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ABSTRACT

Based on experimental evidence, this paper establishes a proper theory of obstructed diffusion which includes the behaviour of
polyelectrolytes at low ionic strength and has relevance far beyond chromatography. In addition, it establishes the role of
convection in the chromatographic transport process within the porous matrix, which consequently is totally porous and filled with
a slowly moving “stagnant” zone. Convection is a crucial factor for the high resolution of modern HPLC columns and
size-exclusion chromatographic analysis of ultra-large polymers would be impossible otherwise. Convection processes in the
mobile and stagnant zones, of course, are related and a proper description of eddy dispersion thus facilitates understanding of the
process within the pores. The processes of dispersion and retention are demonstrated to be governed by different measures of size
which delimits the role of transport processes in the mechanism of retention and provides information on the asymmetry of
polymer shape by the same experiment. The comprehensive interpretation of chromatographic dispersion facilitates a priori
modelling of resolution, improves size distribution analysis via straightforward correction of physical dispersion and certainly

enriches our physical intuition.

INTRODUCTION

Transport through porous media is of rele-
vance not only to chromatography, but also to
heterogeneous catalysis, photographic processes,
membrane separations, enhanced oil recovery,
organ cultures, cell biophysics and more. Ob-
structed diffusion has been observed in all in-
stances and has been studied by a variety of
methods. Contrary to widespread presumption,
however, a proper quantitative theory remains to
be identified. Transport may also occur by con-
vection, which is certainly more complex and less
well understood, both experimentally and theo-
retically.

This paper analyses the factors that determine
peak width (dispersion) in size-exclusion chroma-
tography (SEC). The simultaneous contribution
of a variety of parameters to dispersion can only

be disentangled by varying the experimental
conditions. Of the many factors, emphasis will
be placed on the mass transfer term C (in Van
Deemter’s terminology), which describes the
hydrodynamic process in the so-called stagnant
zone within the porous matrix. Traditionally this
process is considered to be entirely due to
diffusion, in part because it had been assumed
that the porous beads contained dead-end pores,
a model still found in many textbooks. The
parameters that define this obstructed diffusion
then can be deduced in order to clarity the
theory of diffusion in restricted spaces. Electron
microscopy, however, demonstrates that chro-
matographic media are totally porous (reviewed
in ref. 1). The existence of interconnected flow-
through capillaries rather than of dead-end pores
provides for the possibility that under certain
conditions convection augments, or even domi-
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nates, the mass transport. Unrecognized, derived
parameters of obstructed diffusion would be in
systematic error. Only very limited experimental
evidence is available on the latter problem.

The purpose of this study was to illuminate the
role of convective mass transfer for standard
SEC operation and properly identify it in order
to test unambiguously the theory of obstructed
diffusion. The present investigation also addres-
ses and revises the mobile zone term A, whose
proper functional form and magnitude are cru-
cial for the analysis of convection and diffusion
in the stagnant zone, both because the C-term
quantitatively depends on proper values for the
other factors, and because it conceptually helps
to model the equivalent situation of convection
in the so-called stagnant zone.

As analysis depends on a proper account of all
factors that contribute to peak dispersion and no
up-to-date review is available, the subject is
introduced in the Theory section. To document
the crucial role of convection, its functional
terms are facultatively omitted from data analy-
sis. For the sake of clarity and because of
uncertainty about their correctness, convective
terms are therefore not even included in the
Theory section but are introduced in the second
part of the Discussion. The Theory section thus
provides a refined but still conventional ap-
paratus that the Results section uses for data
analysis. The observed inconsistent variability of
apparent obstruction is taken as evidence for the
occurrence of convection and clearly documents
the magnitudes that properly extended theory
will have to account for via convection. The first
part of the Discussion then compares the ex-
perimental results with previously published data
on obstructed diffusion and with its relevant
theory. Finally, the second part of the discussion
explicitly summarizes the emerging understand-
ing of convection in porous matrices.

THEORY

Hydraulic properties of porous networks
Normal chromatography takes place under
flow and diffusive and convective properties are
closely related to geometric and hydraulic
characteristics. One decisive criterion is the
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regime of flow that one is dealing with: molecu-
lar or continuum, laminar, inertial or turbulent.
To this end, the ratio of inertial force to viscous
force is crucial. This ratio is called the Reynolds
number, Re [2], but its numerical significance
depends on the geometric topology involved. If
we equate the characteristic length with the bead
diameter we obtain for the interstitial volume

d (pum)-p (g/ml)
100 -7 (cP)

_L(cm)-d(pm)-p(g/ml) _
= 76000V, (ml) - (cP)  Jux (ml/min)

)

where p is the fluid density, 7 its viscosity and ¢
the actual mean linear fluid velocity in the
interstitial space, which should not be confused
with the superficial velocity defined for the
equivalent empty column. Unfortunately, some
workers even interchange the labels for the
various possible definitions of velocity (see, e.g.,
ref. 3). The column parameters are given in
Table 1.

The use of the total liquid flux in eqn. 1
assumes that flow through the pores contributes
a negligible volume. This will be justified below.
Under normal operating conditions Re <0.01
and the extremal value that can be reached with
say TSK6000PW is Re = (0.04. This is well within
Re < 0.1, which is considered the laminar regime
dominated by viscous forces [4]. This is also the
region of geometric scaling. Inertial effects are
said to become dominant for Re >1 and turbu-
lence starts at ca. 10Re for packed beds [5] and
much later for open-tubular capillaries. The
Reynolds number for the pores is always smaller
than that of the interstitial volume given above.
With liquids one is dealing with the continuum
regime, as the mean free path length in liquids is
of the order of angstroms, i.e., much smaller
than the dimensions of the pores.

Chromatographic columns contain two sizes of
cavities, the interstitial space and the pores
proper, in parallel across the same pressure
drop. According to the Hagen-Poiseuille equa-
tion [6-8], the ratio of the flow-rates is propor-
tional to the square of the ratio of their radii.
The radius of the cavity created by spherical

Re =

-¢ (cm/s)
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TABLE I
COLUMN PARAMETERS
Property Symbol and units TSK6000PW TSK5000PW Superose-6 Superose-12
pH stability range pH 2-12 2-12 1-14 1-14
Maximum back-pressure Ap,... (bar) 5 10 10 20
Shape of beads Spherical Spherical Spherical Spherical
Bead diameter d (pm) 25 (£5)° 17 (£2)* 13 (£2) 10(£2)
Column length L (cm) 60 60 30 30
Total column volume Veotuma (m1) 26.5 26.5 23.6 23.6
Total liquid volume Veor 23.0 21.85 21.75 19.5
Interstitial volume V,oia (ml) ca. 10° 10.2 7.0 7.6
V..
Interstitial porosity P= void ca. 0.38° 0.38 0.30 0.32
column
. ‘,mt - ‘/void
Bead porosity P=7 v 0.87 0.71 0.89 0.74
column void
Tortuosity factor” & /p, 1.22 1.71 1.18 1.60
Maximum pore radius® R, (nm) ca. 370 55 27 13
Average pore radius’ R,,, (nm) ca. 125 36 25 14
10°-[d (em))* [ _p; \?
Convective factor Cf= - ) 190 4000 4700 13000
7= Ry P\ T, }

? Note that TSK-PW columns are now sold with modified specifications [145].

> Based on similar values for TSK5000PW.
¢ Using eqn. 17 with p,.

4 Measured from the minimum size R of solutes that still elute at V,_,, under conditions where interfacial repulsion R is a
minimum but without correcting for it. The true R, and pore size distribution are therefore larger than suggested by the table.

 From ref. 72, with revision.

beads may be approximated from the diameter
of the bead as [9,10]
d .

=3 ﬁ (2)
where p, is the interstitial porosity and d is the
z-average bead diameter. Close random packing
is not required. Interstitial porosity is a trivial
measure of the quality in packing the column
and is independent of bead size. In the literature
a value of p,=0.36 is considered an optimum
close random packing of spheres [9,11]. For
comparison, hexagonal close packing yields p; =
0.26 [12]. Pore radii are measured chromato-
graphically and typical values are listed in Table
I. The ratio of the interstitial flow-rate to the
flow-rate inside the pores is thus introduced as
the convective factor:

5 o o (27

max

cf 3)

Typical Cf values are listed in Table 1. Clearly,
most of the liquid flow is due to the interstices
between the beads in all instances. This is
supported by the observation that the pressure
drop Ap is the same for equally sized beads
regardless of their pore size [13].

Judged by the Cf values, the liquid of the
porous network within the beads is effectively
stagnant. This justifies the standard model of
SEC in spite of flow-through capillaries, namely
a parallel process of flow between the beads and
diffusion into a stagnant liquid inside the beads.
However, the finite flow that nonetheless is
present in the quasi-stagnant zone may augment
diffusion via convective transport. The role of
convection within the pores is therefore to be
judged by comparison with diffusion rates and
not with bulk flow. A traditional measure of
diffusion rate is the Peclet number, specified
below, which assumes a standard three-dimen-
sional random walk. Numerical factors aside,
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convection dominates the distribution of solute
inside the porous network of the beads whenever
the Peclet number Pe exceeds the convective
factor Cf. According to this rationale the domi-
nant mode of solute transport in the so-called
stagnant zone is expected to be convection for
TSK6000PW but diffusion for Superose-12
(Table I). Fig. 1 illustrates the situation. The
onset of convection is most easily recognized by
analysing peak dispersion. This analysis, which is
presented in the Results section, suggests that
convective transport already contributes in the
case of Superose-6.

To reduce peak dispersion it is obviously
sufficient that the largest pores distribute solute
within the bead by convection. The intervening
region of smaller pores left by the larger ones
forms microbeads with significantly reduced ef-
fective bead diameter. It is for this reason that
eqn. 3 was based on R, and not on R, ,.
Recently novel media have been synthesized that
contain a mixture of small and ultra-large pores
to take advantage of these hydraulic properties.
This “perfusion chromatography” [14,15], as it
was called, resembles the properties of conven-
tional wide-pore SEC media as discussed above.

1artron

pore

pore

Fig. 1. Schematic diagram of a porous bead as used for
packing SEC columns. All types of beads are totally porous
and contained well connected flow-through capillaries. In
principle there is always some liquid flow through the interior
channels of the bead. If these pores are narrow the amount
of this flow is insignificant and all of the observed flow of a
column passes around the bead. Materials then enter the
pores exclusively via diffusion. If the pores are wide some
relevant fraction of liquid flow passes through the pores
themselves. This provides for convective transport of materi-
als into the beads.
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The maximum radius R,_,, of these media
(Poros; PerSeptive Biosystems, Cambridge, MA,
USA) is only slightly larger than that of
TSK6000PW, but Cf >40 for the smallest bead
size available.

Van Deemter equation

In the following, extra-column instrumental
dispersion will not be dealt with and is assumed
to be zero for the experimental data presented.
Further, the number of plates is high in all
instances. In the limit of geometric scaling,
classical dispersion analysis then focuses on the
reduced Van Deemter master equation. It has
been derived in many different ways both from
rate theory and from statistical theory. The
reduced plate height 4 is given as [16]

L 10" L(em) [w,,(ml)]z
T dN " 554 d(um) LV (m)

h

B
= A+5;+CPe+P (4)

where L is the column length, d the diameter of
the packing beads, N the number of plates in the
column, V the retention volume, w, the peak
width at half-height and Pe a reduced velocity
called the Peclet number, which is a measure of
the ratio of diffusion time per bead to the flow
time across the same distance times a numerical
factor [2]. Like the diffusion coefficient, it de-
pends on fluid viscosity and temperature. For
water at room temperature (20°C), one obtains

dc L (cm)-d (um)
Pe='5=0.777'w
- flux (ml/min) - R, (nm) ®)]

where R, is the diffusional Stokes radius and the
other variables are column parameters defined in
Table I together with representative numerical
examples. A, B, C and P are functions that will
be discussed below. If the baseline peak width w,
defined at the 40 level, is used a different
numerical factor applies [17]. In the Van Deem-
ter equation, the use of the Peclet number allows
data obtained with different-sized solutes, differ-
ent flow-rates and different columns to be com-
bined into a single master curve. Similarly, the
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reduced plate height eliminates trivial column
variabilities. Representative experimental Van
Deemter plots are presented in the Results
section. In the following the functional form of
the Van Deemter terms is summarized with due

accsnAaTInt A VAraina viawaq

£ A:
atilUulit UL uivcxslus VIU WO,

P-term

P is a measure of sample polydispersity and
depends on the selectivity, i.e., the slope of the
calibration graph for retention [18-20]:

in( M 5
=)
L
2 M V (ml) ]2
104<1J3ra) 5(?:1)) v Zml)]2 [Zln(nllz,?]

oL
L

(6)

where a is the Mark-Houwink exponent. P
dominates in eqn. 4 whenever M,,/M_ >1.01 and
then obscures the other parameters. Hence es-
sentially monodisperse samples are required for
a meaningful analysis of dispersion.

