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Abstract

Pulsed field gradient nuclear magnetic resonance permits the direct determination of the coefficient of apparent
dispersion of a solute in a chromatographic column. Axial and transverse dispersion coefficients can be measured
independently as a function of the flow velocity of the mobile phase. Experiments have been carried out using
water as the mobile phase. porous C18 silica as the stationary phase, and water as the probe (self-dispersion). The
results are reported and compared to similar ones obtained previously by various authors, using conventional
chromatographic techniques. The NMR method shows potential for the investigation of the structure and
homogeneity of the packing of large diameter columns for preparative chromatography. It permits direct access to
local values of these coefficients instead of measuring averages as classical methods do.

1. Introduction

Despite numerous investigations of column
performance and of its relationship with the
characteristics of the stationary phase, column
packing has remained an art to this day. New
materials require the development of new pack-
ing methods or at least the proper adjustment of
conventional methods. The situation is poten-
tially worse in preparative chromatography.
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Tennessee, Knoxville, TN. 37996-1600 and Division of
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First, conventional packing methods for analyti-
cal columns, which use high flow velocities, are
unacceptable because the walls of preparative
columns cannot be made thick enough to with-
stand the required high inlet pressures. Second,
the column performance and essentially its sepa-
ration power are critically influenced by large
scale fluctuations of the local mobile phase
velocity, themselves caused by an inhomoge-
neous packing density [1]. Deleterious fluctua-
tions of the packing density are more prone to
take place in wide columns.

Finally. it is difficult to control the homo-
geneity of the packed bed when the factors
which influence its density and structure are not
fully understood, nor even all clearly identified.
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The local value of the permeability is related to
the local density of the stationary phase through
the external porosity, or fraction of the volume
which is not occupied by the particles. Kozeny—
Karman equation shows that the permeability
increases slightly faster than the fourth power of
this porosity [2]. As a result, the local average
mobile phase flow velocity may fluctuate sig-
nificantly across the column cross-sectional area
and the surfaces of constant solute concentration
are no longer planar and perpendicular to the
column axis, as they should be for maximum
performance. They become warped. Since the
exit section of the column is flat and the whole
mobile phase stream exiting from the column is
admitted in the same time into the detector cell
(in analytical applications) or the fraction collec-
tor (in preparative applications), the bands have
an apparent width which is enlarged by the
contribution of these warps [3].

The structure of a chromatographic bed is
complex. The particle size distribution has a
finite width and, as a consequence, the formation
of a homogeneous, regularly structured bed,
which might have been questionable in a cylin-
drical tube anyway, is impossible to achieve. The
distance between particles varies widely across
the bed and so does the average diameter of the
channels which form between and around the
particles. The range of channel diameters ex-
tends from 0.1 to 0.5 particle diameter (d,), with
significantly lower or larger values being possible
occasionally. These channels are tortuous and
constricted [4]. Furthermore, over an average
distance of the order of one particle diameter,
channels fork and/or merge. Because of the lack
of homogeneity of the channels of a packed
column at the particle level and of the anas-
tomosis of the various channels available to the
mobile phase percolating through the bed. the
distribution of linear velocities of the mobile
phase across a column section is chaotic, both in
space and time. Like in a mountain brook
flowing through a layer of boulders, eddies form
in the large pools which lie between particles,
where the cross-sectional area of a channel
increases abruptly. However, by contrast with
the quasi-planar surface of the water flow in a

river, these eddies are in a 3-D fluid. Thercfore,
the eddies do not necessarily have a fixed vertical
axis around which to revolve. This axis tumbles
and its direction fluctuates randomly. This ex-
plains why the flow velocity in any given point of
the column may fluctuate chaotically in time.

Accordingly, we are not interested in knowing
the exact distribution of the flow velocities in a
packed column. The only parameter of impor-
tance is the distribution of velocities averaged
over scales of space and time which are large
compared to a particle but small compared to the
distance over which the packing density, per-
meability, transverse” and axial dispersion co-
efficients and other characteristics of the band
broadening and mass transfer kinetics vary sig-
nificantly. It is obvious that averaging the flow
velocity over distances of the order of a few
particle diameters will give values which are
practically constant in time at a given location
and which vary smoothly in all spatial directions.
These average values are different from the
average flow velocity classically used in chroma-
tography, u, a velocity which is averaged over
the entire cross-sectional area of the column and
over a period of time which is usually large
compared to the band width.

