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Abstract

The use of shear forces for the generation of the mobile phase flow in chromatographic separations is proposed. This novel
chromatographic operating principle, referred to as shear-driven chromatography (SDC), completely circumvents the
pressure-drop limitation of conventional pressure-driven GC and LC without affecting the operational flexibility (choice of
mobile and stationary phases, possibility of solvent and/or temperature programming, etc.). In the present paper, the
expression for the height equivalent to a theoretical plate in SDC in a channel with a flat rectangular cross-section is
established and is used to demonstrate the large gain in analysis speed under LC, GC and supercritical fluid chromatography
conditions. O 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

Presently, all chromatographic analysis techniques
are either pressure-driven or electrically-driven [1].
The two most popular versions of pressure-driven
chromatography are packed-column high-perform-
ance liquid chromatography (HPLC) and open-tubu-
lar gas chromatography (capillary GC). Although it
has recently been demonstrated that HPLC columns
can be operated at much more elevated pressures
[2,3], mechanical sealing problems, therma prob-
lems and pressure-dependent retention effects usually
limit the operating pressure to about 200 to 400 bar
for LC. For GC, this pressure-drop is usualy limited
to 5 to 100 bar (depending upon the gas—liquid
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equilibrium characteristics of the carrier fluid and the
sample). Both in packed and open-tubular columns,
this pressure-drop limitation restricts the applicable
mobile phase velocity, the column length, and, as a
consequence, also the achievable number of theoret-
ical plates. It aso puts a down-limit to the column
diameter d (open-tubular columns) or particle diam-
eter d, (packed columns) which can be used to
perform a given separation [4]. Considering that the
andlysis time varies according to d” or d [5], this
diameter down-limit also puts a down-limit on the
analysis time. In electricaly-driven separations, a
similar down-limit exists. In this case, the analysis
time is limited by the existence of a maximal
alowable voltage drop [6].

2. Shear-driven chromatography (SDC)

As a means to break through these analysis time
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down-limits, the present study proposes the use of
shear forces for the generation of the mobile phase
flow. Whereas in pressure-driven chromatography
(PDC) the mobile phase flow is generated by apply-
ing a (pressure) force at the channel inlet only, the
concept of shear-driven chromatography (SDC) is
based upon the application of a flow generating
(shear) force al along the channel length. In this
way, the fluid motion is sustained al along the
channel length and the chromatographic operation
can be effectuated without the need to impose a
pressure gradient. An example of such a shear-driven
flow is the parallel plate flow (Couette flow), which
is described in nearly every basic text book on
hydrodynamics and which is often used to explain
the viscous effect of liquids and gases. The absence
of a pressure drop can aso be understood from the
working principle of a so-called viscous pump [7].
Although a wide variety of other layouts can be
proposed [8], the most simple and illustrative SDC
apparatus consists of a moving belt dliding past a
stationary plate in which a straight, flat rectangular
channel is recessed (Fig. 18) which accommodates a
stationary phase layer on its bottom wall (Fig. 1b). In
this set-up, the moving belt drags the mobile phase
fluid in, through and out the separation channel. The
required parallelism between moving and stationary
channel wall parts can be ensured by firmly pressing
the moving belt against the stationary plate and al
kind of measures can be taken [8] to provide the
moving wall part with a sufficient mechanical trans-

(b)

Fig. 1. Possible layout for SDC apparatus: (a) longitudinal view,
(b) cross-sectional view. Description of the different parts: (1)
moving wall element, (2) stationary wall element carrying the
stationary phase layer, (3) injection section, (4) detection section,
(5) drive-system for moving wall element, (6) mobile phase fluid,
(7) side-banks, (8) cover plate.

versal rigidity. As the absence of a pressure drop
implies that the pressure in each point inside the
channel can be kept identical to the surrounding
pressure, it is obvious that the danger of a convective
leakage flow through the channel side-wals is
completely excluded.

A series of preliminary tracer flow experiments
has already been conducted with a 2.54 cm long
channel arranged stationary glass plate. These ex-
periments successfully demonstrated the feasibility
of SDC between two flat plates. It was found that the
injected tracer pulse moves with exactly half the
speed of the moving plate [cf. Eq. (2)] and that the
injected tracer pulse only minimally broadens during
its travel along the channel. A more complete report
on these experiments will be presented in a following
paper.