A-term convection

Giddings [21] lists at least four additive factors
for eddy dispersion (convective mixing) in the
mobile zone, namely, velocity differences at
different radial positions within a capillary, ve-
locity differences amongst different nearby chan-
nels due to geometric factors, velocity differ-
ences in different regions due to variable packing
quality and velocity differences at different radial
positions of the packed bed column due to flow
distortions near the column wall. Originally Van
Deemter assumed that the sum of these, called
the A -term, is a constant whose value depends
on the quality of the packing. Huber, Horvath
and Giddings then independently established
that each convective subprocess is counteracted
by diffusion. Giddings famous coupling equation
reads [21]

-1

A= E(A +Pe) ™)

where A, remains a constant characteristic for
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each subprocess and w, is a proportionality
constant. The coupling constant for intra-capil-
lary effects is large of the order of w, =100 and
causes an extended Pe dependence, whereas all
other coupling constants are small and the Pe
wvariatinn ic gionificant anly halagy 10D, A Aiffar

vaiiauiuvlii 1y msuul\,aut Ully ULIVUW 1urc. Ayl

ent form for A was derived by Huber [22]:
A=(A]'+w'Pe ™! (8)

where kK =0.5 and A, was also considered to be
a constant. Horvath and Lin [23] derived the
same with k¥ =0.33. Knox and co-workers used
an empirically determined k& ranging from 0.2 to
0.5 [24] or alternatively an unlimitedly growing
function [25,26]:

A=A_= AP %)

with A" depending on the quality of the column
packing. Ideally its value was 0.5-1 but could
possibly reach 5 or greater. By just varying the
flow-rate at constant solute size, others some-
times found larger exponents [27], as would be
expected in certain instances from eqn. 14 dis-
cussed below. For infinite diameter columns
exponents as low as 0.2 were found {28,29].
Koch and Brady [16,30] presented a theoretical
computation, which scales with p, but whose
simplifications are strictly valid only in the limit
p;i—1. They demonstrated that eddy dispersion
will increase unlimitedly with Pe under the
assumption of a viscous regime owing to the
formation of boundary layers that are inaccess-
ible to convection [16,30]:

-V .
i . In Pe) (10)

column

V.

column

1%
Ae=1.5<1+£-

with the computed value &£=2.2 for ideally
smooth spheres. A rougher surface should have
a smaller &. The factor 1.5 represents the compu-
tational situation; in practice, A, seems to de-
pend on the quality of packing and the complex
functional origins of the prefactor are poorly
understood. The constant term is equivalent to
the sum of the low-coupled convective contribu-
tions. A also depends on column diameter if the
ratio of column diameter to bead diameter is less
than 100 [31-33]. More importantly, A, is a
sensitive function of the bead size distribution
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and dramatically increases with modestly increas-
ing size heterogeneity [20,34]. Note that the
natural logarithm, the cube root and the cou-
pling equation with suitable constants produce
similar trends. The logarithmic dependence
originates from the boundary conditions and is
related to the thickness Ar of the boundary
layers formed (eqn. 14). Reanalysis of dispersion
data published by Basedow et al> for non-po-
rous pieces of broken glass (p,=0.48) yields
£=0.5 for different-sized solutes at normal flow-
rates, albeit the tortuosity was & =2.0. This
margin increases to £=~1.0 if small solutes at
varying flow-rates are used instead and dem-
onstrates that the conditions of flow in packed
beds are not laminar, i.e., the In Pe dependence
in eqn. 10 is an oversimplification. This im-
portant result demarcates and identifies the fail-
ure of geometric scaling in liquid chromatog-
raphy. In fact, £ in eqn. 10 becomes a function of
flow-rate, namely

goccm_o'33zco'2 (11)

according to the data of Basedow et al. [35]. In
the inertial regime A, goes through a maximum,
which is well explained by the Taylor-Aries
theory and was observed experimentally in one
case around 30000 Pe, albeit the true deter-
minant is the Reynolds number. At Reynolds
numbers Re>10 the A_-term eventually be-
comes constant [36].

A-term film transfer

Mass transfer of solute into accessible pores is
associated with extra diffusive resistance across a
boundary layer at the interphase between the
mobile and stagnant zones just as in any mem-
brane diffusion experiment. The added diffusive
contribution to -the mobile zone mass transfer
was estimated by Wakao and Funazkri, who

correlated empirical data, as follows (reviewed in
ref. 16):

V- Vvoid)z Vioid Pe’™*
|14 ‘/column - ‘/void 1+ 9Pe_0'6
(12)
Over the range of typical experimental values,

the last term roughly corresponds to Pe®®. Typi-
cally, a small totally included molecule (V=V,,,)

Ap=15(
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has Pe~=~10 and A,=0.2. A, may increase to
about 1 in the middle of the separation range
and then decreases back to about 0.3 for the
largest molecules. It vanishes at the void. Huber
[22] reported a similar term but with A Pe®>.
According to film theory [16,37],

A =13.tot__Tvoid 2T ~p, (13)

where Ar is the thickness of the boundary layer,
which depends on the effectiveness of convective
mixing and decreases with increasing solute size
as [38-43]

v Do
[e(em/s)]™

where ¢ is the stirring speed and m =0.33 for
laminar flow, m = 0.50 for convective conditions
and m=0.75 for turbulent flow. Eqn. 14 is
related to the Nusselt number. For m = 0.4, one
effectively obtains A Pe®®, in agreement with
typical experimental values and with eqn. 12. In
eqn. 13, C is the Van Deemter coefficient (see,
e.g., eqn. 21) and explicitly includes obstructed
diffusion which is hidden in the empirical corre-
lation of eqn. 12. As film theory does not
quantitatively predict the magnitude of Ar, eqn.
12 was used in subsequent analysis. A, should be
serially added to the other dispersion terms.
Note that according to eqn. 14 either ¢ in eqn. 10
will become a function of flow rate or Pe be-
comes multiplied by a novel term except for
laminar conditions. The same holds for A4, in
eqn. 12 or 13.

(14)

A-term final equation

Most frequently a single coupling term of the
sums of various convective and diffusive contri-
butions is used empirically to which the bound-
ary layer resistance is added serially [16,44]:

Pe

where B is the Van Deemter B-term and w is a
proportionality constant that depends on the
column diameter. For column diameters in ex-
cess of 100 bead diameters, one theory gives a
constant w = 0.55 due to dominant radial diffu-

A=(Aﬂ+w~£)ﬂ+A (15)
e P
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sion [33]. Judged by experimental data [45],
@B =0.5 and the coupling is only significant for
poorly packed columns at low Pe. Others
claimed a higher experiment derived limiting
value of w =1.2 [31]. Clearly, the experimental
patterns are dominated by the low-coupling
events. This is no problem for the present data
analysis, which explicitly includes the second
coupling region in the form of a Pe-dependent
A, (eqn. 10). A, is taken from eqn. 12 and
wB =0.5. The appropriateness of eqn. 15 with a
single coupling term in the form chosen could
not be validated with the available data at Pe>
10.

B-term

Excluding adsorption effects, the Van Deemter
coefficient for axial diffusion in SEC may be
explicitly written as [16]

v-v... D
_ -1 -1 void . pore
B=a(g + gt T i) (16)

void

where D,,,./Dy,, measures the increased fric-
tion in confined spaces. The same term appears
in the C-coefficient and will be discussed below.
Earlier treatments ignored the second term in B,
which is due to diffusional spreading inside the
pores (see, e.g., ref. 22). The factor 2 comes
from the proportionality between the diffusion
coefficient and the mean distance travelled by a
random walk. Considering realistic values for the
tortuosity £ (see below), B typically equals 2 and
is certainly less than 4 for all practical circum-
stances. Hence the term may be ignored for
Pe >10.

Tortuosity

The ratio by which the curved path a particle
has to take through a porous network is longer
than the linear end-to-end distance is called
tortuosity. In the absence of actual measure-
ments one may assume £ = 1.5 and i and p refer
to the interstitial and pore space, respectively.
This coincides with the value for minimal sur-
faces of cubic symmetry [46]. For an unbounded
solution, £ =1 by definition. Theoretically, the
tortuosity in a network of cylindrical pores is [47]

47

._1 " 2,_ N 7 \3’/2 PPy
§ =1=-35+p)1-p) (17)
where p is the porosity. The limiting value for a
cylinder with negligible diameter is &£ = 3.0 [46].
In addition to an increased path length, the
cross-section of real pores is not constant. Its

variation leads to constrictions of the flow path
and yields an additional geometric factor [21,48]:

where (A) is the average over the local pore
cross-section. &, increases as the ratio of maxi-
mum to minimum cross-section increases [49]:

Amax Rmax 2 3

G- (F2) =166 19)
For closely packed beds of spheres one typically
finds £,=1.3, which corresponds to almost a
fourfold difference between maximum and mini-
mum cross-sections [49]. The interstitial tortuosi-
ty is then simply the product & = ¢£,&,, but the
particular values of & =2.4-2.6 calculated for
the columns in Table I are surprisingly high.

In those instances where the pore volume
fraction enters the measurement, such as for the
stagnant zone mass transfer, the excluded vol-
ume term is added to the obstruction factor
whilst nominal porosity is added to tortuosity
[50]. The empirical tortuosity coefficient should
then be considered to be the product of tortuosi-
ty in its primary meaning of constriction and of
porosity, i.e.,

&6
Py

Theoretical values of &, /p,, are listed in Table I.
In practice, £, is often derived from the intercept
of semi-logarithmic obstructed diffusion relation-
ships, which is sensitive to systematic errors. £ '
is called the intrinsic conductivity but some
workers have labelled it tortuosity instead. Tor-
tuosity is a constant for a given porous structure.

&= (20)

C-term

Finally, for a rate-limiting diffusion within the
pores, C=C,; and one may write for the mass
transfer term between mobile and stagnant zone
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[16]
| Vvoid va'd Dbulk
Ci= & V? T30 D, (21)

where the factor 30 assumes conditions close to
equilibrium [51]. Far from equilibrium (large
C-term), eqn. 21 will underestimate Dy, /Do
{52]. Here V —V,,, may but need not be equal to
the real geometric volume that is sterically ac-
cessible to the solute, since energetic differences
may exist between the mobile and stationary
zones. Adsorption, however, is assumed to be
absent. The presence of a stationary zone re-
quires a modified form of eqn. 21. Up to this
point no real assumption about the mechanism
of transport has been made and the apparent
diffusion coefficient in the pores may also in-
clude factors of convection. It is only a formal
choice to express C in terms of two functions
instead of expressing D, in terms of two
functions. Facultative omission of convective
terms therefore exclusively modifies parameters
of obstructed diffusion in whatever term is used
(e.g., eqn. 22) and is uncoupled from the re-
mainder of dispersion analysis.