All measurements of the local average velocity
across the diameter of a column, be it in chroma-
tography [5-10] or in chemical engineering
[11.12], have concluded that significant varia-

“ Previous authors [5-8] have considered only the radial
dispersion, i.e., the dispersion in the radial direction. This
assumes implicitly that the column is cylindrical, which is
not strictly correct [8], and that the injection is simulta-
neous and homogeneous over the entire cross-sectional area
of the column inlet. If both assumptions are valid, the radial
dispersion coefficient is a function of the distance to the
column axis and, possibly, of the column length, but is
independent of the direction. If one of these two assump-
tions is not valid, we must consider the transverse disper-
sion coefficients, which, at any point of the packing, may
vary to a larger or smaller extent, depending upon the
direction. Thus, we have to consider the distribution of
these coefficients across the whole column. In chromatog-
raphy, we may assume the column to be nearly cylindrical
and consider a radial apparent dispersion coefficient. In
NMR. we measure a transverse apparent dispersion coeffi-
cient.
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tions are observed, with a central core region
where the velocity is constant, a peak velocity at
a distance from the wall depending on the
average size of the packing particles, and a
significant drop close to the wall. Such large
scale variations of the velocity have a consider-
able influence on the column efficiency. Knox
[13] has suggested that this might be the single
most important cause of band broadening in
analytical chromatography. This point was never
seriously challenged. Admittedly, however, this
result was obtained using long, narrow columns,
packed with relatively coarse particles (p =d,/
d,=10-40). As a consequence, the wall region
where the packing density fluctuates considera-
bly occupies a relatively more important volume
fraction of the column than in current short
columns, packed with small particles (p = 100-
1000) which have become the standard in HPLC.

Because only transverse dispersion can relax
the transverse concentration gradients caused by
large-scale drifts of the average velocity in the
direction perpendicular to the column axis, it is
important to investigate the transverse rate of
mass transfer. If the column is homogeneous and
if we consider a location which is not very close
to the wall, the apparent dispersion coefficient is
the same in all transverse directions. For the
moderate degrees of angular fluctuations of the
packing density which have been observed [8],
the variations of the apparent transverse disper-
sion coefficient with the direction should be
small and we can assume the apparent transverse
and radial dispersion coefficients to be the same.
Because, as a first approximation, non-homoge-
neous columns can be assumed to have a cylin-
drical symmetry, it is convenient to characterize
the transverse rate of mass transfer by an appar-
ent radial dispersion coefficient or as the radial
HETP [5-8] and to compare the rates of axial
and radial dispersion. Note also that if the
column has a cylindrical symmetry, i.e., if the
mobile phase velocity is only a function of r, the
distance to the column axis, and not of the
angular position, and provided that during the
entire injection of the feed the local concen-
tration is independent of the radial position.
there is no radial concentration gradient and

only the apparent radial dispersion coefficient
matters.

To the extent of our knowledge, the measure-
ment of the radial coefficient of apparent disper-
sion in liquid chromatography columns has been
made so far only by Knox et al. [6] and by Eon
[8]. Both groups used rather wide columns (12
and 18 mm 1.D., respectively), packed with glass
beads, water as the eluent, and p-nitrophenol as
the analyte. They measured the axial and radial
dispersion of very small samples injected with a
syringe whose needle enters into the top layer of
the column bed, by recording as a function of
time the signal of a polarographic detector. The
distance between the microelectrodes of this
detector can be adjusted as desired. This work,
although quite promising, has not been con-
tinued by the systematic investigation of the
dependence of the radial dispersion coefficient
on the parameters of the column. As a result, a
number of issues have been left unresolved.
Although not critical for analytical applications
of chromatography, these issues have to be
revisited in connection with the recent develop-
ment of preparative liquid chromatography. It
has been shown that the column efficiency may
have a serious influence on the production rate
and the recovery yield achieved with this method
[14.15].

