given value of the reduced HETP, the
bands obtained are wider, thus contributing to minimizing the
contributions of the sources of extracolumn band broadening.
The same result was also accomplished by the design of their
experimental setup. In our case, the principle of the method
of measurement allows the acquisition of data under such
conditions that only the short-range effects contribute to the
result, while there are no sources of extracolumn band
broadening. Qur results confirm the validity of the Giddings
equation in the range of Peclet numbers extending up to 40.
Deviations may be expected at much higher values,

Further investigations involving the study of the influence
of particle size and the mean dispersion distance, which in-
creases as the square root of the pulse period, would allow
the determination of the intraparticle dispersion and the study
of the long-range interchannel effects (Giddings, 1965). This
work could clarify a problem that has puzzled chromatogra-
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phers for decades: Why is it that the actual efficiency of real
columns is so poor compared to anticipations based on the
predictions of the most reliable models?
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