Obstructed diffusion
Occasionally a simple exponential function
was advocated for obstructed diffusion [16,53]:

Rs
Dpore = Dbulk exp(_a : RIIZ) (22)

and the wide variation of empirical data (see
Discussion) hardly justifies more than a single
adjustable parameter. Further, the present re-
sults are well represented in this form. It is
inherent in the derivation that the radius of the
solute should equal the diffusional Stokes radius
R,. We shall investigate below whether this holds
experimentally and will actually modify eqn. 22.
The disadvantage of this semi-logarithmic ap-
proach is that, according to theory, slopes taken
below R/R,,,<0.1 and above R/R;,,>0.05
need to be distinguished.

Theory of obstructed diffusion

Initially many chromatographers considered
the ratio €Dy, /D, to be merely a constant
independent of solute size (see Discussion) [44],
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even though related fields dealt with size-depen-
dent functions. Two factors play a role, frictional
drag (according to Faxen [54]) and steric hin-
drance (according to Ferry [55,56]). The ob-
served increase in friction is truly a problem of
flow line perturbation in the proximity of obsta-
cles, i.e., a hydrodynamic interaction between
object and obstacle which increases drag. It
should not be viewed as if objects were enlarged
in size as this exceeded the pore size in which
they are contained by orders of magnitude.
Steric hindrance is related to the partition coeffi-
cient of SEC but it is usually assumed to be the
sterically excluded volume of cylindrical capil-
laries (1 — R/R;,,) [2] according to the geometric
model employed in theory.

Renkin [57] was first to combine both terms.
All theories so far have assumed ideal cylindrical
geometry of pore radius R,,, or parallel plates,
where R,,, is replaced by half the distance
between the plates, z/2. Rectangular geometry
yields different functions [58,59] and will not be
considered further here. The simplest approach,
further, is limited to calculation of the force
exerted on spherical objects in axial-symmetric
flow. Following Faxen and Renkin, various im-
provements in calculating this centreline approxi-
mation were made [50,57,60-63]. For aspect
ratios R/R,,,<0.5, there is general consensus
(see Fig. 2a). The initial semi-logarithmic slope is
a = 4.6 [64]. The centreline approximation is the
most widely used formula in the field. An ex-
tended solution, that includes integration over all
eccentric positions, but still with simplifying
assumptions, has been presented by Famularo in
ref. 63. It seems to be largely unknown in the
field. It has an initial slope of @ = 5.5 that bends
to a« =7.4 for R/R,,, >0.05 (see Fig. 2c). Conse-
quently, the neglect of non-symmetrical terms
amounts to an unacceptable error. The gradual
transitions towards solution (a) is expected since
centreline terms become more dominant as the
aspect ratio increases. Brenner and co-workers
[65-67] confirmed the initial semi-logarithmic
slope of a =5.5. Their computation claims va-
lidity for R/R,,, <0.1 but starts to deviate from
Famularo above R/R,,,>0.05 in an oscillatory
manner (see Fig. 2b). This discrepancy remains
to be understood on a computational level be-
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1000 1
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Fig. 2. Theoretical functions for obstructed diffusion in
cylindrical tubes with both a drag term and an excluded
volume term. (a) Centreline approximations: Faxen and
Renkin [57] (lower dashed line), Haberman and Sayre
(quoted in ref. 62) (dotted line), Bishop et al., eqn. 12 in ref.
84 (upper dashed line), Paine and Scherr [61] (solid line), all
with identical initial slope of a =4.6. (b) Extended solution:
Brenner and Gaydos [65], with initial slope of a =5.5. (c)
Best solution: Famularo in ref. 63, with initial slope of
a =35.5 below R/R,,, = 0.05 and with slope of & =7.4 above
R/R,,,=0.05.

fore one can be confident that the values of
Famularo are correct in all details. There is,
however, little reason to doubt the calculation of
the initial slope, which thus definitely supersedes
the earlier centreline approximation. This is
particularly noteworthy, as the initial slope a =
4.6 of the pure centreline approximation has
already been claimed to be experimentally ver-
ified (see Table IV and its discussion). The rapid
rise of Brenner and co-workers’ slope (Fig. 2b)
above R/R,,,>0.3 is a computational artifact
[60] and may have misled the formulation of
theory for hydrodynamic chromatography
(HDC), where friction bends the calibration
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graphs backwards for large solutes [68]. Ex-
perimental HDC data of this kind are better
explained in terms of shear deformation [8].
Mavrovouniotis and Brenner have calculated the
limiting case of R/R,,,>0.9, which asymptoti-
cally approaches infinity [69]. Scaling theory has
been applied to the problem of obstructed diffu-
sion of flexible polymers [70] and tests of its
applicability have attracted some interest, but
the issue is not decided. Some arguments will be
raised in the Discussion section. Note that con-
vective obstruction is much less than diffusional
obstruction, especially above R,/R,,, > 0.5 [60].

In comparing data on obstructed diffusion,
one must keep in mind that some types of
measurement besides SEC are independent of
the excluded volume term. For them the pure
drag term becomes a = 3.5 instead of 5.5 for low
aspect ratios. The middle range then should
more be of the order of a = 4.5 and continues to
increase instead of remaining a constant o =7.4
over the entire region. Eqn. 22 is therefore a
poor representation of frictional drag variation
alone.

Summary

With few exceptions, the C-term of the Van
Deemter equation for SEC has been exclusively
analysed as a diffusion problem. All data on
obstructed diffusion obtained from SEC thus
lack consideration of convective mass transport,
and most were superficial in their treatment of
mobile zone factors. To document the role of
convection in a model-independent manner, ex-
perimental dispersion data are initially analysed
with a combination of eqns. 4, 5, 10, 12, 15, 16,
21 and 22. Eqn. 22 eventually will be replaced by
eqn. 29 in the Results section. Convective trans-
port modifies D,,,. and application of eqn. 22 or
29 alone consequently leads to superficially low
apparent o values. In this manner the occurrence
of convection is easily recognized. Subsequent
complete analysis (which is deferred to the
second part of the Discussion) then will add eqn.
31 to the above list and test the validity of
various proposed theories for C, (eqns. 30, 33,
36 and 37) with the constraint that the o value
should become universal.
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EXPERIMENTAL

The instrument, materials and procedures
were the same as reported previously [1,71,72].
Peak widths were measured manually off the

charts. All reported measurements and theory

pertain to the regime of infinite dilution with
samples eluting independent of the presence of
other components in the case of mixtures. Ex-
perience shows that injection volumes should be
small and samples to be injected in SEC should
not exceed

Cinj <0.1[n] ! (23)
where according to Simha

c* =] (24)

is called the overlap concentration [70]. For rigid
spheres, such as globular proteins, this limit
concentration of the dilute solution regime c*
roughly corresponds to the solubility limit. Fur-
ther, 7=0.002 M is a lower useful limit for SEC
studies since, for the requirement of infinite
dilution, the polymer should not contribute sig-
nificantly to the ionic strength of the eluent:

n(n+1) ¢y (mg/ml)
Ipolymer = 2 . M

where n is the net charge of the polymer. Solute
concentrations in excess of eqn. 25 induce con-
centration gradients of the support electrolyte
that increasingly distort the elution profiles. For
measurement of peak dispersion it is particularly
important that the solvent of the sample and the
cluent are identical.

It has been verified that none of the samples
studied here changes its structure over the range
of solvent conditions employed. Hence no aggre-
gation, dissociation or denaturation takes place
and consequently R, and R, each corresponding
to conditions of infinite dilution, remain the
same. For coiled polyelectrolytes whose intra-
molecular forces induced continuous structure
changes at varying ionic strength, the hydro-
dynamic constants appropriate for the particular
single condition that was studied in their case
were used.

Column parameters are given in Table I
Based on these data and the Hagen—Poiseuille

<<I (25)
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TABLE 11

REFERENCE DATA AND ELUTION VOLUMES ON
SUPEROSE-12

Sample* R, Reel” Superose-12
(nm) (nm) V (mil)®
T™V 49 62 7.60 (void)
TBSV 17.2 7.80
Phage MS2 13.9 7.80
DNA (195 bp) 9.3 12.6 822
NF200TP+°¢ 8.9 11.7 8.50
Thyroglobulin 8.6 9.08
B-Galactosidase 6.86 10.48
Apoferritin 6.06 10.72
Immunoglobulin G 5.23 11.77
Alcohol dehydrogenase 4.55 12.30
Alkaline phosphatase 3.30 13.18
Ovalbumin 2.83 13.65
Calmodulin 2.10 14.10
Myoglobin (horse) 1.91 15.28
Vitamin B,, ¢ 0.75 19.50

“ Missing values are for spherical particles where R =R,.

*1=200 mM; pH =8.0; 10 mM Tris~HCI-194 mM NaCl.

¢ Proteolytic fragment of neurofilament NF200, phos-
phorylated form.

“Used to estimate V,,,; however, H,O elutes about 1 ml
later.

* TMV = tobacco mosaic virus; TBSV=tomato bushy stunt
virus.

equation, the manufacturer of TSK-PW (Toso-
Haas, Tonda, Japan) recommends not to exceed
1.2 ml/min and that of Superose (Pharmacia—
LKB, Uppsala, Sweden) specifies 1.5 ml/min.
Experiments were performed at different flow-
rates, not exceeding 0.5 ml/min, at room tem-
perature. Table II shows typical calibration data
that relate molecular size to retention volumes.
Typically retention volumes and solute sizes are
correlated in a semi-logarithmic fashion without
recurrence to any particular model of pore
geometry. This makes the analysis independent
of V..., whose proper assessment is disputable. In
fact, none of the dispersion analysis depends on
V.o cither.

RESULTS
Operational parameters

All of the data were obtained with essentially
Gaussian peaks. The asymmetry was actually
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1.1-1.2 for all Peclet numbers and substances.
Fig. 3 demonstrates that the peak width w, and
the reduced plate heights depend on the loading
concentration and also vary with the age and
status of a column. It is therefore crucial that the
stability of performance be checked during a
series of axial dispersion measurements. High
values of &, observed after cleaning the column,
may gradually return to normal lower values.
Disturbance of the gel bed on changing the
entrance frits (a standard operational option for
Superose columns), however, may lead to
permanent loss of performance. The latter is
easily checked in glass columns with coloured
substances. Back-flushing usually leads to a re-
coverable loss of performance. Fig. 3 also shows
that plate heights depend on loading concen-
tration. To guarantee comparable experimental
conditions, all subsequent data were taken at
ioads between 1 and 100 ug, where concen-
tration has no influence and the signal-to-noise
ratio is still acceptable. Injection volumes were
10-100 ul.

35+
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Fig. 3. Dependence of the reduced plate height 4 on sampie
load. Here sample load is defined as injection concentration
times injection volume. Superose-12 in 10 mM Tris-HCI-94
mM NaCl! (pH 8.0, /=100 mM); flow-rate, 0.4 ml/min;
room temperature. Sample, ovalbumin. Two series of mea-
surements at different times but with the same column and
conditions resulted in different magnitudes of axial disper-
sion. @ = Earlier series of measurements; O = later series of
measurements. Both series employed an injection volume of
100 wl. The loading capacity is ca. 2 mg. Viscous fingering
was clearly discernible above 10 mg (corresponding to an
injection concentration of ¢*/3).
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Proteins are normally monodisperse and thus
ideally suited for the analysis of dispersion.
Among the exceptions is immunoglobulin, which
is polyclonal and is known to contain a mixture
of similar sizes of different molecules of variable
isoelectric points. Fig. 4 shows that the peak
width of immunoglobulin is higher than those of
other similar-sized proteins. This is in agreement
with the previous statement that even minor

0.9
0.8 %
0.7

~ 0.5

< 0.5 =
0.4
0.31
0.2

0. 0 rerprreeyrerrrerepreeeprerrerre ey

T3 o9 b 11213 W5 16 17 1819 2D
V (ml)

Fig. 4. Axial dispersion for different solutes and conditions
on Superose-12 at a flow-rate of 0.5 ml/min, room tempera-
ture, buffered aqueous solutions with supporting electrolyte.
Shown is the peak width as a function of elution volume.
Upper curve: different proteins at I =200 mM, pH 8.0. From
left to right: thyroglobulin, B-galactosidase, apoferritin,
alcohol dehydrogenase, alkaline phosphatase, ovalbumin,
calmodulin, myoglobin, vitamin B,, (+), immunoglobulin G
(X). Vertically corresponding marks are repetitive measure-
ments on the same protein. Note that immunogiobulin G,
measured under identical conditions, is off the graph because
it is heterogeneous. Lower curve: eluents of different ionic
strength ranging from /=3 to 200 mM (the lowest value
corresponding to the left-most points) at pH 8.0: O=
ovalbumin; A = calmodulin. Even though the retention of
these samples corresponds to large proteins owing to interfa-
cial repulsion, their peak widths are much smaller [cf.,
condition (upper curve)}.
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polydispersity obscures the dynamic aspects of
peak dispersion. This behaviour of immuno-
globulin has been found reproducibly under all
conditions studied and immunoglobulin was
therefore excluded from further dispersion anal-
ysis. A similar observation regarding immuno-
globulin heterogeneity was reported previously
[73].