Nuclear magnetic resonance (NMR) offers an
attractive possibility of monitoring diffusion pro-
cesses [16] and measuring the dispersion coeffi-
cients in the direction of a stream and in the
perpendicular direction. The frequency at which
a certain nucleus (e.g., a proton) resonates is
proportional to the local magnetic field. By
superimposing a small magnetic field gradient to
the field used to perform NMR measurements
(such as is done in a scanner or more elaborately
in the 2-D or 3-D Fourier techniques) it is
possible to determine the position of a nucleus
[16]. This process, called NMR imaging, is
frequently used in medicine as a powertul diag-
nosis tool (NMR tomography). A proper combi-
nation of field gradient pulses permits the de-
termination of the change of the position of
tagged nuclei after a known period of time. As
this signal is a function of the local velocity of
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the solvent and because the gradients are applic-
able in different directions, it is possible to
measure separately the axial and transverse
components of dispersion. This technique de-
veloped after the work of Stejskal and Tanner
[17] is called pulsed field gradient spin echo
(PGSE) [18] or pulsed field gradient NMR
(PFG) [19]. Today, it is frequently used in the
determination of diffusion and dispersion co-
efficients [18,19]. The combination of PGSE and
NMR imaging allows space resolved determi-
nation of flow, diffusion and dispersion [20.21].
However, depending on the nature of the mag-
netic field gradient used, different average values
of the dispersion coefficient are measured. The
smaller the volume over which the averaging
takes place, the lower the signal/noise ratio and
the more difficult the determination.

The goal of this first publication is a com-
parison of the results obtained with the conven-
tional methods of measurements of the disper-
sion in chromatographic columns and by NMR.
As we show, this provides a validation of the
new approach, and a discussion of the limitations
of the results which can be obtained by this
method.

2. Theory

In this section, we discuss first the relation-
ships between the axial and radial apparent
dispersion coefficients in chromatographic col-
umns and the experimental conditions. In the
last part, we review briefly the procedure used
for the derivation of these dispersion coefficients
from the results of NMR measurements.

2.1. Definitions

The height equivalent to a theoretical plate
was defined by Giddings [4] as the slope of the
dependence of the band variance on its migra-
tion distance. This definition is more general
than the classical one, using the square of the
ratio of the retention time to the band standard
deviation (or using the relationships N = (L/a,)’.
and H=o0/L). For example, it allows the

consideration of a plate height function of the
distance along the column, which is most useful
in GC and TLC. With this definition, the axial
and radial reduced HETP’s are respectively
given by

h,=H,/d,=(1/d ) oo,/ dz) (1)
h,=H.ld = (1/d)00;/9z) ()

where H, and H, are the axial and radial plate
height, respectively, 4, and h, are the reduced
plate heights, o> and o are the variance of the
band in the axial and radial direction, respective-
ly, and z is the column length. For the purpose
of this definition, the band is assumed to have
the same variance in all radial directions (cylin-
drical symmetry). Although this may not be true
in actual practice [8,10], deviations from cylindri-
cal symmetry remain small compared to the
variation of the dispersion coefficients across the
column.

2.2. Plate height equations

As suggested by Knox [22] and confirmed by
the results of many experimental investigations
[15], the relationship between the axial reduced
plate height and the mobile phase velocity is
given by

h =Blv+Av"+Cr 3)

where A, B, and C are numerical coefficients,
function of the nature of the packing material
used, of the analyte studied, and of the homo-
geneity of the packed bed. n is a numerical
coefficient, typically between 0.25 and 0.35 and
usually taken equal to 1/3. In their work, how-
ever, both Knox et al. [6] and Eon [8] took
n=0.20. v is the reduced velocity or particle
Peclet number

Pe,=v=ad,/D, @)

where u is the cross-sectional average velocity,
d, the average particle diameter, and D, the
diffusion coefficient in the bulk mobile phase or
diffusivity.

