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ABSTRA(=T

Zone broadening of dissolved polystyrenes in packed-column hydrodynamic chromatography (HDC) was studied for a column
filled with IS-pm monodisperse non-porous particles. The reduced plate heights were observed to be almost constant with
mobile phase velocity for reduced mobile phase velocities in a range 2->150. In this velocity range, reduced plate heights well
below 2 were obtained for polymer samples with molecular masses of 2200,43  900  and 775 000. A comparison was made between
measured plate heights and chromatographic theories of zone spreading. The effects of polymer size, polydispersity and polymer
hydrodynamics on the measured plate heights are discussed.

INTRODUCTION

In hydrodynamic chromatography (HDC)  ,
macromolecules and particles are separated ac-
cording to size. The separation mechanism takes
advantage of the non-uniform flow profile in an
open tube or in the interstitial space in packed
columns [l-6]. Because of their size, large mole-
cules are confined more than smaller molecules
in the centre of a flow channel. As the streamline
velocity is higher in the central part of the
channel, large molecules are eluted before small-
er molecules.

Research in HDC has so far mainly been
aimed at describing the migration behaviour of
macromolecules, in both theoretical and ex-
perimental studies [2-61,  and relatively little
attention has been paid to dispersion.

In this paper, we focus on the dispersion of
random coil polymers in packed columns. In
contrast to common chromatographic practice,
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the size of the solutes is no longer infinitely small
compared with the inter-particle flow channels.
This means that wall exclusion and hydro-
dynamic particle-wall interactions may come
into play.

Brenner and Gaydos [3] showed that a
theoretical analysis of the dispersion of finite-
sized solutes in open capillary tubes is severely
complicated compared with infinitely small
solutes. Modifying the Taylor-Aris dispersion
theory to account properly for the finite solute to
tube radius ratio appeared to be an elaborate
process, even for apparently simple solutes such
as isolated, neutrally buoyant, rigid spheres. For
less symmetrical flow channels or for other than
spherical homogeneous particles, realistic model-
ling becomes extremely involved.

In packed columns, rigorous calculations of
the dispersion of finite-sized solutes are imposs-
ible because of the complex geometry of the
interstitial flow channels. In several studies,
therefore, attempts have been made to apply the
dispersion models for open capillaries to packed
columns. This is done by representing the inter-
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stitial flow channels as cylindrical tubes. In the
simplest approach, a packed column is seen as a
bundle of distinct capillaries without intercon-
nections. This model evidently is an oversimplifi-
cation as it does not describe the random mixing
processes that occur in packed beds. Indeed, the
predicted dispersion behaviour was found to be
not in very good agreement with experimental
observations [7]. Mixing effects are better ac-
counted for when the interstitial channels are
depicted as a capillary network, such as pro-
posed by Saffman [8]. Silebi and Viola [9]
modified Saffman’s analysis by including wall
exclusion resulting from the finite solute size.
The dispersion behaviour as predicted by this
modified model was in fairly good agreement
with experimental results, although the effect of
solute size on dispersion was not described
successfully. A more sophisticated theory of the
dispersion of finite-sized solutes in porous media
was developed by Brenner and Adler [lO,ll].
However, from their general theory, it is not yet
possible to derive simple relationships between
dispersion in packed chromatographic columns
and experimentally accessible quantities, because
of the complex structure of the local interstitial
velocity field.

We follow a different strategy, by starting with
accepted chromatographic dispersion theories for
zero-sized solutes in packed columns. Such
theories have been developed by Giddings [12],
Horvlth  and Lin [13], Huber [14] and Done and
Knox [15].  Their models, which have been tested
by a wealth of experimental data, are now well
established. The most comprehensive analysis of
dispersion in the (inter-particle) mobile phase
was carried out by Giddings [ 16,171. He
provided a detailed description of the various
contributions to zone spreading and estimated
their magnitude. Part of this theory, which is
most relevant to our work, will be briefly out-
lined below.

THEORY

Giddings’ general equation for the dispersion
in the mobile phase in terms of the plate height
H is

(1)

where the H terms are the different plate height
contributions which will be treated subsequently.
HL is the plate height contribution from longi-
tudinal molecular diffusion. This term describes
the zone spreading along the column axis due to
random thermal motion. In packed columns HL
can be written as

HL = 2yD,lv (2)
where y is an obstructive factor accounting for
the obstructions to diffusion along a straight line
imposed by the packing particles and is cu. 0.6
for randomly packed impervious spheres [16,18],
D, is the diffusion coefficient in the mobile
phase and v is the average mobile phase velocity.
H,_ is predicted by eqn. 2 to be larger for small
molecules with large D, values than for macro-
molecules with lower D, values.