In addition, it was observed that aged samples
of glycoproteins sometimes gave increased peak
widths without notable changes in retention
volume. In this event a new sample was em-
ployed and the old data were rejected. Any extra
pressure drop due to column clogging usually
also increased the peak width. Mismatch of the
eluent between the column and injected solution
also tends to increase the peak width. This may
actually be one of the reasons for the poor data
quality in Fig. 5, which shows one of the earliest
data sets acquired.

Eddy contribution to peak dispersion

Fig. 5 presents data obtained at a single flow-
rate with one particular column (TSK6000PW)
with different-sized solutes. Peclet numbers can
therefore be viewed as a function of diffusional
Stokes radius. Regardless of the details of inter-
pretation it is obvious that the presented data
below Pe <100 are unaffected by the C-term.
On the other hand, data above Pe>10 are
unaffected by the B-term of eqn. 4, albeit the
B-term couples into eqn. 15. This middle region
is thus dominated by the A-term. It is reasonably
fitted by the original eqn. 10 with ¢ =2.2. How-
ever a detailed numerical non-linear least-
squares fit reduces it to £=1.7. The fitting
function actually shown is of course that of eqn.
15 in all instances. As no measurements were
conducted at low Peclet numbers, one cannot
distinguish between eqns. 15 and 8, nor could
the functional form of B (eqn. 16) be tested.

The same analysis was performed with a
different column, Superose-12, and is shown in
Fig. 6. Again, different-sized solutes at a single
flow-rate are plotted. The C-term extends to
lower Pe and it is more difficult to view the
A-term alone. However, it is clear that eddy
dispersion is decisively less than predicted by
theory. The ad hoc hypothesis of an adjustable &
gives a reasonable fit with £=0.6+0.2. The
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Fig. 5. Van Deemter plot of axial dispersion showing the
reduced plate height 4 as a function of Peclet number Pe.
TSK6000PW column 1; eluent, sodium borate (pH 8.25, I =4
mM) in water; flow-rate, 0.2 ml/min; room temperature.
Different proteins and viruses (from left to right): vitamin
B,,, cytochrome ¢, carbonic anhydrase, bovine serum al-
bumin, catalase, apoferritin, thyroglobulin, phage QB, turnip
yellow mosaic virus (TYMV), tomato bushy stunt virus
(TBSV), tobacco mosaic virus (TMV). Best theoretical
representation was obtained from simultaneous fitting of the
various theoretical contributions to peak dispersion (for the
parameter obtained see Table III). Total dispersion (T) is the
sum of an A-term with £ =1.7 (A) and a C-term (C). For
comparison a hypothetical A-term with ¢ =2.2 (long dashed
line) and & = 0.3 (short dashed line) are also shown.

compensatory mutual dependence of the three
variables is indicated in Table III, which also
summarizes the parameters for several other
data sets, whose graphical presentation would be
repetitious.

Because of the high precision of the data, the
parameters for Superose-6 are particularly stable
and well determined (Table IIT). With £=0.5,
the eddy dispersion is similar to, if not even
lower than, that for Superose-12. Data for
TSK5000PW, on the other hand, are comparable
to those for TSK6000PW. It should be noted,
however, that a fresh TSK6000PW column yield-
ed a significantly lower € than the column shown
in Fig. 5 (Table III). The deterioration of
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Fig. 6. Van Deemter plot of axial dispersion showing the
reduced plate height ~ as a function of Peclet number Pe.
Superose-12; eluent, Tris~-HCI-NaCl (pH 8.0, I =200 mM)
in water; flow-rate, 0.5 ml/min; room temperature. Same
proteins as in Fig. 4 (upper curve) plus a proteolytic fragment
of neurofilament protein NF200, which is located near
thyroglobulin. Vertically corresponding points are multiple
determinations of the same protein. The best theoretical
representation was obtained from simultaneous fitting the
various theoretical contributions to peak dispersion (for the
parameters obtained, see Table II1). Total dispersion (T) is
the sum of an A-term with £ =0.57 (flat A) and a C-term
(not shown). For comparison, a hypothetical A-term with
& = 2.2 (long dashed line) and £ = 0.3 (short dashed line) are
also shown.

columns may therefore be far more limiting for
the analysis of dispersion than it is for retention.
In any case, eddy dispersion is worse on TSK-
PW than Superose. Figs. 5 and 6 include a
comparative tracing with ¢ =0.3 as the lower
limit, corresponding to the data of Basedow et
al. [35] if the tortuosity difference is neglected.
Otherwise Basedow’s data actually yield £ =0.5
and thus match the present Superose data. As
the difference between the two series of mea-
surements in Fig. 3 is presumably due to the ¢
value in eqn. 10, its repeated empirical valida-
tion is crucial. Variation of £ does not seem to be
related to porosity as a criterion of packing
quality as far as eqn. 10 is concerned and a novel
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parameter of “packing quality” may need to be
introduced. Koch and Brady [30] stated that &
depends on the nature of the microstructure.
Their value of £¢=2.2 is for ideally smooth
spheres. A rougher surface should have a smaller
. Heterogeneity of the bead sizes, on the other
hand, increases A, [20,34]. Whether this explains
the higher values for TSK-PW remains open to
speculation.

Hindered transport in the stagnant zone

Once the A-term is known, the experimental
values for the C-term may be calculated from the
data. However, as they still contain trivial
column parameters, it is better to calculate
directly the term £ Dy, /D .. This has been
done in Fig. 7 for the data for Superose-12. Fig.
7 establishes an exponential size dependence and
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Fig. 7. Obstructed diffusion on Superose-12 in buffered
aqueous solution with supporting electrolyte at a flow-rate of
0.5 ml/min at high ionic strength. The various sized proteins
are the same as shown in Fig. 6 (+). A 195 bp DNA sample
is shown with a diffusional Stokes radius R, (O) and with a
retention radius based on a comparison with proteins, Rg,.c
(@®). Data were calculated from experimental values of
reduced plate height minus the best-fit A-term, and further
divided by the various additional factors of the C-term
according to theory. The slope of the semi-logarithmic
dependence of obstruction (£D,,,/D,..) vs. aspect ratio
(R/R,,,) is a=74.

pore
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TABLE III
PARAMETER FIT OF PEAK DISPERSION
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Column Flow-rate I Type of Parameter”
(ml/min) M) radius in pore
I3 & «a
Superose-12 0.500 0.200 Stokes radius R, 0.57 1.75 7.4
Stokes radius R, 0.38 1.90 7.3°
Stokes radius R, 0.92° 1.05 8.3
Superose-12 0.500 0.003-0.2 Calibrated radius Ry 0.92 1.75 7.4
Superose-6 0.250 0.100 Stokes radius R, 0.52 1.45 5.6
Stokes radius R, 0.48 1.55 5.5°
Superose-6 0.500 0.214 Stokes radius R, 0.55 1.50 5.6
TSKS000PW 0.150 0.214 Stokes radius R, 2.0
TSK6000PW, column 1 0.200 0.0041 Stokes radius R, 1.7 1.75° 3.5
Calibrated radius Ry 1.7 1.75° 2.0
TSK6000PW, column 2 0.167 0.06 or 0.2 Stokes radius R, 1.26 1.60 1.0
Stokes radius R, 1.26° 1.17 2.0

¢ Parameters of eqn. 10 together with eqn. 15, of eqn. 21 and of eqn. 29.
® Parameters forced to the specified value whereas the others were optimized.

validates the choice made with eqn. 22. In the
case of major convective effects this kind of plot
should lead to a plateau value; a minor contribu-
tion, however, would simply decrease the slope
compared with the universal value proper for
obstructed diffusion. Without involving theory,
one may simply compare the semi-loga-
rithmic slopes of different columns with varying
Cf parameters to survey empirically the occur-
rence of convection. Exponential relationships
were obtained in all instances. Instead of graphi-
cal analysis, a simultaneous numerical fit of the
raw data was subsequently performed for the
various columns and conditions and the resulting
a values are given in Table III. The huge
differences between the columns studied clearly
demonstrates the occurrence of convective but
the phenomenological level cannot immediately
decide whether the largest observed value, a =
7.4, corresponds to pure diffusion or whether
ideal obstructed diffusion in the particular
geometric network is still larger. Pre-empting the
detailed theoretical interpretation of the second
part of the discussion section we may record here
that Superose-12 at the flow-rate studied safely

operates in a purely diffusive regime and a = 7.4
is the empirical reference value that is to be
compared against theories of obstructed diffu-
sion. Similarly, one may then test the various
available theories for the process of convection
with the intent of floating all of the apparent a
values to a true value of a =7.4.

The observed apparent a values obviously
depend crucially on the aspect ratio R/R,,, in
eqn. 22. By theory one deals with a diffusion
process and R, would seem to be the obvious
choice for the solute radius. This choice is even
less critical for the spherical proteins chosen in
this investigation as solid spheres ideally have
R, = R,. Concerning the pore radius, the choice
of average exclusion radius R,,, is certainly a
simplification as each solute samples all pore
sizes each with different degree of obstruction
and larger solutes also preferentially sense larger
pores. Alternatively, one could have used in-
dividual retention data directly to determine a
sliding average cylinder aspect ratio

R" V-V i 1/2
L ( ) 26)
R1/2 ‘/tot - Vvoid
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If it is correct that retention is defined by a
different size criterion, as is implied in eqn. 26
and demonstrated in the next section, this proce-
dure of course fails to provide appropriate aspect
ratios R./R,,, once R, #R,. Reanalysis of the
spherical proteins in Fig. 7 in this manner yields
(,=1land =75 compared with £, = 1.7 and
a =7.4 from Table III and ensures the robust-
ness of analysis. The exact match of the
Superose-12 data with one of the theories of
obstructed diffusion (Famularo) that predicts
a = 7.4 for ideal monodisperse cylinders should
none the less be considered coincidental. In this
regard one should note that the pore radii used
in analysis had been determined out of context in
a publication prior to this investigation and
unintentional bias in data handling is hopefully
limited by the fact that empirical analysis was
completed before the author became aware of
the work of Famularo [63] and Rodrigues [141].

Determination of Stokes radii from peak
dispersion

Dispersion theory was put forward to argue
that retention should be described by diffusional
Stokes radii. Peak retention, however, is clearly
not determined by R, but by a term which is R,
or very similar to it most of the time [71,74]. If
dispersion is determined by diffusional Stokes
radii, as it should be, a difference between
retention and dispersion size should be observ-
able with asymmetric molecules and this would
establish directly that different kind of processes
are involved. At non-vanishing concentrations
the situation becomes more complicated as hy-
drodynamic parameters are concentration depen-
dent. Flexible polymers then diffuse faster inside
confinements than solid spheres of equal bulk
Stokes radius (see Discussion). The latter was
suggested to be true for deformable coiled poly-
mers even at infinite dilute conditions if
R/R,,, >0.4. It was then natural to test the SEC
dispersion of asymmetric molecules.