Fig. 2 clearly illustrates the major difference
between SDC and PDC. In open-tubular PDC, a
parabolic velocity profile is established (Fig. 2d), and
the mean mobile phase (u,,), the column length (L)
and the column diameter (d) are restricted by
Poiseuille’s law:

L
AP, = e (1)

In SDC, a linear velocity profile is established
(Fig. 2b) and, as there is no pressure drop, the values
of u, d and L can be freely selected. This offers the
possibility to design channels yielding thus far
unachievable plate numbers (by using large L) and/
or yielding extremely fast separations kinetics (by
using small d). The latter possibility complies per-
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Fig. 2. Flow profiles in PDC (a) and SDC (b).
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fectly with recent breakthroughs in the micro-mach-
ining and micro-replication technology [9], which
alow to envision the manufacturing of a 0.1 pm
thick, 100 pm wide and 10 cm long channel with an
over-all channel thickness tolerance below 1% [10].
Another important advantage of the concept is that
the need for a high-pressure pump is eliminated.

Although the SDC principle can also be exploited
in channels with a small aspect ratio cross-section
(e.g., acylindrical or a square-like cross-section), the
present study is entirely focused on channels with a
flat rectangular cross-section, i.e., channels in which
the channel width w is orders of magnitude larger
than the channel thickness d. In large aspect ratio
channels, the small thickness should provide the fast
separation kinetics whereas the much larger width
should provide a sufficient optical path length and a
sufficient volumetric flow-rate and mass loadability.
The use of large aspect-ratio channels to increase the
concentration detectability of open-tubular separa-
tions has aready been investigated for PDC and
capillary eectrophoresis [5,11,12], but as will be
demonstrated, the idea has a much larger chance of
being successful with the SDC principle.

3. Calculation of the height equivalent to a
theoretical plate (HETP)

To properly evaluate the potential of a chromato-
graphic system, the relation between the HETP and
the mobile phase velocity (u) has to be known. As
this relation is not at hand for SDC, it has to be
derived from Aris general solution [13]. The HETP
calculation for the actual rectangular channel prob-
lem will however only be performed in Section 3.2,
because we found it instructive to first consider the
case of a shear-driven flow between two flat parallel
surfaces with an infinite width, i.e., in a hypothetical
side-wall-less channel.

3.1. Shear-driven flow between two flat parallel
plates

Considering the flow between two infinitely wide
and flat parallel plates, one of which is at rest while
the other is moving in its own plane with a velocity
u,,, and assuming that there is no externally imposed

pressure difference, pure hydrodynamic considera-
tions [14] show that the fluid velocity is purely
uni-dimensional and varies in a strictly linear way
with the distance between the stationary and the
moving plate (Fig. 2b):

u(y)=u,y/dandu,=u,/2 (29

Or, after introducing the dimensionless variables y
(=y/d) and u (=ulu,,):

u=yandu,=1/2 (2b)

Before the HETP calculation can be performed, it
should first be noted that Aris general solution
procedure is only valid for axisymmetrical systems.
This follows from the condition of a zero net flux
across the channel center (dn/dr=0 at r=r,) which
is imposed in Aris origina paper [13]. The present
flow system therefore first has to be transformed into
an equivalent axisymmetrical system. This can how-
ever smply be achieved by mirroring the flow
system with respect to the moving wall. In this way,
the single-side coated flow system with thickness d
(Fig. 2b) is replaced by a two-side coated flow
system with thickness 2d (Fig. 38). As is shown in
Section A.2, the mobile phase mass transfer term
(HETPR,) for the flow system depicted in Fig. 3a can
be calculated to be:

2 147K +16k'? d’
HETR, = 30 (11K “Up, D 3

From the condition of symmetry across the chan-
nel’s mid-plane, which is equivalent to the condition
of a zero net flux of sample species, it follows
directly that the expression given in Eq. (3) is aso
valid for the actual SDC flow system depicted in Fig.
2b.

To validate Eq. (3), we have compared it to some
of the HETPR,, expressions known from literature [15]
for other flow types. Two flow types are considered:
a parabolic, pressure-driven flow between two paral-
lel plates with infinite width (Fig. 3b), and a hypo-
thetical flow with a uniform velocity (Fig. 3c):
parabolic flow [15]:

2 1+9K +255k'? d?