The second term (in parentheses) in eqn. 1,
called the coupling terms, arises from the non-
uniformities of flow velocity in the mobile phase.
The summation sign allows for the inclusion of
different types of velocity non-uniformities (de-
noted by i). The exchange of molecules between
different velocity domains can occur due to flow
and diffusion. Each parameter H,,i describes the
plate height corresponding to a non-uniformity i
when the flow dispersion would be counteracted
by diffusion exclusively. When, in contrast, the
exchange between velocity regimes is solely
effected by random flow, dispersion resulting
from velocity inequalities is represented by a
parameter Hf,i.  Coupling of H,, i and Hf,i,  as
given in each term of the summation in eqn. 1,
amounts to the addition of lateral fluxes due to
diffusion and convection in the exchange of
molecules between flow paths of unequal vel-
ocities.

is
According to Giddings, the expression for H,,i

H,,i = oid~v/D,

where wi is a constant for a given velocity
inequality i and d, is the diameter of the packing
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particles. & (often called the eddy diffusion
term) can be written as

Hf,i = 2Aid, (4)

where hi is another constant, which depends on
the type of velocity inequality.

For columns with non-porous packing partic-
les, four sources of velocity non-uniformities are
distinguished: (1) Trans-channel: the velocity in
the centre of narrow inter-particle flow channels
is higher than near the walls. This is analogous to
the convective dispersion in open-tube flow after
Taylor-Aris. (2) Short-range inter-channel: in
some channels, the velocity is higher than in
channels nearby because of differences in shape,
openness and obstructions. (3) Long-range inter-
channel: in some regions, the velocity is higher
than in others because of differences in void
geometry. This effect resembles (2) but is of
longer range. (4) Trans-column: the velocity is
potentially higher near the column wall than at
the column centre, owing to looser packing near
the wall. Approximate values for the constants wi
and Ai as given by Giddings [16] are summarized
in Table I.

For a more universal representation of disper-
sion it is convenient to use dimensionless quan-
tities. In terms of the dimensionless reduced
plate height h = H/d,  and reduced velocity v =
ud,lD,,  the equation for the mobile phase plate
height becomes

contributions to zone broadening are considered.
Other, non-kinetic, contributions will be treated
in the discussion of the experimental results.

Although it is generally recognized that eqn. 5
has a sound theoretical basis, it does not re-
produce experimental data well when the pro-
posed values for hi and wi are used [19].  This can
be ascribed largely to a failure to account cor-
rectly for trans-column effects. Giddings pre-
dicted an ever-increasing trans-column plate
height with increasing column to particle diam-
eter ratio p. Since then, it has been found
experimentally that p does not affect plate
heights to the extent of Giddings’ predictions.
Knox and Parcher  [20] found that the trans-
column plate height increases with p until p = 10
and then attains a constant value. In later work,
it was even argued that trans-column effects are
likely to become negligible for very large values
of p [21].

Based on our results for a 4.6 mm I.D. column
filled with 1.5pm particles, Giddings’ original
theory predicts a trans-column plate height of at
least lo4 for reduced velocities exceeding 1. This
is indeed far from our measured values, which
were below 2, as will be shown later.

In Fig. 1, the mobile phase plate height
contributions according to Giddings are shown
for a column with non-porous particles. The

where hkin  is used to indicate that only kinetic

(5)

h

2 I

-lb1 :
2

________.__________________________________________________TABLE I

APPROXIMATE MAGNITUDES OF THE PARAME-
TERS oi AND hi

Type of velocity non-uniformity o,

(1) Trans-channel 0.01 0.5
(2) Short-range inter-channel 0.5 0.5
(3) Long-range inter-channel 2 0.1
(4) Trans-column o.O01p* a o.O2p*  a

’ p = Column-to-particle diameter ratio.