Fig. 7 shows that a DNA sample [195 base
pairs (bp)] almost matches the protein curve if
plotted in terms of its Stokes radius. A more
extensive study of DNA restriction fragments,
however, indicated a minor tendency towards a
smaller peak width w, than proteins of sup-
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posedly same diffusional Stokes radius (unpub-
lished data). While the latter were measured at
loads not exceeding 3 ug and in the verified
absence of concentration effects on retention
volumes, it was not excluded that concentration
still had effects on peak width. Overall correla-
tion in terms of Stokes radii is fairly good. The
same sample plotted with its chromatographic
retention radius R is off the calibration (Fig.
7). In quantitative terms the latter is rejected
with a 50 standard deviation. Hence molecules
of different asymmetry but equal retention have
different peak widths, as retention is not de-
termined by diffusional Stokes radii. Fig. 7 also
contains a coiled protein, a neurofilament frag-
ment designated NF200TP+. It fits well with its
Stokes radius determined by quasi-elastic light
scattering [74]. In terms of Rg (not shown), it
would be off by a 3¢ standard deviation. Both
DNA and NF200TP+ are stiff coils and
asymmetric. Synthetic chain polymers, however,
are usually heterogeneous and thus not well
suited for the present analysis. The observations
clearly indicate that transport processes do not
determine the mechanism of retention.

These examples suggest the means by which R,
may be approximately determined from chro-
matographic experiments simultaneously with
another size measure (the viscosity radius R,)
obtained from retention information. Analysis of
both retention and dispersion can be used to
decide whether an unknown sample is chain-like
with a large ratio of contour length to diameter
or has an asymmetric shape. The largest handi-
cap at present is the precision of the data. With
the present lo variance of 30%, only highly
asymmetric samples such as DNA are easily
identified.

Ionic strength effects of dispersion

It is well known that the elution of polyelec-
trolyte samples depends on ionic strength [1,72].
In contrast, only two publications have so far
addressed the role of ionic strength on the
magnitude of obstructed diffusion [75,76]. The
following is the first analysis of the ionic strength
dependence of chromatographic peak dispersion.
Fig. 4 shows the primary data used for Fig. 6,
namely the w, values as a function of retention



56

volume for proteins at 200 mM ionic strength on
Superose-12 at one given flow rate (0.5 ml/min).
If the ionic strength is decreased all of these
samples elute earlier. This ionic strength vari-
ation is shown in Fig. 4 for two proteins, oval-
bumin and calmodulin. Close to the void vol-
ume, the peak width drastically decreases but the
other peak widths are approximately constant
regardless of ionic strength and thus retention
volume. Beyond doubt there is some significant
difference between a sample at low ionic
strength that elutes at this position mainly for
reasons of interfacial repulsion, and another one
at high ionic strength that elutes at the same
volume position mainly because of its large bulk
hydrodynamic size.

A w, plot is somewhat deceiving, however. In
contrast to w,, h does increase with decreasing
elution volume since & depends on V2 in eqn.
4. Similarly, C (eqn. 21) depends strongly on
retention volume. The A-term, however, almost
remains unaffected. It thus becomes straight-
forward to compute ¢ Dy, /D,,,. as a function
of ionic strength for a single protein. Surprising-
ly, this value is not at all a constant, which one
might have expected as bulk diffusion coeffi-
cients of native proteins hardly change with ionic
strength as long as these proteins do not aggre-
gate, dissociate or denature (none of which
applies here). Clearly, then, the diffusion rate
inside the pores depends on ionic strength. One
must therefore somehow define a generalized
radius parameter to quantify the data.

At this point recurrence is made to published
models of retention [1,72,77]. There are two
strategies to use, a reduced pore size or an
increased solute size. The truth is, of course, that
it is a mutual effect. However, the charge effect
on retention depends strongly on solute size,
such that the effective reduced pore size would
be different for each sample [1]. It therefore
makes more sense to tag it to an increased solute
term. Quantitatively one then equates the reten-
tion volume at low ionic strength to a single
effective size Ry that is calibrated via the known
sizes at high ionic strength (where R, is assumed
to be negligible). For the sake of terminology it
must be added that Ry differs from R, R, and
R in principle. Briefly,

M. Potschka | J. Chromatogr. 648 (1993) 41-69

Rg =Rggc + Rye (27)

with Rsp= R, . For solid rigid objects, Ry is
independent of ionic strength. The dimension of
flexible polymers, on the other hand, changes
with ionic strength even at infinite dilution under
bulk conditions, which causes a variation of Ry
besides the interfacial layer term R. Ry en-
compasses the increase in size due to mutual
interfacial repulsion and was discussed in detail
previously [1,72,77]. It ideally converges to zero
for high ionic strength, even though the influence
from hydration forces remains. The R term in
chromatography is equivalent to the well known
concentration effects in bulk solution. Even
though solute—solute interactions are eliminated
by the experimental conditions of infinite dilu-
tion there always remains a finite ‘“concentra-
tion” of walls, without which there would not be
any SEC effect.

One may therefore presume that a similar
effect occurs in transport through confined
spaces. In the previous section it was demon-
strated that the effective molecular size of reten-
tion and dispersion are different except for solid
spherical objects. The latter, however, is the
case with ovalbumin and calmodulin and for
them Rj, =Ry since R, =R,. In general terms,
the effective size in diffusive dispersion is then

Ry =BR,+ Ry (28)

The complicating introduction of a parameter
is necessary to handle flexible polymer chains.
For compact spherical objects, non-deformable
rods and stiff coils, 8 =1, as was demonstrated
in the preceding section. For flexible polymers
such as polystyrene or dextran, 8 <1 at finite
concentration and B8 =1 at infinite dilution as
long as R/R,,, <0.4 (see Discussion). Note that
bulk diffusion coefficients of solid rigid objects,
and hence R,, virtually do not depend on ionic
strength once minute amounts of support elec-
trolyte are present [78]. With the parameter R,
at hand to describe the diffusional size inside the
pores, where it differs from bulk, one may now
quantify the ionic strength variation in a manner
similar to regular high ionic strength data. This is
done in Fig. 8, which shows £,D,,,/D at

pore

variable ionic strength as a function of Ry
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Fig. 8. Obstructed diffusion on Superose-12 at variable low
ionic strength. Buffered aqueous solution with supporting
electrolyte at a flow-rate of 0.5 ml/min. The aspect ratio is
calculated from reference solute sizes matched by their
elution volume to include contributions from interfacial
repulsion. Lowest ionic strength data are right-most, highest
ionic strength data left-most. Data are based on Fig. 4 plus
some additional data and were analysed according to theory.
O = Ovalbumin; A = calmodulin; + = thyroglobulin.

(=Rp). The data follow the same type of ex-
ponential function according to eqn. 22. Their
slope (a =6.2) is, however, lower than that at
high ionic strength using the same column (o =
7.4). This leads to the following ad hoc assump-
tion:

R R
Dpore = Dbulk ) 7]: : exp(—a : Rlll)z) (29)

which is meant to replace eqn. 22. For R, =R,,
eqn. 29 becomes trivially identical with eqn. 22.
Note that eqn. 29 may fail if eqn. 25 no longer
holds. Via eqn. 29, one obtains for Superose-12
a =74 even at low ionic strength. The mag-
nitude of frictional obstruction, expressed in the
term «, thus becomes truly independent of the
extent of interfacial repulsion (R in eqn. 28).
The concept of an increased sample size Ry, or
of decreased pore size, with decrease in ionic
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strength, thus shows up both in retention and in
dispersion. However, retention and dispersion
measure different rotational averages of the
solute shape, as demonstrated above, at least as
long as convection does not dominate dispersion.
At this point one should reconsider the differ-
ence of peak widths for samples of identical
retention but different ionic strength (Fig. 4).
According to the presented analysis, C-terms
vary little with ionic strength. The observed large
difference in Fig. 4 is therefore due to the Peclet
term with which C becomes multiplied. This
Peclet term refers to mass transport in the
interstitial volume and is therefore calculated
with bulk diffusion coefficients and R,. These
differ for different-sized samples even though
their size Ry inside the pore may be equal.

DISCUSSION

Obstructed diffusion

Obstructed diffusion in SEC is due to four
factors: tortuosity, constriction and porosity in
the geometry of the porous matrix (collectively
just called tortuosity) and frictional drag be-
tween a diffusing object and obstructing walls.
Flexible polymers are deformed by this frictional
drag and their obstructed diffusion becomes an
intricate subject of polymer physics. The present
data represent the first comprehensive study of
obstruction with native globular proteins, ideally
applicable to the basic hydrodynamic theories of
solid spherical objects.

Tortuosity. Tortuosities of the stagnant zone
were calculated from the intercept of plots such
as Fig. 7 or obtained directly from global nu-
merical fit of dispersion data (eqn. 4). A value of
¢, = 1.5-1.8 was found for all conditions studied
(Table III), but according to Fig. 2c¢ the true
tortuosity is 7% larger. Compared with the
respective tortuosity factors (Table I), this mag-
nitude implies a significant role of channel con-
striction (eqn. 19) with a ratio of maximum to
minimum radius of ca. 2. Tortuosity determined
in this manner is, however, extremely sensitive
to uncertainties of the aspect ratio R,/R,,,,
whereas a values are not, and the accuracy in
deriving the pore size variation is therefore
limited. Whether Superose-12 exhibits a pore
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size variation of at least 1.5 or rather is monodis-
perse cylindrical must therefore remain unde-
cided. For reticular porous glass of porosity p; =
0.48 a factor of 3 difference was found between
microscopic mean radii and mercury porosim-
etry, which measures minimum radii [79]. A
factor of 2 difference was found between mer-
cury porosimetry and radii determined from the
volume-to-surface ratio [80]. Others have found
smaller ratios for similar glasses [81]. Note that
the size dependence of porosity is explicitly
treated in the outlined theories for the a term
whereas the size dependence of constriction

[48,82] is not.

The observed values of tortuosity agree with

TABLE IV

OBSTRUCTED DIFFUSION
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most of the values reported in the literature
(Table IV) and excessive deviations rather indi-
cate systematic experimental difficulties. Particu-
larly values of ¢, <0.93 are theoretically impos-
sible. Many times problems are obvious, e.g.,
large values of tortuosity in conjunction with the
lack of a dependence on the aspect ratio R,/
R,,,, i.e., a =0, amongst the early studies owing
to large scatter of data that obscures any size
dependence that might have been present. Note
that the notion of size-independent D, ../ Dy
values [44] persisted in the field of chromatog-
raphy until about 1983 in spite of theoretical
predictions to the contrary and even evidence in
related fields (Table IV).