In Eq. 3, the structure of the packed bed and
eddy diffusion, axial diffusion, and the mass
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transfer resistance are characterized by A, B,
and C, respectively. A depends on the homo-
geneity of the packing and is a complex function
of the fluctuations of the packing density on
short, medium, and long distance. It includes the
contribution of eddy diffusion to axial disper-
sion, and possible contributions of the width of
the particle size distribution. Since diffusion is
hindered by the presence of the particles, B is
smaller than 2 (as would be implied by Eq. 2)
and seems, most often, to be close to 1.5. Itis a
function of the tortuosity of the packing [4].
Because determinations of B require measure-
ments of band profiles at low values of the
mobile phase velocity, this coefficient is not
known accurately and its possible dependence on
the column packing technology has not been
studied carefully. C includes the contributions of
the kinetics of mass transfer between the stream
of mobile phase percolating through the bed and
the particles, of the kinetics of mass transfer
through the particle pore network, and of the
kinetics of adsorption/desorption or more gener-
ally of the kinetics of the retention mechanism.
The contribution of the kinetics of mass transfer
through the mobile phase stream (outside the
particles) is included in the coefficient A. In this
work, we are mainly interested in the coefficients
A and B.

The reduced radial plate height is related to
the mobile phase velocity by the Eq. 7

h.=Blv+D (5)

where B and v have the same meaning as in Egs.
3 and D is a coefficient accounting for the
contribution of eddy diffusion to radial disper-
sion. This contribution has been explained in the
literature by the phenomenon of “stream split-
ting”, the mechanism of which has been dis-
cussed by Horne et al. [7], Saffman [23,24], and
Littlewood [25]. When a mobile phase streamiet
hits a particle, it separates into several unequal,
smaller streamlets which pass between the hit
particle and its neighbours, and merge with other
streamlets of similar origin. Because the mini-
mum width of these streamlets is very narrow,

typically less than 0.1 d_ . they homogenize

quickly. This process accelerates radial disper-
sion, in much the same way as the entrapment of
molecules in the eddies taking place in the large
pools between particles enhance axial dispersion.

The plate heights defined in chromatography
are related to the corresponding apparent disper-
sion coefficients, D,, , and D, by the classical
relationships [7]

D,,.=H, al2=h, v D,I2 (6a)
D,..=H al2=h vD,/2 (6b)

These equations permit the conversion of the
apparent dispersion coefficients measured by
NMR into reduced plate heights or conversely.

2.3. Radial dispersion and stream splitting

This relationship has been discussed in detail
by Horne et al. [7], Saffman [23,24], and Lit-
tlewood [25]. These authors have demonstrated
that a band migrating along a porous bed is
dispersed both in the axial and the radial direc-
tions by a combination of molecular and convec-
tive dispersions. The former results essentially
from the axial molecular diffusion, slowed by the
fact that migration along a straight line is im-
possible in a porous bed, as a new packing
particle would be hit after a distance which, on
the average, is equal to d, [4,7]. As shown by
Saffman [23,24], the results depends on the
range of values of the Reynolds and the Peclet
numbers encountered in the experiment. The
Reynolds number can be written

Re=ud, p/m=v D, pin 7

where p is the density of the fluid and 7 its
viscosity. Liquid chromatography is typically
carried out in a range of reduced velocities from
2 to 100. p is of the order of 1 g em ™ and 7 of
the order of 1-1077 Poise. D, is between 2-
10 " and 5-1077 cm® s '. Thus, the Reynolds
number is always smaller than 0.2 and is often
more than ten times smaller than that. This is the
range of creeping flow, in which Darcy law is
certainly valid [8].

The assumptions made by Saffman are that
there is no adsorption of the compound, that the
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medium is isotropic and its local average velocity
or mean pressure gradient is constant. He con-
sidered a model of the column packing consisting
of randomly oriented capillary tubes and made a
rigorous random-walk treatment. A further ap-
proximation is that molecular diffusion is negli-
gible compared to convective dispersion [23]. A
more complex derivation, using a more sophisti-
cated model, provided a solution in the case in
which molecular diffusion is significant [24].
Since in chromatography the reduced velocity is
always larger than 2 and often of the order of 10
or more, we can consider only the results of the
first theoretical development

D,.=yD,+3ul/(l6d)) (8)
Hence
h.=2vy/v+0.375 9)

Using a much simpler model, treating the
dispersion in an anastomosed network of pores
in the same way as molecular diffusion is hand-
led in molecular kinetics, Littlewood [25] derived
an equation similar to Eq. 8 for the apparent
dispersion and obtained a value of less than 0.40
for the constant term in Eq. 9. His experimental
data suggested a value close to 0.20 in gas
chromatography.