Y

Fig. 1. Mobile phase plate height for unsorbed solutes in an
inlinite diameter column iKith  non-porous particles. Plate
height contributions according to Giddings (eqn. 5). Dotted
line, longitudinal molecular diffusion; dashed lines, coupling
terms with (1) trans-channel, (2) short-range inter-channel
and (3) long-range inter-channel contributions; solid line,
sum curve. oi and Ai are taken from Table 1; y = 0.6.
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trans-column effect is not included. As Gid-
dings’ trans-cola  effect results from the in-
fluence of the wall on the packing density, Fig. I
represents the plate height contributions for a
so-called “infinite diameter column” (Le., a
column in which the solutes cannot reach the
region of disturbed packing near the wall). The
reduced velocity range in Fig. 1 corresponds to
the range that will be covered by our measure-
ments. It is obvious that at low reduced vel-
ocities, the plate height is dominated by the
longitudinal molecular diision term. After the
summed curve has passed through a minimum at
it = 5, hkin is determined mainly by the coupling
terms. Note that the relative importance of each
of the coupling terms can vary strongly with
velocity.

Starting from Giddings’ theory, Kennedy and
Knox [22] derived a simpler, semi-empirical
relationship for h, which in general fits ex-
perimental data well. In the Knox equation, the
coupling process is approximated by a power
term CYY”  leading to [22]

hkin
2Y=T+au*

where cu is a measure of the quality of the
packing; a! is usually within the range OS-l.5 for
a well packed column [23], having a typical value
of 1 [17,24].  Values of a! below 0.5 have frequent-
ly been found for columns with p < 10 [20,25,26],
but not often for p > 10 [22,27].  The exponent n
is usually found to be cu. 0.33. When wall effects
are eliminated n has been found to be much
smaller. For these infinite diameter columns n
values as low as 0.20 have been found by Knox
and co-workers 120,271  using non-porous glass
beads as packing particles. Hence the particular
shape of the Knox equation appears to reflect
the influence of wall effects.

In Fig. 2, two forms of the Knox equation are
shown representing plate height contributions for
unsorbed solutes in (1) an infinite diameter
column and (2) a walled column with non-porous
particles. The factors a: and n were determined
by Knox and co-workers from ex~~mental data
for non-porous glass beads [22,27].  The most
important difference between the infinite diam-
eter column and the walled column is evidently

4 -

3 -

h
2-

l -

o -
0 20 40 a0 80 loo 120 140 160

Y

Fig. 2. Two forms of the Knox equation for the mobile phase
plate height of unsorbed solutes in (1) an inkrite diameter
column and (2) a walled c&mm with non-porous particles
(eqn. 6). Dotted tine, longitudinal molecular diffusion;
dashed lines, contribution from the complex flow pattern,
(rvn,  for (1) an infinite diameter column with CY  = 0.73 and
n = 0.20 [27] and (2) a walled column with a =0.37 and
n = 0.33 [20,22]; solid line, sum curve. In both instances
y = 0.6.

the different slope of the summed curves at
higher reduced velocities. For the infinite diam-
eter column, h rises more gradually with Y than
for the walled column.

Both the Knox semi-empirical equations,
which were derived using a curve-fitting proce-
dure, and Giddings’ theory, which is more
directly related to the transport phenomena in a
packed column, will be used in this study of
dispersion in packed-column HDC.

EXPERIMENTAL

Materials and chemicals
The HDC column used was a 150 x 4.4 mm

I.D. stainless-steel column (Chrompack, Middel-
burg, Netherlands), which was laboratory packed
with monodisperse non-porous silica spheres.
The packing particles were a kind gift from
Professor K.K. Unger (Johannes Gutenberg
Universitat, Mainz, Germany). The size and the
size distribution of the particles were determined
from electron micrographs. Measurement of the
diameter of 50 particles revealed an average
particle diameter of 1.50 pm. The relative stan-
dard deviation for the diameter of a single bead
was 2.3%. More detailed information about the
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Fig. 3. Detection capillary with column connection. 1 = PTFE tube, 1.59 mm (l/16 in.) O.D. and 330 pm I.D.; 2 = laboratory-
made PTFE ferrule; 3 = stainless-steel nut; 4 = fused-silica capillary, 300 pm O.D. and 100 wrn I.D.; 5 = capillary flow cell holder
with focusing lens.

packing particles, the packing procedure and the
column characteristics are presented elsewhere
P31.

The solvent used was analytical-reagent grade
tetrahydrofuran (THF) from Merck (Darmstadt,
Germany). Before use, THF was filtered through
a 0. l-pm inorganic membrane filter (Anodisc 47;
Anotec, Banbury,  UK).