Matrix Sample® Range of Tortuosity, Drag, Method® Ref.
Rp/Ryps & ap

Frictional drag
Vycor glass Linear polystyrene 0.0-1.0 3 0° ND 81
CPG glass Linear polystyrene 0.0-0.1 1.3 2 QLS 85
CPG glass Linear polystyrene 0.0-0.2 1.3 27 QLS 84
Porous glass Linear polystyrene 0.0-0.4 1.4 4.1 ND 13
CPG glass Linear polystyrene 0.1-0.8 1.0 34 QLs 67
CPG glass Star polyisoprene 0.0-0.1 1.3 1.75 QLS 67
CPG glass Star polyisoprene 0.0-0.1 1.3 33 QLS 67
Sephadex Dextran 0.4-0.7 1.0 23 FRAP 110
Sephadex OM ca. 0.0 15 n.a. ND 100
Porous glass Water, OM 0.0-0.5 1.7 ca. 4 NMR 102
Silica~alumina catalyst OM 0.1-0.5 2 4.6 ND 50
Vycor glass OM (dye) ca. 0.5¢ 2.7° ca. 6.2 FRS 93
Parallel plates Latex spheres 0.0-0.1 33 QLs 90
Sepharose 4B Proteins 0.1 1.75 (1.55) 21(3.79 ND 101
Amylose gels Proteins 0.1-0.4 1.2 1.0 QLS 107
Vycor glass Proteins 0.0-0.2 2 7.0 ND 81

Frictional drag plus excluded volume
CPG glass Linear polystyrene 0.0-0.4 6 0° SEC 48
VITX glass Linear polystyrene 0.0-0.4 6(+2) 0° SEC 82
Silica Linear polystyrene 0.1-0.5 3(6) 2.3(1.8) SEC 95
LiChrospher Linear polystyrene 0.1-0.8 (0.4) 2(1) 3(8) SEC 19
Hypersil Linear polystyrene 0.0-0.7 (0.3)° 6 1(3.5)° SEC 18
TSK-G6000H6 Linear polystyrene 0.0-0.6 (0.8)° 4 3(2) SEC 82
Porasil Linear polystyrene 0.2-0.9 1.4 2.67 SEC 37
Nuclepore membrane Linear polystyrene 0.0-0.7 1.0 8.5 SDB 92
Etched mica membrane Linear polystyrene 0.0-0.5 1.0 7.6 SD 103

(high M)
Etched mica membrane Linear polystyrene 0.0-0.5 1.0 5.5 SD 105
(low M)

Etch polycarbonate Linear polystyrene 0.1-0.6 (0.9) - 6.3 SD 98,99
membrane
Nuclepore membrane Linear polyisoprene 0.1-0.5 0.7 6.0 SD 87
Nuclepore membrane Star polyisoprene 0.1-0.5 1.7 6.0 SD 87
Nuclepore membrane Dextran 0.0-0.1 1.0 0° SD 86
Nuclepore membrane Dextran 0.1-1.0 0.7 3.6 SD 86
Nuclepore membrane Dextran 0.3-0.7 0.4 3.4-53 SD 94
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TABLE 1V (continued)

Matrix Sample® Range of Tortuosity, Drag, Method® Ref.

Rp/Ry, fp ap

TSK2000/3000SW Dextran 0.0-0.8 29 43 SEC 106
Nuclepore membrane Ficoll 0.0-0.3 1.0 4.4 SD 86
Nuclepore membrane Ficoll 0.2-0.7 0.6 7.0 SD 86
Nuclepore membrane Ficoll sulphate 0.0-0.2 0.5(1.0) 8.4(4.0) SD 76
Etched mica membrane Asphaltenes 0.0-0.8 - 3.9 SD 64
Collodion membrane OM >3.3 SD 109
Collodion membrane OM (sucrose) 0.0-0.2 1 6.2 sD 108
Etched mica membrane OM (porphyrins) 0.0-0.2 1 5.0 SD 105
Etched mica membrane OM 0.0-0.2 1 4.6 SD 38
Etched mica membrane OM 0.2-0.4 1 7.0 SD 38
Etched polycarbonate OM (inulin) 0.0-0.1 1 8.9 SDB 88
membrane
Kidney glomeruli OM 0.0-0.2 (0.5) - 4.6 SDB 58
Capillary circulation of OM, proteins 0.0-0.6 - 6.7 SDB 111
perfused hind legs
Cellulose membrane OM 0.2-0.3 - 45 SDB 57
Cellophane membrane OM 0.1-0.2 - 6.3 SDB 57
Cellophane membrane OM, proteins, dextran 0.0-1.0 2.0-2.7 -5 sD 91
Etched mica membrane Latex spheres 0.0-0.4 1.0 ca. 7.0* SD 75
Nuclepore membrane Latex spheres 0.1-0.8 1.0 2.5 SDB 89
Millipore membrane Latex spheres 0.1-0.4 0.08 3.2 SDB 114,128
PSM-800 silica Silica sol 0.2 ca. 2 ca. 7 SEC 104
Etched mica membrane Proteins 0.0-0.4 1 8.2 sSD 115,116
Nuclepore membrane Proteins 0.0 (0.4)-0.8 - ca. 1.0 (2.0) SDB 96
Agarose gels Proteins 0.1-0.2 1.0 4.0 SDB 83
Agarose gels Proteins 0.2-0.5 0.6 ca. 7.0 SDB 83
Zorbax-GF250,450 Proteins 0.2-0.5 - 31 SEC 97
LiChrosorb diol Proteins 0.0-0.4 4.2 3.8 SEC 62
LiChrospher silica Proteins 0.0-1.0 1.9 35 SEC 117
TSK-250SW Proetins 0.1-0.4 1.0 3.5 SEC 73
TSK2000/3000SW Proteins 0.0-0.8 2.9 (2.0) 4.3 (5.3) SEC 106
TSK2000SW Proteins 0.5 ca. 2 ca. 7 SEC 112
TSK3000SW Proteins 0.4 ca. 1.5 ca. 7 SEC 112
TSK-6000PW Proteins 0.1-0.4 (0.2)° 1.6 1.0 (3.0)° SEC This study
TSK-6000PW DNA 0.1-0.4 (0.2)° 1.5 1.0 (3.0)° SEC This study
Superose-6 Proteins 0.0-0.6 1.5 5.6 (6.0)° SEC This study
Superose-12 Proteins 0.0-0.9 1.7 7.4 (7.4)° SEC This study

“ OM = Non-polymeric organic molecules.

¥ QLS = quasi-elastic light scattering within the porous material; FRAP = fluorescence recovery after photobleaching within the porous material;
NMR = nuclear magnetic resonance; FRS =forced Rayleigh scattering; ND = non-steady state (transient) diffusion with infinite reservoir;
SD = steady-state diffusion with finite reservoir, boundary layer effects absent or corrected; SDB = steady-state diffusion with finite reservoir,
boundary layer effects non-corrected, which may significantly underestimate a; SEC = dispersion in chromatography (non-steady state diffusion

with finite reservoir), a-term may be decreased by convection.

¢ Large scatter in the data prevented detailed assessment. Numerical fit was forced to listed value in order to obtain the complimentary tortuosity

(respective drag).

“ The molecular size given in the original article disagrees with the diffusion coefficients reported in the same article; still, the dye may be adsorbed.
¢ Values in parentheses are for maximum (R, ) instead of average pore size (R,,,)-

! Convection explicitly treated in separate term.

& Large effect (order of 7 probable) but pore size unknown. Note that exponential relationship is obtained for all data if Stokes radius is used instead

of the author’s definition of a characteristic radius.

* Electrostatic repulsion not corrected with eqn. 29 but by the original authors using certain quantitative energetic assumptions.

Drag and excluded volumes. The present data
confirm the applicability of an exponential repre-
sentation of obstructed diffusion but the ob-
served magnitudes expressed in terms of a coeffi-
cient & do not coincide for the different columns

studied. These differences are believed to be due
to convective transport and the second part of
the discussion will elaborate how inclusion of
convection theory is able to make all data
converge to a =7.4 as the value proper for
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t n. This value coincides with
the theoretical calculations for cylindrical pores
by Bean.

A comparison of this result with the abundant
literature on obstructed diffusion [18,19,37,38,
48,50,57,58,62,64,67,73,75,76,81-117] shows
that the scatter amongst different studies is
almost unacceptable even for methods such as
quasi-elastic light scattering or diffusion cell
measurements that need not worry about con-
vection (Table IV). Most would probably have
opted for the centreline approximation. Interest-
ingly, there is a trend to larger a values in more
recent studies. In retrospect, various sources of
error must be held responsible for the observed
irreproducibility, namely concentration effects,
the specific nature of flexible polymers, incorrect
or lack of correction for boundary layer resist-
ance, problems of pore size and shape, influence
of ionic strength, adsorption and convection.
Experiments may have also failed in trivial
respects, e.g., proper sampling rate and angle in
quasi-elastic light scattering or residual flow
(ultrafiltration) in diffusion cell measurements.
The remainder of the discussion summarily ad-
dresses these problems without possibly passing
judgement in all individual cases. Future studies
will need to include far more experimental
controls to avoid perpetuating this dismal status
of affairs.

Preface to Table IV. The earliest experimental
study to correlate steady-state diffusion with the
aspect ratio of pores in copper hexacyanofer-
rate(II) precipitation membranes was only quali-
tative [118]. This is also true of some early
chromatographic studies that exemplified the
role of diffusion for the mechanism of SEC
[119,120]. Many subsequent studies only pro-
vided raw data that here are interpreted for the
first time. Of those publications that provide
theoretical interpretations, only four applied an
exponential relationship [50,64,89,91]. For the
present comparison, literature data were uni-
formly reanalysed in terms of eqn. 29 with R, =
R, except for identified cases of low ionic
strength. In some uncertain cases alternative
fitting pairs of £ and « have been included. Since
many data are suspected to include concentra-
tion effects, Table IV formally lists the product
of a times B. Table IV is divided into two

obstructed diffusio
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sections. First come the methods that are in-
dependent of the volume of measurement, such
as quasi-elastic light scattering, and therefore
measure pure frictional drag, ideally 3.5sa =<
4.5 at least up to R,/R,,, <0.5. Current techni-
cal limitations prevent measurement by quasi-
elastic light scattering at low concentration.
Second, there are those methods which for
certain boundary conditions [50] also require an
excluded volume term; here ideally 5.5<a <7.4
for solid spheres up to R,/R,,, <0.6. Chromato-
graphic dispersion measurements represent a
transient diffusion with a finite reservoir and
belong to the latter category. Below R,/R,,, <
0.1 the magnitude of obstruction is too small to
be reliably measured by SEC and has insignifi-
cant weight in wider data sets. All SEC data
therefore should yield a = 7.4 for diffusion prop-
er. Diffusion cell measurements could in princi-
ple provide accurate measurements of the initial
slope at low aspect ratios, but none have so far
convincingly established the break point which is
expected at R/R,,, =0.05 by Famularo and at
R/R,,,=0.2 by the centreline approximation
(Renkin and others).

Boundary layer resistance. In conventional
diffusion measurements across a membrane, a
boundary layer of depleted concentration forms
whose magnitude depends on the efficiency of
stirring and on the pore density. Boundary layer
resistance further decreases diffusion rates, more
for small than for larger solutes. Hence un-
corrected data tend to show decreased values of
a and increased tortuosity. While the effect is
dramatic for the data of Conlon and Craven [89],
it is present also with those of Ackers and Steere
[83], which at low aspect ratios superficially fitted
to theories with centreline approximation that
are now known to underestimate obstruction.
Deviations observed in diffusion cell measure-
ments seem to be largely due to insufficient
corrections for boundary layers.