Horne et al. [7] used the classical random-walk
model of band broadening in chromatography
developed by Giddings [4], and showed that the

constant term in Eq. 9 should rather be between -

0.10 and 0.15. Their model assumes the particles
to be spherical. When a streamlet impinges on a
particle, it divides equally around the sphere,
causing the average molecule to undergo a
transverse step with an average length of d /m
[7]. If one lateral step is taken for every w; d,
moved axially (where w, is a number between 0
and 1), the radial variance. o, according to the
random-walk model is the product of the number
of steps (n =L / (w, d,)) and the square of the
step length (d /)

o, =L(d /m) / (w.d,)=Ld/(w, 7) (10)

Hence, the contribution, A,

ho=ol/(Ld)=1/(n"w) (11)

It is reasonable to assume that, in a dense
packing, one lateral move is made for every
progression by one half to one particle diameter,
corresponding to w, is between 0.5 and 1. Hence
a value of D intermediate between 0.1 and 0.2
[7]. It is obvious, however, that D will vary
within this range depending on the packing
density. This is probably sufficient to explain the
scattering of experimental results found in the
literature.

Determination of the apparent dispersion co-
efficients by NMR

In an homogeneous magnetic field, the spin of
a nucleus precesses around the direction of the
magnetic field, at the Larmor frequency, v, given
by

v =y B, (12)

where vy is the gyromagnetic ratio of the nucleus
and B, is the intensity of the magnetic field. At
equilibrium, the total magnetization of the sam-
ple is a vector aligned parallel to the direction of
the constant magnetic field. In this case, how-
ever, the precession of the individual spins
remains invisible on a macroscopic scale. All the
difficulty in NMR is to produce a non-equilib-
rium state in which the spin precession is detect-
able. The application of a 90° RF pulse turns the
total magnetization vector into the plane perpen-
dicular to the direction of the main magnetic
field. Only this radial component of the mag-
netization is detectable in NMR. The flexibility
of the NMR methods result from the wide
variety of the possible approaches to detect this
component. The pulsed field gradient spin echo
(PGSE) technique [17,18] is a combination of a
spin echo sequence (90°-7-180°-7—echo), which
minimizes the effects of the inhomogeneities of
the magnetic field, and of two short field gra-
dient pulses with a time interval A for the
determination of the dispersion coefficients (Fig.
1). The 180° refocussing RF pulse is applied
between the two field gradient pulses.

Since the Larmor frequency is proportional to
the intensity of the magnetic field, the super-
imposition of a magnetic field gradient on a
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Fig. 1. Reduced axial (O) and radial (@) plate heights as a
function of the mobile phase velocity. Column: 15X 2.6 cm,
packed with 15-um LiChrospher Cl18 silica. Mobile phase:
wats:r. Self-diffusion coefficient of water in the bulk, 2.2-
107" m s

constant magnetic field causes protons at differ-
ent locations to precess at different frequencies.
Hence, a short gradient pulse (with a duration, 8,
of the order of 10 ms) causes a phase shift which
depends on the position of the nucleus. A
distribution of the phase shifts within the sample
causes a decrease in the signal intensity. The
180° pulse inverts the phase shifts. If the nuclei
do not change their positions in the time interval
A (150 ms), an identical gradient pulse eliminates
the phase shift caused by the first gradient pulse.
Then, the magnetization would reach the same
value as it does when there are no magnetic field
gradient pulses. Any movement of the nuclei
between the beginning of the first and the end of

the second gradient pulse causes the refocussing
to be incorrect. In this case, there is a loss of the
amount of magnetization measured. This loss
depends on the amplitude of the field gradient,
g. and on the dispersion coefficient. It is given by
the Stejskal-Tanner equation {17]

InA/A,= —y>D,, g° 8% (A—5/3) (13)

where A is the signal intensity measured, A, is
the unattenuated signal intensity (in the absence
of field gradient pulses), g is the intensity of the
field gradient, and D, is the apparent dispersion
coefficient.