The solutes used were analytical-reagent grade
toluene (Merck) and polystyrenes (PS) having a
relative weight-average molecular mass (M,) of
2200 (Merck), 43900 (Toyo Soda, Tokyo,
Japan) and 775 000 (Toy0 Soda). The polydis-
persity P of the polymers was less than 1.06, 1.01
and 1.01, respectively, according to the manufac-
turer. The polymer concentrations used were
0.08 mg/ml.

Apparatus
The experimental set-up was built up from

conventional HPLC equipment. A Spectroflow
400 HPLC pump (ABI, Ramsey, NJ, USA) was
used for solvent delivery. A pneumatically
driven injection valve with a Model Ci4Wi l-p1
internal sample loop (VICI, Houston, TX, USA)
was modified for high-speed switching by means
of a speed-up kit (VICI). The detector was a
Spectroflow 757 variable-wavelength UV detec-
tor (ABI), operated at 210 nm. The conventional
UV detection cell was replaced with a capillary
flow cell holder (ABI) in order to decrease
external peak broadening. A small length of a 15
cm x 100 pm I.D. fused-silica capillary, which
was directly coupled to the column outlet, served
as a detection cell with a volume of less than 10
nl. This part of the set-up is outlined in Fig. 3.
Retention times were measured using a Model

3390A integrator (Hewlett-Packard, Avondale,
PA, USA). Plate heights were determined from
the peak widths at half-height, using recorder
drawings from a Kompensograph 3 strip-chart
recorder (Siemens, Karlsruhe, Germany).

RESULTS AND DISCUSSION

In Fig. 4, the measured plate heights are
plotted against u for all test solutes used. It
appears that the plate heights, measured for PS
43 900 and PS 775 000, are almost independent
of mobile phase velocity and increase only slight-
ly with increase in velocity. Moreover, for both
polymers the plate heights found are almost the
same. The smaller solutes toluene and PS 2200
showed a stronger velocity dependence of H. For
these solutes the increase in H with decreasing
velocity is evidently caused by the longitudinal
molecular diffusion terms HL.

The very low plate heights found for the

17
16 ;
15

10
HUN 9 i

1
Fig. 4. Plate height versus mobile phase velocity for solutes
in THF. V = Toluene; 0 = PS 2200; 0 = PS 43 900; A = PS
775 ooo.
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higher molecular masses are of great importance
for high-resolution separations in HDC. In addi-
tion, as H is almost independent of velocity,
high-speed separations are possible without loss
of resolution. These aspects are treated more
extensively elsewhere [28].

Calculating plate heights from the peak width
at half-height is only allowed when the peaks are
sufficiently symmetrical. The peak shapes for the
solutes used were observed to be symmetrical
except for a slight tailing effect. As~metry
factors, measured at one tenth of the peak
height, were 1.1 (for toluene) to 1.3 at the lowest
eluent velocity. Peak tailing was observed to
increase with eluent velocity. At the highest
velocity, asymmetry factors up to 1.6 were mea-
sured. The peak asymmetry for the polymers
peaks was found to depend strongly on polymer
concentration. At higher concentrations than
those used for Fig. 3, peak symmetry increased.
This effect was more pronounced for higher
molecular masses. Also, replacing the 100~pm
I.D. tubing between the injector and column by
250-pm I.D. tubing worsened the peak shapes
and increased the peak widths, especially for the
higher molecular masses. The latter observation
indicates that extra-column effects may be partly
responsible for observed peak ~ymmet~.

The experimental results from Fig. 4 are
plotted in reduced form in Fig. 5, together with
the sum curves from Figs. 1 and 2. As predicted
by chromatographic theory, the measured re-
duced plate heights all fall on a single curve.
Comparing the experimental results with the
theoretical lines, it is striking that they do not
agree well with Knox’s empirical line for a
walled column. At velocities beyond the mini-
mum in the plate height curve, the measured
plate heights appear to depend much less on v
than predicted. The match cannot be improved if
we choose a different value for Q. Clearly, the
exponent n in the Knox equation is too high to
fit our results. Both lines for the infinite diameter
column, which deviate from one another only
slightly, correspond much better to experiment.
The exponent n = 0.20 in the Knox equation is
still too high to match the measured data, but
the agreement is much better than for n = 0.33.
In terms of the slope of the curve at higher
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Fig. 5. Reduced plate height versus reduced velocity. Mea-
sured data: V = toluene (D, = 2.66 X 10m9  m’/s  [29]); 0 =
PS 2200 (D, = 4.49 X lo-” m’ls 1301);  Cl = PS 43 900 (D, =
8.31 x lo-” m*/s  [30]);  A = PS 775 000 (D, = 1.65 X lo-”
m*/s [30]).  The theoretical lines are the sum curves from
Figs. 1 and 2. Solid line, Giddings, infinite diameter column;
dotted line, Knox, infinite diameter column; dashed line,
Knox, walled column.

velocities, the theoretical line by Giddings corre-
sponds best to our experimental results.