For the SEC data in this study, the contribu-
tion from boundary layer effects has been ex-
plicitly treated with eqn. 12; other studies may,
however, have neglected this term and some
failed to correct for any of the A-term. Conse-
quently low a-values for SEC in Table IV by
themselves do not prove that convective mass
transfer did occur.
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Flexible polymers. Flexible chain polymers
(polystyrene, polyisoprene, dextran) yield lower
values of 8 < 1 in most studies (Table IV and ref.
121); some, however, find B ~1 at low enough
concentrations [87,92,98,99]. Highly branched
chain-polymers (Ficoll, star polymers) approach
the behaviour for solid spheres (latex, proteins,
small molecules), where B =1, even at higher
concentrations. The present study demonstrates
that at least under conditions close to infinite
dilution, DNA and asymmetric proteins also
approach the behaviour of solid spheres in terms
of their equivalent Stokes radii. Values of g <1
may be an artifact of sample polydispersity [103].
In addition, values of B8 <1 are expected when-
ever the polymer is free-draining [94]. Values of
B <1 have also been rationalized as a truncation
of the configurational distribution by sterically
excluding the most expanded polymer conforma-
tions, which will shift average diffusion coeffi-
cients to larger values. Quantitative agreement
between theory [62] and experimental poly-
styrene data [37] was claimed (note that the
legend to Fig. 7 in ref. 62 specifies Rz where
clearly R, was used to plot the polystyrene data
of ref. 37); in this regard, see also ref. 122.
Finally, a complicated theory of flexible chains
becoming deformed or even reptating through
the pores was advanced [70], but whether they

actually reptate is disputed {84,123]. The de-

formation to a one-dimensional chain is entropi-
cally so unfavourable that it requires large driv-
ing forces to make the chain enter the pore at
all. At infinite dilution such forces may be found
in electrophoresis or in ultrafiltration at suffi-
ciently high shear rates (cf., refs. 8 and 124), but
not by diffusion. Under infinitely dilute con-
ditions ample evidence is available [1,71] that
universal calibration in terms of R, describes
SEC retention with few exceptions that suggest
earlier elution as opposed to delayed retention
predicted for reptation. However, in semi-dilute
solution chain polymers are already deformed
and then preferentially enter the pore space
where they might reptate [125]. Hence the mag-
nitude of obstruction decreases strongly with
increasing concentration of flexible polymers
[92,98,99,126]. In fact, a recent theory concluded
that B =1 for R/R,,,<0.4 as long as flexible
polymers are at infinite dilution [69,122]. For
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higher aspect ratios drag was suspected to de-
form polymers and enhance transport even at
infinite dilution; according to different sets of
experiments, however, this ought to happen
without increasing retention volumes. One con-
clusion from this analysis is that concentration
effects are significant in the process of kidney
glomerular filtration (see ref. 127). Current esti-
mates of the term aB for polystyrenes at infinite
dilution correspond well with the results of the
present study with compact spheres as well as to
the theory of Famularo without any need to
invoke special partitioning effects (cf., refs. 103
and 122).

Proper choice of pore size. Obstructed diffu-
sion theory depends on pore shape. Even though
track-etched mica contains extremely well de-
fined pores, their shape is rhomboidal and ob-
structed diffusion has not yet been calculated for
this case. The observed pattern of « values,
which have been defined with equivalent cylin-
drical pore radii (which different workers have
even done in different ways), is not much differ-
ent from, say, track-etched polycarbonate mem-
branes (Nuclepore), which contain smooth cylin-
drical pores of fairly monodisperse size.

What values of pore size should be used for
polydisperse porous networks? Table IV is based
on average values R,,, whenever such data were
available, but some workers only reported aspect
ratios and may have used other criteria. Further,
large solutes probe pores above average size and
vice versa such that constant mean R,,, may
underestimate a. The worst case correction re-
places R,,, by R, ., (Table I). The data from the
present study clearly demonstrate that even after
such a correction a significant difference remains
between the different columns from this study
that needs to be explained via convection (Table
IV). The uncertainty regarding proper aspect
ratios, however, limits quantitative tests of the
theory of convection.

Obstructed diffusion of polyelectrolytes at low
ionic strength. For the reanalysis of literature
data, proper R, values and eqn. 29 were used at
low ionic strength. The only exception is a study
of latex as a function of ionic strength [75],
which did not provide proper R, values and
consequently could not be analysed in terms of
eqn. 29. The non-electrostatic term used by the
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workers, which they indirectly based on theoret-
ical assumptions, was included in Table IV. In
some instances, effects of ionic strength may
have gone unnoticed. In particular, all measure-
ments of latex spheres may have been conducted
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may in part be due to neglect of R,z. Once eqn.
25 no longer holds, ion mobilities further couple
in and accelerate diffusion of the macromolecu-
lar polyelectrolyte (see also refs. 114 and 128).
The present study is the first to relate quantita-
tively obstructed diffusion that includes a signifi-
cant contribution from electrostatic interfacial
repulsion with independent experimental evi-
dence about their magnitude. The constant «
values for Superose-12 at low ionic strength up
to Rp/R;,,<0.9 unfortunately cannot be com-
pared with less disputable conditions of high
ionic strength which for Superose-12 only reach
up to R,/R,,,<0.6. Most other data on ob-
structed diffusion do not exceed this margin
either.

The demonstration of charge-related effects on
size, and thus on aspect ratio, points to a
fundamental issue that has already been exem-
plified for the retention problem at SEC [1]. If
hydration forces of significant extent exist, and it
is likely that they do, even high ionic strength
data will be affected by Ry terms and the
concept of size relevant to transport processes in
confined spaces may need general revision.

Adsorption. The rate of equilibration in chro-
matographic beads with solutes was often found
to be biphasic, possibly owing to a slower ad-
sorption process [79,120]. Adsorption of mole-
cules delays their migration and thus superficially
increases the degree of obstruction. Studied
together with non-adsorbing solutes, adsorbing
solutes have often been identified and excluded
(e.g. refs. 50, 102). Other obvious cases were
retrogradly excluded (e.g., ref. 129). The ques-
tionable data in ref. 94, whatever the reason,
seem to have been superseded by ref. 86. Exces-
sively large values of tortuosity may derive from
preferential adsorption of the smaller solutes.
Small opposite tends that result in superficially
increased a values are, however, difficult to
identify. While all other sources of error under-
estimate «, the largest observed values are not
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automatically the correct ones due to the possi-
bility of adsorption.

One-sided obstruction. The restricted diffusion
close to a wall but open to bulk solution on the
other side was studied by photon correlation
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Excess frictional drag is lower than in cavities of
parallel plates with same centreline distance, as
expected.

Concentrated solutions. It should be men-
tioned that much earlier an exponential obstruc-
tion factor had been derived for the transport of
compact objects through concentrated solutions
of chain polymers [131,132]. The relationship
between polymer concentration and “pore size”
unfortunately remains subject to assumptions
and it is difficult to arrive at conclusions regard-
ing the magnitude of a. The hydrodynamics of
porous matrices undoubtedly provide valuable
insight into the properties of concentrated solu-
tions. These, however, are still more compli-
cated [123].

Convective mass transport

As early as 1969 it was reported that axial
dispersion is less than predicted by the Van
Deemter equation [133], but no reason was given
and data were not well analysed. Judged by the
results of this study, however, their claim is
feasible for their experimental conditions. Later,
another study claimed flow through the pores but
did not present data [134]. As they were oper-
ating at Cf =200 they indeed shouid have ob-
served convection. Around 1978-82 several
studies involved convective mass transport in gas
chromatography and SEC, which will now be
discussed in more detail with notation adapted to
the present style. Intra-pore convection theory
seems to have been rederived since [14,135].

First study. Rate-limiting convection may be
described by an effective diffusion coefficient
accordmg to Taylor—Aries theory. Its convective
term ¢’R?,/D (c =linear flow-rate, D = three-
dimensional diffusion coefficient, R,,, = pore
radius) is additive to diffusion proper and leads
to the following expression with a numerical
factor based on a cylindrical cross-section
[136]:
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C = fI’ . (V v0|d) ( column _ void)2
<™ 69500 v? Vooid
D (c )2 Cf3
pore p,eluent
) 30
Dy Cp solute Pe* (30)

where c, is the mean linear velocity of solute or
eluent inside the pores and the ratio accounts for
effects of hydrodynamic chromatography which
include the role of excess drag on convection. Cf
is the convective factor defined in eqn. 3. Since
diffusion and convection are parallel processes,

the final C-term is
cl'=c;'+ct (31)

Equal contributions of convection and diffusion
are predicted for

1 D c

Pe=—- pore ”p, cluent . C 3/2 32
25 Dbulk cp solute f ( )
where p, = 0.34 was assumed. According to this

derivation, convection plays a role at much lower
Peclet numbers than initially guessed upon intro-
ducing the convective factor term. Owing to the

D oo/ Dy term and Pe™? dependence in eqn.
30, convection does not lead to a plateau value
but to a pronounced maximum around equality
of convection and diffusion followed by a rapid
decrease for higher Pe. Such a decrease has been
predicted independently for turbulent open
capillary flow [137], but the derivation does not
apply to low Reynolds numbers. Griineberg and
Klein [138] rejected the Taylor—Aries approach
as an artifact of inappropriate assumptions.

Second study. Griineberg and Klein [138] cal-
culated a term for rate-limiting convection at low
Reynolds numbers from random walk theory
which is valid as long as the porous zone is still
stagnant (Cf > 1):

(V vond)
= lg V vad c

p eluent Cf

Pe (33)

p,solute

where /=2. The same equation but with a
numerical factor /=3 was later obtained by
Gibbs and Lightfoot [135]. Eqn. 33 replaces eqn.
30 and is used in conjunction with eqn. 31. In
their original theory (! =2), equal contributions
of convection and diffusion are predicted for
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pe=60._l’°£i.L__.Cf (34)
bulk  Cp,solute

where the numerical factor has been modified to
account for a tortuosity factor which their origi-
nal derivation omitted from an equation equiva-
lent to eqn. 21. Accordingly, onset of convection
is much later. It eventually leads to a plateau
whereas the earlier treatment had predicted a
maximum.

However, their own data seem to contradict
their theory. On VITX porous glass at Cf = 5600
they claimed to observe unusually small C terms
compared with VITX glass with smaller pores
and thus larger Cf. The reduced plate height h
increases linearly with increasing Peclet number
and does not (yet) reach a plateau. They claimed
to find convection two orders of magnitude
larger than predicted by eqn. 33. However, their
analysis is flawed and ignores frictional drag
which potentially could explain their experimen-
tal observations.

Third study. The major novelty of the ap-
proach of Rodrigues et al. [139] is a complex
non-additive coupling between diffusion and
convection that replaces eqn. 31 and thus di-
verges from the additivity theorem of dispersion.
Carta et al. [140] and Rodrigues et al. [141] have
adapted this treatment to spherical geometry.
Their analysis is equivalent to eqns. 31 and 33 if /
is made a variable function of the intra-pore
Peclet number A:

A= RS, Rouent 35
Dbulk Cp,solute Pe ( )

1 5 1 1\ 5

73 @3 % (36)

According to eqn. 36, one obtains for A=11/=3,
for A>>1 1=0.6 and for A<<1 [= +m; for
A>10 the plateau region is reached where /<
0.7 and h remains constant with increasing Pe.
Rodrigues et al.’s equation does not consider the
role of inaccessible boundary layers for convec-
tion and corresponds in this regard to Van
Deemter’s original assumption of a constant
value for the A-term.

Fourth study. Van Kreveld and Van den Hoed
[37] employed an equation similar to eqn. 33 but
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based on an effective diffusion whose convective
term equals ¢ times a coefficient Cf’, which
replaces Cf in eqn. 33 and which they adjusted
numerically. For Porasil with narrow pores
(R,,,=13 nm, Cf=5x10°, d =125 um), they
observed the onset on convection around Pe>
10* for polystyrene in the size range R, =3-12
nm. They reported a plateau in line with eqn. 33
and contradicting eqn. 30. This plateau depends
on polystyrene size and their data may be inter-
preted as

_ﬁg' d (Mm) . Cp,solute
B l Rs (nm) cp,eluent

cf’ (37)

Hence onset of convection is a factor 500 earlier

than predicted by Rodrigues et al., i.e., eqn. 33
with [ = 0.6 together with eqn. 31, and worse for
larger / values. This is in the trend of the claims
by Griineberg and Klein. For the sake of com-
pleteness it must be added that the data of Van
Kreveld and van den Hoed were obtained at
elevated Reynolds numbers, Re=0.3-3, i.e.,
above normal laminar conditions of SEC opera-
tion. In fact, one expects Cfxc™' in the inertial
regime (Re >1) [142]. The numerical factor in
eqn. 37 certainly decreases with increasing pore
size but no data are available in this regard.
Fifth study. Kirkland [104] claimed intra-pore
convection in SEC and refers to Van Kreveld and
Van den Hoed but omits quantitative analysis.
His data for the PSM-800 silica matrix (R,,, = 24
nm, Cf=5000, d =6 pm) exhibit two regimes
for the C-term but no plateau. At low flow-rates
the C-term crudely corresponds to a =7, if the
convective term is omitted and falls between the
present data for Superose-6 and Superose-12, as
would have been expected from the column
parameters. At flow-rates above 1 ml/min h
continues to increase linearly with increasing Pe
but at a decreased rate corresponding to an
apparent value of a =1, if convective terms are
omitted. The same slope is observed for the
PSM-500 silica matrix (R,,, =8 nm, Cf = 80000,
d=7.7 pm) above 0.2 ml/min. In this instance
the initial regime has not been carefully mea-
sured but the magnitude of & suggests that it also
occurs. Both data sets belong to the low
Reynolds number regime (Re <0.1), albeit not
as low as in the present study. The slope of a =1
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implies that the onset of convection is a factor
300 earlier than predicted by Rodrigues et al.
(eqn. 33) with = 0.6 and corresponds fairly well
with eqn. 37. Considering what has been said
about eddy dispersion in the mobile zone (A .-
term), these results may not be surprising, except
that they are much larger than the Pe variation
of A.. A qualitative picture, however, is emerg-
ing: Kirkland’s low flow-rate regime corresponds
to the conditions and results of the present
study; Kirkland’s high flow-rate regime corre-
sponds to the initial part of the data of Van
Kreveld and Van den Hoed before the onset of
their plateau.