HETPmZZ—lO (1+ k/)Z 'um.D_m (43)
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Fig. 3. Different flow systems: (8) double, axi-symmetric SDC
flow in channel with diameter 2d, (b) parabolic PDC flow, (c)
hypothetical, uniform velocity flow, (d) double, axi-symmetric
SDC flow in channel with diameter d.

and uniform flow [15]:

verp, = 2. <, & (4b)
m_6 (l+k,)2 m Dm

To alow for a proper comparison, it should first
be noted that in Egs. (48 and (4b) d refers to the
diameter of the channel, whereas d refers to the
radius of the channel (i.e., one haf of the channel
thickness, see Fig. 38 in the SDC expression [Eq.
(3)]. To account for this, the HETP,, value given in
Eg. (3) should first be transposed to the SDC flow
system shown in Fig. 3d, with a total diameter
(thickness) of d instead of 2d:

2 1+7K + 16k’ (d/2)?
0 @+ky "D,

2 1+7K +16k'? d?
T oz Un o (5

HETP, =

T1200 (1+k)?
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Fig. 4. Normalized HETP,, values for the different flow systems
depicted in Fig. 3. Lettering of the curves as in Fig. 3.

In Fig. 4, the HETP,, expressions for the different
considered flow systems are represented as a func-
tion of k', clearly showing that the equivalent SDC
system depicted in Fig. 3d yields HETR,, values (cf.
curve d) which are of the same order as that of the
two other flows: the difference with the parabolic
pressure-driven flow (curve b) is nowhere signifi-
cantly larger than the difference between the
parabolic flow and the uniform flow (curve ¢). Thisis
in agreement with what can be physically expected
and can hence be considered as a validation for Eq.
(5) and hence aso for Eg. (3).

Returning now to the practical chromatographic
system, it should be noted that the flow depicted in
Fig. 3a and d only exists in theory, because it would
require the movement of an infinitely thin, fully
permeable mechanic device along the center plane of
the channel. As this cannot be realized in practice,
the relevant SDC flow configuration hence corre-
sponds to Fig. 2b, and the relevant HETP,, expres-
sion for SDC in a channel with thickness d is hence
given by Eqg. (3). The proper comparison between
SDC and PDC, both in an infinitely wide channel
with thickness d, should hence occur by comparing
Eg. (3) and (49), or equivaently, by comparing
curves (@ and (b) in Fig. 4. The large difference
between both HETP,, curves can now be explained
by the fact that, whereas in PDC the stationary phase
layer can be applied on both the bottom and the
upper wall, the stationary phase layer can only be
applied on one of both walls in SDC. As a conse-
gquence, the mean radial distance traveled by the
sample species during their stay in the mobile phase
is doubled, and this explains the large HETP,, values.
As will be shown in Section 4, the unfavorable
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HETP, vaues of SDC can however essly be
countered by the fact that the SDC concept allows a
free selection of the channel thickness d, such that it
is aways possible to select a d value which is
sufficiently smaller than the best possible d value
which can be used in PDC.

As demonstrated by Giddings [15], the HETP
contribution of the stationary phase mass transfer
resistance (HETP,) is independent of the mobile
phase flow. As the stationary phase in the flat
rectangular SDC channel depicted in Fig. 2b is a
simple flat slab with thickness 6, the HETP, value is
given by [15]:

HETP, 2 K o 6
s 3 (1+k,)2 um Dm ()

Finaly, adding al HETP contributions, and in-
cluding the mobile phase axial diffusion effect, it can
be concluded that the global HETP expression for
the flow system in Fig. 2b is given by:

D, 2 1+7k +16k’? d’
HETP=2 —D+4 — —————

U 0 (1+k’)2 -um.D_m
+2 ——E;—-u L (7)
3 (1+k)*> ™ Dy

3.2, Shear-driven flow in a flat rectangular
channel with finite lateral width

Returning now to the case of a closed rectangular
channel with finite lateral dimensions, it should be
noted that, for the case of a pressure-driven flow,
Golay [16], Doshi et a. [17], and many others have
demonstrated the unexpectedly large influence of the
side-walls. They found that the w/d - co-limit of
their axial dispersion solution did not reduce to the
solution for the infinite wide channel given by Eq.
(49). Instead, they found that the side-walls yield a
peak broadening effect, which can be represented by
an additional HETP contribution (HETP,, (). In the
case of a retentive-less flow, this contribution could
be calculated to be [16]:

(d/2)?
HETPR, o = 2kaUn 5

m
2

d
= 0.0662u,,* 1~ (i, = 0.1324) (8)

Adding this term to the HETP expression for the
side-wall-less case, the HETP for open-tubular PDC
in a flat rectangular channel with a finite width is

given by:
2D+m1+w+%&igi
u 210(1+k')®>  Dp

2K 82+—00662 ¢

5 . oo u. 5 . U.~—

3 (1+k)® ™ D "D,
9

m

HETP=

Experimental evidence for Eq. (9) has been
gathered by Martin et a. [19]. Grouping the axial
dispersion terms, Eq. (9) can be rewritten to yield
Eq. (T4b) of Table 1. Eq. (9) shows that, in the case
of aretentive-less flow with u,, > u,,, the presence
of the side-walls increases the HETP by a factor of
7.94 as compared to the side-wall-less case [16,18].

As the side-wall effect leads to a severe deteriora
tion of the PDC performance [16], it is obvious that
the side-wall effect also has to be investigated for the
SDC case. To properly assess this effect, Aris
general solution procedure has to be applied to the
three-dimensional (3D) velocity profile induced by
the presence of the side-walls in the SDC channel
(see Fig. 5a—h). This congtitutes a very difficult
caculation problem. But, for the case of a large
aspect ratio cross-section (i.e., w>>d), the problem
can be considerably simplified by approximating the
actual 3D velocity field by the 2D velocity field
which is obtained when averaging the actual velocity
field over the y-direction. This approximation is
justified because, in channels with a large aspect
ratio, the differences in mobile phase velocity are
much more rapidly equilibrated across the channel
thickness than across the channel width. The validity
of this approximate approach has been largely dis-
cussed and demonstrated by Cifuentes and Poppe
[20] for both PDC and capillary zone electrophoresis
in flat rectangular channels.

The full calculation of the additional side-wall
contribution for the SDC flow is given in Appendix
A.2, yielding:

(d/2)?
swUm D

HETP, ., = 2K

m
2

d
= 0.04945u,, - 5~ (10)
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Table 1
HETP expressions
I. HPLC [4]: HETP=A-d,+B-— "+ Cu - . (T1)
with: A=2\ (A=0.5)
B=2y (y=0.8)
 0.37+4.69' +4.04k’?
B (1+K)?D,,
I1. Open-tubular chromatography: 2D 2
HETP=T+2uf m (T2)
. . . ’ l ’ 12 ¢2 ’
Ila. PDC (cylindrical capillary) [15]: f =@-(1+ 6k’ + 11k )+§~k (T3)
I1b. PDC (fl lar channel) [15]: f’*i k' ﬂk’2 & K’ T4
. PDC (flat rectangular channel) [15]: 7210-(a+9 +5 )+35' (T4)
No side-wall: a=1 (T4a
With side-wall: a=794 (T4b)
1 , P
Ilb. SDC (flat rectangular channel): f =30 (a+ 7k’ + 16k )+§- k (T5)
No side-wall: a=1 (T59)
With side-wall: a=174 (TSh)
Adding this t_erm to Eq. (16)_, the following global 2D, 1+ 7K + 16k'%2 d?
HETP expression for SDC in a flat rectangular HETP= t, ——— =~
i i i u " 30(1+k)> D
channel with alarge, but finite lateral width (w > d) m m
is obtained: N 2 k’ ! 5_2 ¢ 0.04940 d_2
3 (1+k)>mDs T "D,
(11)

u=0 dr2 u=0

|
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Fig. 5. Schematic representation of SDC in a channel with side-
walls: boundary conditions (8) and averaged axia velocities u(2)
and u,, (b).