Fig. 5 seems to indicate that a trans-column
effect is absent or at least negligible in our
measurements. This can be made more convinc-
ing when we look in more de&l at the trans-
column velocity inequalities.

The effect of the different packing structure
near the column wall on axial dispersion was
investigated by Knox et al. 1271.  They concluded
that the wall region of disturbed packing extends
about 30 particle diameters inwards from the
wall, much deeper than suggested in earlier work
[20],  The extent to which this wall region affects
axial dispersion depends on the fraction of the
column cross-sectional area, occupied by the
annulus of irregular packing. The effect of the
wall region on dispersion thus depends strongly
on p. For very large values of p (>lOOO),  the
effect of the wall region is likely to become
negligible [21], in contrast to Giddings’ predic-
tion of an ever increasing plate height with
increasing p.

In our column, p is as high as 3067, owing to
the very small particles used. Assuming a dis-
turbed wall region of 30 particle diameters, this
layer still only covers 4% of the cross-sectional
area of our column. This fraction is so small that
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its effect on the peak shape is probably neglig-
ible. Even if wall effects do slightly change the
peak shapes, they will not in the first place affect
the peak width at half-height (which was used for
our plate height calculations), but rather broaden
the base of the peaks.

Disturbance of the packing near the wall is not
the only source of trans-column velocity varia-
tions. Knox et al. [27] also measured small
velocity variations in the central part of the
column. They observed a slight increase in
velocity with increasing distance from the
column axis. The packing inhomogeneity causing
this type of trans-column effect is believed to
depend strongly on the packing method and on
the uniformity of the packing particles [16,27].
As a major source, it has been put forward that
during packing, larger particles tend to settle
near the column wall and smaller particles near
the centre. The use of very monodisperse pack-
ing particles may help to minimize trans-column
velocity variations. Our particles being more
uniform than those used by Knox and co-work-
ers may be the reason why the slope of our h-v
curve is smaller than their curve for infinite
diameter columns [20,27].

A negligible trans-column contribution may be
the reason why our measured data closely resem-
ble both the theoretical and the empirical lines
for an infinite diameter column rather than the
empirical line for a walled column. It is, how-
ever, too early to conclude that dispersion in
HDC is now clarified. Complications, e.g., those
arising from the finite solute size, and effects of
polydispersity on measured plate heights, have
not been considered so far. These aspects are
discussed below.

Polydispersity
In the molecular mass distribution of the

polymers used is not sufficiently narrow, polydis-
persity will increase the peak width and lead to
higher apparent plate heights. Knox and McLen-
nan [31] studied the effect of polydispersity on
the measured plate height in size-exclusion chro-
matography (SEC). They obtained the following
equations for the combined dispersion due to
kinetic processes and polydispersity in SEC:

h app = htcin + hpo,y

where

h poly = ($)(P  - 1x1+  ,,($
P

155

(7)

happ  is the apparent (or measured) reduced plate
height and hkin  and hpoly  are the kinetic and
polydispersity contributions. In the polydispersi-
ty term, L is the column length, B is a weak
function of (P - 1) and has a value of about 1, S
is the negative inverse slope of the calibration
curve of -d(V,)/d(lnM)  and V, is the elution
volume of a solute.

It was shown that even in moderately efficient
SEC columns, polydispersity is the dominating
term in happ unless P is well below 1.01. Whether
polydispersity has an equal impact in HDC is
easily investigated, as eqns. 7 and 8 are also valid
in HDC. For a rough comparison of the effect of
polydispersity on happ in SEC and HDC, a
comparison of the most relevant parameters hkin
and S suffices. In HDC, hkin is usually much
smaller than in SEC because of the absence of
slow mass transfer between the pore space and
the inter-particle channels [32].  In HDC the
parameter S, describing the molecular mass
selectivity, is not constant with molecular mass,
because of the non-linear calibration graph. At
the flattest part of the calibration graph the
molecular mass selectivity may be as high as in
conventional SEC. From this it appears that the
impact of polydispersity on plate height in HDC
may even be larger than in SEC.