The use of strong field gradient pulses renders
negligible the influence of the inherent magnetic
gradients. The influence of the relaxation effects
is made negligible by keeping constant the pulse
duration (6 ) and pulse intervals (A), while chang-
ing the field gradient strength (g). Because the
field gradient pulses can be sent in any direction
inside the magnet of the NMR instrument, it is
possible to measure the apparent dispersion
coefficient in any direction, for example in the
direction of the mobile phase stream (i.e., axial)
or in the perpendicular direction (i.e., radial).
Because of limitations due to the signal/noise
ratio and the time available for the experiment,
the cross-sectional average transverse dispersion
coefficient in the only one transverse direction
was measured. The column efficiency was high
(h,=2) in these experiments, so the apparent
transverse and radial dispersion coefficients are
equal or at least very close.

3. Experimental
3.1. NMR measurements

The experiments were carried out in the head
coil of a 1.5 Tesla whole-body tomograph (Mag-
netom, Siemens, Erlangen, Germany). We used
a spin echo sequence with slice selective excita-
tion RF pulses and a read out gradient at data
acquisition. This combination allows the selec-
tion of a small slice of the column, perpendicular
to its main axis and the acquisition, with the read
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out gradient. of the profile of the signal origina-
ting from this slice, with spatial resolution in one
direction. Thus, the results of the measurements
can be related to a well-defined region of the
column. Because the gradient pulses induce
(magnetic) eddy currents, there was a small
space shift in the detected signal. To eliminate
this effect, we used only the integrated signal of
the profile. Measurements were made at 128
different amplitudes of the field gradient pulses.
between 0.2 and 9.7 mT/m. The results were
plotted as In (A/A,) against g°. A straight line
was obtained, showing that the influence of the
background gradients in our experiments is neg-
ligible. The apparent dispersion coefficient is
calculated from the slope of this line.

Measurements of the self-dispersion coeffi-
cients of water in the chromatographic column
measured in the absence of flow gave values of
1.23 and 1.15-10 * m’/s for the axial and radial
coefficients, respectively. For pure water in an
otherwise empty column, the values observed
were 2.33 and 2.16-10 ° m’/s, respectively,
while the value generally accepted is 2.4-10 ”
m°/s at room temperature. In still water, the
apparent dispersion coefficients should obviously
be the same in all directions. Thus, there is an
inaccuracy of 5 to 7% in the measurements. It is
1mp0rtam to note that, for v = 0. the ratio D,/

D, should be equal to B/2 (combination of Egs.
3 and 6a or 5 and 6b). The value obtained is
0.53, in excellent agreement with the value 0.50
derived from the whole set of experimental data
(see later).

3.2. Chromatographic system

NMR cannot be carried out on systems incor-
porating any magnetic metal. Accordingly. the
columns used must be made of plastic, glass or
silica. We used a silica tube (Merck, Darmstadt,
Germany). Accordingly. the inlet pressure is
limited to low values, and in spite of the rather
large particle size, only values of the reduced
velocity below 4 were attainable. The column
was packed with 15-um particles of C18 bonded
silica. The column was packed by letting a 30%
slurry sediment for three days. This is a marked
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deviation from conventional packing procedures.
The column exhibited an excellent efficiency.
The minimum value of /4 for toluene and
ethylbenzene in acetonitrile—water (80:20) was
close to 2). Its packing density was probably
lower than usual, which may have affected its
long-term stability, but this was never studied.
The mobile phase is pure water. A non-magnetic
high pressure pump was used. The flow rate was
measured manually. The signal recorded corre-
sponds to protons of water, thus giving the self-
dispersion coefficient of water. The experiments
were conducted at room temperature.

The reduced velocity, v, is derived from the
measured flow rate using the classical relation-
ship v=ud,/D,=(4Fd, )/(edeZD )
with d, =15 p,m D =2.4-10° m/s, F,, the
measured flow rate, €, the total porosity of the
stationary phase (0.75), and d_, the column
diameter (26 mm). The reduced plate height is
derived from the apparent dispersion coefficient
using Eq. 6.