Similar to Eg. (9), Eq. (11) can aso be rewritten
by grouping the axial dispersion terms. This yields
Eq. (T5b) of Table 1. Comparing Eg. (10) to Eq. (8),
it can be seen that the side-wall effect in SDC is
somewhat smaller, but still of the same order of
magnitude as in PDC. However, as the basic HETP,
contribution (i.e,, for the side-wall-less case) is
significantly larger for SDC than for PDC, it is
obvious that the relative increase of the axial disper-
sion caused by the side-walls is much less important
for SDC than for PDC (see dso Fig. 7). For a
retentive-less, high-velocity SDC flow, this increase
is equa to (0.0494+2/30)/(2/30)=1.74, which is
obviously much smaller than the factor of 7.94 [17]
for the corresponding PDC case.
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4. Comparison with pressure-driven LC [high-
performance liquid chromatography/open-
tubular liquid chromatography (HPLC/OT-LC)]

With the HETP expressions derived in the previ-
ous Section, the separation speed of SDC can how be
compared to that of the conventiona PDC systems,
using:

N-HETP
taa == (LK) (12)
and:
16R?  (1+k')?
N = 2’ 2 (13)
1-a) k

The HETP expressions for the different considered
chromatographic flow systems are summarized in
Table 1. In Eq. (13), « is the separation factor for
two members of a given critical pair, R, is the
desired degree of resolution and k' refers to the
retention factor of the first eluting component of the
critical pair (m=¢). For PDC, the mobile phase
velocity u is limited by Poiseuille’s law (d=d,, for
packed column PDC):

u,-N-HETP
ap = Yn N-HETP (14)

max d2

For SDC, the mobile phase velocity u,, can be
freely selected. However, just as for PDC, an optimal
mobile phase velocity u,, can be identified from the
minimum of the (HETP, u,,) relationship. As the
HETP expression for SDC is of the form [cf. Egs.
(T5a) and (T5h) in Table 1]:

2D,
HETP="""+2u,C (15)

m

it can easily be shown that:

Dn
min < Um = Ugy = ? (16)

HETP = HETP,

Inserting Eq. (16) into Eq. (15), it follows readily
that:
HETPR,,,=4\/D,C (17)

From Egs. (12), (16) and (17) it can easily be
verified that:

2

d
t = ANC(L+K') =4Nf"- 5=~ (1+K)  (18)

anal,opt

The f' factor is defined according to C=f'd*/D,,
in Eq. (T2) of Table 1. Eq. (18) yields the analysis
time for the u,, = u,,, case, i.e, the case yielding the
minimal HETP and minima column length con-
ditions. The analysis time can however be further
decreased by increasing u,, above u,,. Putting
u,=% in Egs. (12) and (15), and calculating the
corresponding analysis time, it is easily found that:
2

d
t =2NC(1+K)=2Nf"- 5= (L+K)  (19)

anal,min

This value is exactly one half of the t,, value
given by Eq. (18). It can be shown that this ultimate
separation speed is already sufficiently approximated
from about u,,=10u,, on. For the SDC case, the
Uy, =U,, and the u,, > u,, velocities can uncondi-
tionally be imposed, and Egs. (18) and (9) are
aways valid. Provided that the pressure drop limita-
tion is not violated, the results and conclusions
represented by Egs. (15)—(19) are in fact also valid
for PDC. However, when exploring the performance
limits of SDC and PDC, the pressure drop limitation
of PDC inevitably comes into play. For open-tubular
PDC, this limitation is reflected by the existence of
an optima column diameter (d,,), which is, in-
dependently of the channel geometry, given by [21]:

2 AyuD,N

don =" AP,.,,

(20)

For packed column PDC, a fully similar expres-
sion can be established for the optimal particle
diameter d,,, [4]. EQ. (20) expresses the well
known fact that the absolute minimal analysis time
under PDC conditions is obtained for the column or
particle diameter for which the corresponding u,
velocity exactly yields the maximal allowable pres-
sure drop in a column which is exactly long enough
to yield the desired plate number. This implies that
in PDC a different optimal column or particle
diameter prevails for each different separation. It
also implies that the absolute minimal analysis time
for PDC is given by Eq. (18), after replacing d by
dope [EQ. (20)], and after replacing u,,, by u,, [Eq.
(16)]:
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anal mln(PDC) AP ) (21)
or:
anal mm(PDC) N (22)

For SDC, Egs. (18) and (19) remain uncondition-
aly valid, and hence:

tanal,min(SDC) ~N (23)

Comparing Egs. (22) and (23) immediately shows
that the most marked advantage of SDC lies in the
fact that it alows to select the column diameter d
independently of N, such that t, . ., increases in a
directly proportional way with N, whereas in PDC,
an increase of the required theoretical plate number
also implies an increase of the optimal column or
particle diameter such that t,, ., increases accord-
ing to N”. The advantage of SDC will hence be most
pronounced for separations requiring large N values.
However, SDC is aso advantageous for more
routine-like separations, because it alows the use of
d values which are much smaller than the optimal d
value for the corresponding PDC case. Ast,,,, varies
according to d [cf. Egs. (18) and (19)], the advan-
tage is obvious.