Using eqns. 7 and 8, a more accurate estimate
of the effect of polydispersity on the measured
plate height can be made. In order to calculate
h po,y for the polymer fractions used, the values of
(S/V,)’ were determined from the experimental
calibration graph which is shown in ref. 28. The
values found were 1.39 x 10m5  for PS 22Qp,
3.78 X 10e4  for PS 43 900 and 6.19 X 10e3  for PS
775 000. Note that the difference in (S/V,)’
values reflects the distinction in molecular mass
selectivity for the polymer samples. Here the
column selectivity is clearly highest for PS
775 000 as a result of the curvature of the
calibration graph.

Based on the (S/VR)2  values, the plate height
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Fig. 6. Contribution from polydispersity to the reduced plate
height for (dot-dashed tine) PS 2200, (dashed line) PS 43 900
and (solid line) PS 775 000.

contribution from ,polydispersity,  hpoly, is calcu-
lated as a function of polydispersity in Fig. 6.

For PS 2200, a polydispersity of 1.06 means
that hp0ly = 0.1. This is already relatively large
compared with the measured reduced plate
heights. For PS 43 900, hpOly  is 0.4 for the
specified polydispersity ceiling value of 1.01.
Such a large value of hpoly  should have increased
the measured plate heights significantly com-
pared with those for PS 2200. From Fig. 5 it
appears, however, that the measured plate
heights for PS 43 900 and PS 2200 are on a
smooth curve and are not visibly shifted. Probab-
ly the actual polydispersity of the PS 43 900
sample is smaller than the maximum value
specified by the manufacturer.

For PS 775 000, the manufacturer’s value (P =
1.01) yields a calculated hpOly  value of 6. This
value is almost four times higher than the mea-
sured (total) reduced plate height. Here it is
clear that the stated ceiling value is much higher
than the actual polydispersity. The actual poly-
dispersity of PS 775 000 cannot be determined
exactly from our measurements as we do not
know the precise magnitude of hkin. If hap,,  were
entirely determined by polydispersity (i.e.,
h =PP = hpoly = 1.5), we calculate a polydispersity
of 1.002. Even this low value is actually still too
high as it implies that hkin = 0. A more realistic
estimate of hpo,,,, on the basis of the plate heights
measured for the smaller polymers, indicates
that hp+ does not exceed 0.3, or in other words
PC 1.0005.

Large differences between actual polydisper-

sities and ceiling values have been reported
before in thermal field flow fractionation [33,34].
The explanation for these differences is that the
stated ceiling values are very conservative esti-
mates. Given the error in the individual determi-
nations of the weight- and number-average mo-
lecular masses and considering the scatter in
these values obtained by various techniques, the
specified polydispersities may well be much high-
er than the actual polydispersities [35].

From the preceding discussion, it appears that
the polydispersity of the polymer samples is an
important plate height contribution in the high
selectivity region of the HDC calibration graph.
The separation power of the column used is so
high that even for true polydispersities as low as
1.01 the measured plate heights are expected to
be dominated by polydispersity. Even though the
true polydispersities of the polymer samples used
may be much lower than 1.01, the measured
plate heights (for PS 43 900 and PS 775 000) are
still likely to include a significant polydispersity
contribution. In order to be assured that the
measured plate heights are equal to hkin, poly-
mer samples with an extremely narrow molecular
mass distribution, preferably real monodisperse
samples, are required. Unfortunately, such sam-
ples are not available in the range of higher
molecular masses. Another way to isolate hkin  is
to measure happ at a fixed eluent velocity on
columns of different lengths (see eqns. 7 and 8).
Extrapolation of happ to zero column length
should give values of hkin.  This procedure was
not employed by us. As a result, we do not know
the absolute magnitude of hkin.  The dependence
of hkin on Y can nevertheless still be obtained
from Fig. 5 as polydispersity shifts the hkin-v
curve by a fixed amount (equal to h,,,,) towards
higher apparent plate heights.

Polymer size
When the size of the flow channels is not

enormously large compared with the size of the
solute molecules, several effects that are not
included in dispersion theories for infinitely small
molecules may become of importance.