4. Results and discussion

Knox et al. [6] derived the values of the
apparent axial and radial dispersion coefficients
of p-nitrophenol in 0.1 M aqueous KCl solution,
using a 77.5 x 1.15 cm column packed with 64-
wm glass beads. Eon [8] determined the appar-
ent axial and radial dispersion coefficients of the
same compound in the same eluent, using 60 X
1.58 cm columns packed with 76-um glass beads.
In both cases, the axial and radial dispersion
coefficients are measured by recording the pas-
sage of the zone using a dual polarographic
detector 6 with two 0.2 mm diameter microelec-
trodes. The electrodes can be moved to measure
the concentration at any radial position. Injec-
tions of very small volumes of sample solution
are made with a syringe needle, allowing the
introduction into the column of small initial
bands and permitting the easy determination of
both radial and axial dispersion. Alternately
reversing the direction of the flow several times
permits a study of the progressive broadening of
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the bands in the radial direction [8]. This pro-
cedure permitted the determination of the de-
pendence of the axial and radial dispersion on
the reduced mobile phase velocity for values of v
between 16 and 250 [6] or 0.6 and 1000 [8]. The
axial and radial reduced plate heights were found
to be given by the following equations for the
data by Knox et al. (KLR) [6] and by Eon [8]

h,(KLR)=1.4/y +0.73 p"" (14a)
h,(KLR) = 1.4/v + 0.060 (14b)
h,(EON)=1.5/v +0.64 v"~' (14¢)
h (EON) = 1.5/ + 0.075 (14d)

There is an excellent agreement between these
two sets of data. As concluded by Knox et al.
[6], the axial dispersion coefficient is nearly ten
times larger than the radial dispersion coefficient
for values of the reduced velocity around 12, a
value typical of the conditions used in liquid
chromatography, while these coefficients are
close for values of the reduced velocities around
1, which are prevalent in thin-layer chromatog-
raphy. This explains why spots obtained in TLC
tend to be circular, while LC bands are more
elongated.

Measurements of the apparent self-dispersion
coefficients of water were carried out by NMR,
on porous silica, using the experimental set-up
described earlier in this paper and the procedure
whose theory has been explained. The range of

reduced velocities explored is much narrower,
between 0.4 and 3.5, hardly one order of mag-
nitude. This is due to the pressure limitations
introduced by the use of a silica column. The
results are reported in Fig. 2. The apparent axial
and transverse (i.e., radial, see previous discus-
sion) dispersion coefficients were found to follow
the equations

h, =0.994/v +0.406 v"* + 0.204 v (15a)

h,=0.994/v + 0.201 (15b)

where A, is the reduced transverse dispersion
cocfficient. We have adopted the same value of n
as found by Knox et al. [6] and Eon [8]. The
range of values of reduced velocities explored in
our work is too narrow to attempt an accurate
determination of the exponent, n, of the eddy
diffusion term by introducing an additional de-
gree of freedom when fitting the experimental
data to Eq. 3. This limitation results also in part
from the need to introduce a mass transfer
resistance term, Cv in Eq. 3 (see below).
Accordingly, there are two degrees of freedom
in Eq. 3, A and C, the same number as in the
problem solved by Knox et al. (A and n). It is
legitimate to assume that the first term or axial
diffusion term of this equation is the same in Eq.
15b as in Eq. 15a, given the data obtained at low
values of the reduced velocity. However, the
introduction of another degree of freedom in Eq.
3 would not permit an accurate determination of
n. For this purpose, the acquisition of data in a
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much wider range of values of v would be
necessary.

The three sets of experimental results, those
by Knox et al. [6], by Eon [8], and ours, are
qualitatively extremely similar. Quantitatively,
the values of 4, observed are very close to those
reported by these authors [6.8], although the
numerical values of the constants B and D are
different. The major differences between our
results and those previously published are (i) our
much smaller value of the tortuosity factor, 0.50
versus a more typical 0.75; (ii) our larger value
of the coefficient D, arising from stream split-
ting; and (iii) the presence of a third term in the
equation we used for the axial plate height (Eq.
15a). These three points are discussed in the next
paragraphs. We note here. however, that these
differences might be explained in a large part (j)
by the narrow range of values of the mobile
phase velocity explored (with a wider range of »,
there might have been better agreement); and
(jj) by the difference in the quantity actually
measured, the average radial apparent dispersion
coefficient, by Knox et al. and Eon, or the
average transverse apparent dispersion coeffi-
cient, by us. Although the column is highly
efficient, some small differences between these
two dispersion coefficients are possible.