Sixth study. Rokushika et al. [112] presented
dispersion data without interpretation and re-
marked on their irregularity. For TSK2000SW
(Rpax =5 nm, d =10 pm, Cf=200000) at Re <
0.03, their data show a dependency of a on
flow-rate, from a =7 at 0.1 ml/min to a« =6 at 3
ml/min. These conditions correspond to A <0.01
and therefore lack convective contributions com-
pletely according to Rodrigues et al. They are,
however, consistent with the second domain of
Van Kreveld and Van den Hoed and Kirkland
and agree semi-quantitatively with Cf’ from eqn.
37. Interestingly, the onset of this effect is later
for TSK3000SW.

Seventh study. Afeyan et al. [14] recently ana-
lysed POROS material (Cf =90, d =20 pm) ate
Re <0.3 and proposed a theory of convection
that is identical with that of Griineberg and
Klein (I =2) without applying it to their data.
Judgement is difficult because the paper does not
report all the information needed for analysis,
but the plateau observed in the range A =3-8
may agree with Rodrigues et al. (I=0.6) even
though a value as low as /=0.2 cannot be
excluded. Lack of a second regime may simply
be due to the fact that for such wide-pore
material Cf' > Cf rather than the opposite and
thus never comes to play.

Shell model. A completely different explana-
tion for a decrease of the C-term with increasing
flow rate was put forward by Kubin [143]. He
assumed that penetration of the beads is limited
to an outer shell of variable thickness because
there is insufficient time to establish equilibrium
throughout the bead. Others have used Kubin’s



M. Potschka [ J. Chromatogr. 648 (1993) 41-69

model to explain their experimental observation
of a decrease of the C-term with increasing flow
rate [144]. Owing to limitations of space a
thorough discussion of this matter is deferred to
a forthcoming second part of this series (“The

St ccanad smsmmnacoas oA o acveed

role of transport processes and uuu-cqudibrium
in size-exclusion chromatography”). The predic-
tions of Kubin’s particular model are, however,
briefly compared with the results of this inves-
tigation.

This study. Kubin’s shell model predicts a
maximum around R/R,,, = 0.5 for the Superose-
12 data shown in Fig. 7. In this regard Kubin’s
model is phenomenologically indistinguishable

from the Taylor—Aries theory (first study). At

the same time the Kubin model underestimates
the effect for TSK600OPW if it alone had to
explain the low value of « that is observed in this
instance. In order to explain fully the observed
dispersion data, convective mass transport must
therefore occur.

According to the presented Taylor—Aries
theory (see First study) (eqn. 30), Superose-12
data should belong to the diffusive regime. For
Superose-6 eqn. 32 predicts a maximum around
100 Pe, which is just above the range of mea-
surement. The reported « value should undoubt-
edly be Dbiased by convection. Finally,
TSK6000PW should be entirely in the convective
regime. Clearly, no maximum is observed (see
Fig. 5) and neither is a plateau. The functional
form of eqn. 30 must therefore be doubted.

According to the data of Van Kreveld and Van
den Hoed (see Fourth study), the TSK6000PW
column would operate in the plateau of convec-
tion, which is not borne out by the data. It must
be emphasized that according to eqn. 37 even
Superose-12, with the same pore size and even
smaller beads, should be subject to convective
contributions.

The random walk model (see Second study)
(eqn. 33 with /=2) predicts that Superose-12
operates in the diffusive regime. Since all data
were taken at A <0.3, Rodrigues et al.’s analysis
(see Third study) claims />10 and safely ex-
cludes convective terms. In analogy with
Rokushika er al.’s data (see Sixth study), the
second convective domain is not yet manifest for
Superose-12 at 0.5 ml/min flux. The Superose-12
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data consequently represent pure effects of ob-
structed diffusion. Superose-6 exhibits a slight
contribution from convection. The data repre-
sent a range A =1-8, which corresponds to /=
0.8-3 according to Rodrigues et al. (see Third

ctndy) and ic difficult ta digtinouich fram tha
Study ) anG 15 GiaiCun 1O GISUIgUisa IO uic

random walk models. The apparent « values for
TSK6000PW are significantly decreased but the
plateau region lies outside the range of measure-
ment. The available data represent a range of
A =3-30 which corresponds to /=0.6-1.2. Ac-
cording to the data of Afeyan et al. (see Seventh
study) one would not expect much of a second
domain for this column. Explicit account of
convection increases a to a value around 7 and
demonstrates that this magnitude is the true
value for diffusive mass transfer of solid spheres
in all porous matrices. A value of / =2 is clearly
insufficient in this regard and gives preference to
Rodrigues et al.’s equation (eqns. 33, 35, 36).
The large scatter of this particular data set and
the wide pore size distribution of TSK6000PW,
however, preclude a decisive validation of the
details of Rodrigues et al.’s equation.

The experimental data in this investigation are
based on different solutes run at the same flow-
rate. Future study of their flow-rate dependence
is expected to resolve the undecided quantitative
issue. It is obvious, however, that Rodrigues ef
al.’s analysis does not predict the observation of
a second domain of dramatically increased con-
vection. In part this should be related to the
neglected Peclet number, Reynolds number and
geometric dependence (see A.-term in Theory
section). The observed magnitude and phenom-
enology (Cf’' term), however, is clearly not
understood. The cumulative empirical evidence,
however, is consistent and leaves no doubt about
the crucial influence of convection not only for
novel wide pore materials but even for tradition-
al SEC situations.

CONCLUSIONS

Of all theoretical considerations of obstructed
diffusion, the numerical resuits of Famularo
come closest to experimental truth and their use
is strongly recommended. His calculations are
well represented by a logarithmic one-parameter
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function for obstructed diffusion in those in-
stances where excluded volume and drag effects
occur together, such as in SEC. The parameter
then is a = 7.4 except for the very initial slope of
a =5.5. Drag effects alone are not well repre-
sented in this manner. Geometrically simple
membrane pores and complex porous networks
of variable cross-section behave similarly as far
as data quality permits a conclusion. Advanced
theoretical efforts in complex geometry are de-
sirable, however, as much as experimental con-
solidation. The centreline approximation is clear-
ly erroneous and many of its widespread applica-
tions, particularly in the field of biological
porosimetry, will need to be revised. There is
reasonably good evidence that, in the limit of
infinite low sample concentration, obstructed
diffusion correlates with the diffusional Stokes
radius of infinite dilution plus extra interfacial
terms due to the finite “concentration” of the
pore walls. Deviations to smaller sizes are arti-
facts of finite sample concentrations, at least for
aspect ratios of R/R,,,<0.4. The obstructed
diffusion of polyelectrolytes at low ionic strength
is fully explained by the role of interfactial
effects analogous to their role in SEC retention.
As different sizes are derived by retention and
dispersion for asymmetric molecular shapes, the
mechanism of retention is not determined by
transport processes.

Convective mass transport within the stagnant
zone occurs in most SEC studies. SEC of large
polymers is only feasible because convection
substantially improves resolution. Of all theories
of convection, the equation of Rodrigues et al.
comes closest to experimental evidence, but does
not explain the occurrence of the manifold
increased convection at higher than standard
flow-rates that was observed in two other studies
and is currently not understood. Consequently,
ultra-rapid separations are feasible even with
narrow-pore materials without ever exceeding a
reduced plate high of s =100, which may be
sufficient for some process control applications.
For those who so far have remained sceptical
about the existence of flow-through capillaries in
chromatographic matrices, the demonstration of
convection also provides evidence for this totally
porous nature of the materials. Further, the so-
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called “stagnant” zone moves slowly through the
beads, even though the flow is Cf times less than
in the mobile zone.

Analysis of Van Deemter’s A-term suggests
that the assumption of laminar flow in the mobile
zone is invalid. Comparison of different chro-
matographic columns yields a variation of the
A-term by a factor of 3, the origins of which
remain to be established. Such variation was
formerly attributed to the quality of the column
packing and is not explained by the role that
theory gives to the porosity parameter. A proper
physical description of convection and diffusion
in the mobile zone is obviously intimately helpful
in formulating the equivalent problem of stag-
nant zone mass transfer. The theory now seems
fit for accurate predictions of reduced plate
heights and thus enables a priori optimization of
resolution and correction of physical dispersion
in size distribution analysis. A refined under-
standing of the mechanism of chromatographic
dispersion helps in comprehending the geometric
topology of packed beds and porous materials
and of its hydrodynamics.

SYMBOLS

a Mark-Houwink exponent

c interstitial linear velocity

Cp intra-pore linear velocity

c* overlap concentration

Cinj concentration of the injected sample

d bead diameter

flux volumetric flow-rate

h reduced plate height

k adjustable parameter in A-term

l constant or variable factor in C,

m exponent that measures fluid condi-
tions

n net charge of polymer

P porosity [of the interstitial (p,) or
bead (p,) zone]

wy peak width at half-height

A Van Deemter term A

A, term for eddy dispersion

A, term for film resistance of trans-zone
transfer

(A) average cross-sectional area of a pore
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maximum cross-sectional area of a

pore

minimum cross-sectional area of a

pore

Van Deemter term B

Van Deemter term C

convective contribution to mass trans-

fer term

diffusive contribution to mass transfer

term

convective factor

diffusion coefficient [in bulk solution

(Dpu) or in confined pore space

(Dpore)]

ionic strength

column length

generic molecular mass

number-average molecular mass

mass-average molecular mass

number of plates

Van Deemter-like term of sample

polydispersity

Peclet number (of mobile zone)

generic radius

effective radius of retention in SEC

effective radius of dispersion in SEC

interfacial contribution to the effective

radius

equivalent shape radius of core body

as part of Ry

bulk diffusional Stokes radius at infi-

nite dilution

bulk viscosity radius at infinite dilution

max maximum pore radius

minimum pore radius

12 average pore radius

Reynolds number

retention volume

Veoumn  total volume of the empty column

Viot total liquid volume of the filled
column

Vioid interstitial volume

Ap back-pressure

Ar film thickness

B2
®
4

min

o naw > >

58

=

£

TZRRRO™

Q

5 0 %

»

g 3
5

AR N XN WIIIY
m
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<%

Greek letters

a key factor in obstructed diffusion

B concentration dependent size com-
pression factor
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solution viscosity

] intrinsic viscosity
Peclet number (of stagnant zone)
density
standard deviation
tortuosity [of the interstitial (&) or
pore (£,) zone]

€ adjustable parameter in A,

w, w', w, proportionality constants in A-term

mQv >33
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