Exclusion regions. Owing to the finite size of
the molecules, the centre of mass of a solute
molecule is excluded from flow regions in the
flow channel, within a distance of one effective



G. Stegeman et al. I 1. Chromatogr.  634 (1993) 149-159 157

polymer radius from the wall. For flow in narrow
channels between parallel plates and for flow in
open tubes, the effect of wall exclusion on
dispersion (leaving out hydrodynamic wall ef-
fects) can readily be expressed in modifications
of plate height models for zero-sized solutes
[2,36].  DiMarzio and Guttman [2] developed an
expression for the convective contribution to
axial dispersion for solute particles or radius rp in
open tubes of radius rc. They found that the
finite solute size reduces the convective term by
a factor of [l - (rr/~~)]~ compared with the limit
for infinitely small molecules. In capillary HDC,
where rp/rc ratios are usually in the range O.Ol-
0.3, the reduction of plate heights can be
profound.

In packed columns, the effect of wall exclusion
on dispersion cannot be described as precisely as
for open capillary tubes, so a more approximate
approach is required. Exclusion layers are ex-
pected to have a predominant influence on the
convective dispersion in a single flow channel by
reducing the cross-sectional diffusion distance, as
illustrated in Fig. 7. In Giddings’ theory this
implies a reduction of the trans-channel plate
height term. As wall exclusion is a short-range
effect, it will not in the first place influence the
other coupling terms.

There is, however, one effect of longer range
we might have to consider, namely the effect of
exclusion on the average solute velocity. Wall
exclusion causes the average velocity of finite
sized solutes to be higher than the average

t
packing particle

Fig. 7. Wall exclusion in packed columns.

solvent velocity. This exclusion effect is much
stronger in narrow than in wider channels. Ex-
clusion may thus partly compensate for the lower
average eluent velocity in narrower flow chan-
nels and more densely paqked column regions. It
can therefore reduce the difference in solute
velocity between channels of different cross-sec-
tional size. In terms of Giddings’ dispersion
theory, this would reduce the inter-channel ve-
locity variations for finite-sized solutes. We do
not expect that such inter-channel effects are
pronounced and rather focus on the trans-chan-
nel effect.

We can make a rough estimate of the exclu-
sion effect when we assume that the trans-chan-
nel term h,,, in Giddings’ model is reduced to
the same extent as the convective dispersion in
an open tube of comparable cross-sectional size
after DiMarzio and Guttman [2].  In order to
calculate rp/rc we then need to assign an equiva-
lent capillary radius to the flow channels in a
packed column. As an equivalent radius we
obviously choose the hydraulic radius, because it
has been shown to be convenient in modelling
size effects on retention behaviour in HDC
[1,37].  For the column used, we obtain a hy-
draulic radius of 0.32 pm [28].  Consequently,
the rp/rC  ratios for the polymers used are 0.0034
for PS 2200, 0.020 for PS 43 900 and 0.11 for PS
775 000 [28].  The estimated reduction in w1 is
then 2%) 11% and 47%) respectively. This
reduction seems pronounced but, as it only
affects one coupling term, the effect on the
overall plate height curve is small. A change in
h most severely affects hkin at the higher
reDd’:ced  velocities (see also Fig. 1). At v = 160
the calculated plate height reduction due to wall
exclusion is 0.005 for PS 2200,0.03 for PS 43 900
and 0.2 for PS 775 000. Under the actual ex-
perimental conditions, the shift for PS 2200 and
PS 43 900 is even smaller because the reduced
velocities for these solutes are smaller.

Hydrodynamic wall effects. When the trans-
port of finite sized particles in small flow chan-
nels is considered, hydrodynamic particle-wall
interactions should also be accounted for. The
role of such interactions in the transport of
homogeneous spherical particles in cylindrical
tubes has been treated extensively by Brenner
and Gaydos [3].  Owing to hydrodynamic wall



158 G. Stegetnan  et al. I J. Chromatogr. 634 (1993) 149-159

effects, the particle diffusivity is not a constant as
in unbounded fluids. Rather, axial and trans-
verse diffusivities are functions of the transverse
position of the particle, both becoming zero for a
sphere in contact with the wall. Consequently,
the mean axial molecular diffusion coefficient is
diminished below its value in an unbounded
fluid. The diffusivity is reduced to a larger extent
when the ratio of the particle diameter to the
flow channel diameter increases. If we again
consider the rp/rc values for our packed column,
the diffusivity reduction, calculated according to
Brenner and Gaydos (31,  would be 2%, 7% and
30% for PS 2200,43 900 and 775 000, respective-
ly. Although these values are strictly valid only
for open tubes, they show that a pronounced
reduction of diffusivity is also to be expected in
our packed column.