There 1s no good explanation for the differ-
ence between the values of the B coefficient
obtained by Knox et al. [6] and by Eon [8], and
the one found in this work. There are few papers
in the literature reporting systematic measure-
ments of the coefficient B, as explained above.
The general agreement that the tortuosity coeffi-
cient, vy, should be close to 0.75 is based on the
opinion of Knox [6,7,13,22], itself based mostly
on the experimental data reported in his earlier
experimental work in gas chromatography [26].
Although there are no reasons to doubt that. in
most cases of practical importance in chromatog-
raphy, B should be of the order of 1.4 to 1.8. it is
still unclear whether lower values. of the order
of 1, are possible under some particular con-
ditions. Nevertheless, this value is consistent
with the ratio of the self-dispersion and self-
diffusion coefficients of water measured in still
water (flow rate = 0).

The theoretical work of Littlewood [25] con-
cluded that the value of D should be less than
0.40. His experimental results, obtained in gas
chromatography, concluded that D was of the
order of 0.20. Depending on the columns used,
however, values between 0.13 and 0.24 were
obtained, the larger values corresponding to the
smaller particles. Similarly, Horne et al. [7]
concluded that values between 0.10 and 0.20 are
more probable than the high theoretical values
of 0.375 [23] and 0.40 [25]. These conclusions are
in excellent agreement with our experimental
results. The fact that our value of D (0.201) is in
the high range is probably related to the packing
procedure used. Since the chromatographic col-
umn used for the NMR determinations was
packed by mere sedimentation, its packing den-
sity is in the low range of experimentally possible
values, suggesting that the largest reasonable
value of w, should apply.

Finally, we need to account for the resistance
to mass transfer in the particles of packing. Knox
et al. [6] and Eon [8] used solid core glass beads
with which such a term would be 0 or negligible.
In the case of porous silica particles, this is no
longer true, even for a small molecule such as
water.

5. Conclusion

The great advantage of NMR measurements in
this type of studies is that it is possible to
determine simultaneously the axial and trans-
verse dispersion coefficients in several locations
inside the column. It would be easy also to
measure the degree of isotropy of the cross-
sectional averaged apparent transverse disper-
sion coefficient. As a consequence, it is possible
to carry out systematic determinations of these
local values and to study the dependence of
these dispersion coefficients or local plate heights
on the position in the column. Systematic de-
termination of local values of &, and h, could
shed much needed light on the “wall effect”
issue. It should also be possible to study the
influence of the packing density on the values of
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the diffcrent parameters of the plate height
equation.

Measurements of dispersion coefficients by
NMR are done on time and space scales that are
orders of magnitude smaller than those on which
conventional measurements are made. In chro-
matography, the space scale is the column
length, the time scale is the band width. In
NMR, the time scale is A. During that time.
dispersion causes the molecules to move from
their initial position by an average distance /.
such that 7 =2 D, A. Since A =147 ms and the
values of D, are all larger than 1- 107 m s
and, only in a few cases. at high velocities. are
less than four times as large. the average mole-
cule disperses by more than 17 um and, except
in a few experiments. by less than 35 um.
During that time, convection causes the mole-
cules to migrate downstream by between 11 um
(r=0.5) and 75 pum (v =3.5). Most of these
dimensions are only slightly larger than the
average size of the pores between the packing
particles, which are estimated to be between 0.1
and 0.5 d,, [4-8]. Thus. our results describe the
behaviour of the water molecules in a volume
equivalent to that of several particles, hence
account for the samec¢ phenomena as those ob-
tained by conventional techniques. Therefore the
two series of data are fully comparable. The use
of shorter periods for the field gradient pulses
would easily permit a reduction of the volume
available to the molecules during the measure-
ment to a small fraction of the average particle
volume. If the packing is made of solid core
beads, the values obtained for the dispersion
coefficients should tend toward those in the bulk
liquid when the pulse period decreases. If, how-
ever, the particles are porous. a weighted aver-
age between the effects of dispersion in the pores
of the particles and dispersion in the bulk would
be measured. Clearly. the study of the influence
of the pulse period could supply new and useful
data.
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