Another result of hydrodynamic particle-wall
interactions is that the centre of a solute mole-
cule lags the local flow in which it is suspended
[l-4].  This hydrodynamic retardation effect (so-
called slip flow) also varies with the transverse
position of the solute.

When hydrodynamic wall effects are consid-
ered together with wall exclusion, the convective
dispersion of finite sized particles in an open
tube differs from that of zero-sized solutes by a
factor of 1 - (1862r,lr,)  + 9.68(r,lr,)’  [3]. From
this factor it appears that the finite solute size
reduces dispersion compared with infinitely small
solutes, provided that the rp/rC  ratio does not
exceed 0.14. If we again depict the inte~titial
flow channels in a packed column as open tubes,
we calculate a reduction in convective dispersion
of 0.6%,  3% and 9% for PS 2200, 43900 and
775 000, respectively. These percentages are sub-
stantially lower than those given under Exclu-
sions regions, where only wall exclusion was
considered. Including hydrodynamic wall effects
therefore appears to diminish the overall effect
of finite solute size on convective dispersion in
an open tube. When the impact of both hydro-
dynamic wall effects and wall exclusion on hkin  is
calculated (as under ExcZzkon  regions), it ap-
pears to be negligibly small for the polymer
fractions used. If our calculations are in any way
able to give realistic estimates of hydrodynamic
wall effects and wall exclusion in packed
columns, then the overall effect of finite solute

size on dispersion in packed-colon HDC is
negligibly small. This is speculative, however,
because applying capillary models to describe
hydrodyn?mi~ wall effects and wall exclusion in
packed columns may well prove to be an over-
simplification.

Other considerations
In addition to the polydispersity and size

effects mentioned above, other factors might
also influence the dispersion in packed columns.
One important factor might be the distribution
of solutes over the accessible radial positions.
Until now we assumed this distribution to be
uniform, but this need not be so in practice.
Owing to, for example, hydrodynamic forces,
depletion of macromolecules in the wall regions
and enrichment in the centre of a flow channel
may occur. Phenomena leading to opposite ef-
fects have also been described [28].  A disturb-
ance of the equilibrium concentration protile in a
flow channel may either increase or decrease
dispersion. A pronounced decrease in dispersion
has, for example, been reported in open tubes
where particles were focused into an annular ring
owing to the “tubular pinch” effect [4,38,39].
Possibly a build-up of a transverse concentration
profile occurs also in flow channels in a packed
column. However, the effect on h is expected to
be smaller than in open tubes, for the fo~o~g
reasons. First, a build-up of a concentration
profile in packed columns is counteracted by
stream splitting and other rando~ing flow
phenomena. Second, a concentration profile
mainly has a short-range effect, just like wall
exclusion. In terms of Giddings’ plate height
model, a concentration profile will influence the
trans-channel effect, but will not change disper-
sion resulting from velocity differences existing
between neighbouring channels or between cer-
tain regions in the column. By changing only one
coupling term, the effect of a non-uniform con-
centration profile on the measured plate height
will be relatively small. Accurate estimates are
unfortunately obstructed by the complex flow
pattern in packed columns.

CONCLUSIONS

In packed-column HDC, the reduced plate
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heights for polystyrenes of widely differing mo-
lecular masses and toluene appear to lie on one
smooth line. Measured reduces plate heights, in
a wide range of reduced velocities, are in good
accordance with both Giddings’ theoretical
model and the Knox semi-empirical model for
the dispersion of small molecules in packed
infinite diameter columns. The measured plate
heights indicate that the effect of the disturbed
packing near the column wall and other trans-
column effects do not influence zone broadening
to a large extent. For the higher molecular
masses (which are of actual interest in HDC),
the main kinetic source of zone spreading is the
random flow in a packed column. The polydis-
persity of the solutes appears to be a severe
limitation for obtaining hkin  in the high selectivi-
ty region of the HDC calibration graph. The
effect of size and hydrodynamic particle-wall
interactions on dispersion in packed column
HDC cannot be determined exactly. According
to approximate theoretical calculations and avail-
able experimental evidence, they do not affect h
to a large extent.
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