When comparing the analysis times of different
chromatographic systems, it should also be consid-
ered that a different optimal retention factor (k'=

IDt) can be identified for each of these systems. This
ke Value corresponds to the value of k' for which
the t,,. min €Xpressions given in Egs. (22) and (23)
reach their minimum. For the PDC case, considering
Eqg. (21), and replacing N by its relation to k' [Eq.

(13)], the following relation between t,, i, ad k’
is obtained:
64°R.  ym (1+k)°
tonal, min(PDC) = (1— aS)A ’ AP, . f(K')- K4
(24)

For the SDC case, the relation between t, ., ..
and k' is simply obtained by replacing N by its
relation to k' in Eq. (18):

64RZ  (1+k) d’
tanal,min(SDC) = (1 —a )2 : f (k ) k/2 D_
(25)

Egs. (24) and (25) are both clearly optimizable
with respect to k’. As the numeric constants in the
expression for f' are different for each chromato-
graphic system, it is obvious that each chromato-
graphic system has a different kOpt value. To fairly
compare the optimal performance of the different
chromatographic systems, each system should be
evaluated at its proper k;, value. This k;, value
furthermore also depends upon the phase thickness
ratio ¢ [22]. For the ¢ < 1 case, it has been shown
by Scott that k;,=2.69 for PDC in a cylindrical
capillary with d=d,, [23]. For PDC in a flat
rectangular channel (with ¢ <1 and d=d,,), it can
be shown that k;,,,=2.47 when the side-wall effect is
neglected [22], whereas kopt—2.92 when the side-
wall effect is taken into account. The latter result has
been obtained by numerically optimizing Eq. (24),
using the expression for f’ given by Eq. (T4b) in
Table 1. Numerically solving Eq. (25) with f’ given
by Eq. (T5a), yields kopt—0.82 for SDC in a flat
rectangular channel without side-walls. Replacing f’
by the expression given in Eq. (T5b), it can be
shown that the k;,, value for SDC shifts to k=
0.92 when the side-wall effect is taken into account.
It should be recalled that both cited k;, values are
for the ¢ << 1 case. For cases in which the ¢ <1
assumption is not valid, the calculated k;,, value is
given in the caption or legend of the corresponding
figure. For HPLC, a similar k' optimization can be
performed. According to Ref. [4], the kOpt value for a
HPLC column withd,=d can be calculated to be
Kopt =2.4.

In Fig. 6, the separation speed of liquid phase
SDC is compared with that of conventional HPLC.
The plain line corresponds to a HPLC separation
with k'=k;,=24 and with u=u,, given by
Poiseuille’s law (AP,,,, =400 bar). The two dashed
lines refer to SDC and have been calculated using
Eq. (T5b). The upper dashed line is for u,,=u,, and
k'=2.4, dalowing one to compare the SDC and
HPLC system for the same k’ value, and for approxi-
mately the same u,,, value. The lower dashed line is
for u,=10u,,, and k'=0.92, and represents the

p,opt

opt
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10°
tanal () |

Fig. 6. Comparison of analysis times between liquid phase SDC
(dashed lines) and HPLC (plain line, K{p ¢ oo =24, U=U,, foOr
AP, =400 bar and ¢ =750) for R,=1.25 and for a,=1.03. For
SDC, two cases are considered: (1) k'=2.4 and u,=u,, and (2)
k'=k.,=0.92 and u,,=10u,,,. Other parameters. ¢,.=0.1, e=

opt opt*

05, D,=1-10"° m?/s, u=10"% kg/(m 9).

absolute minimal analysis time in SDC. The HPLC
curve clearly shows the dramatic increase of the
analysis time when sub-optimal particle diameters
are used. The SDC curves clearly reflect the main
advantage of SDC: the analysis time unconditionally
decreases with the channel thickness.

Fig. 7 shows the influence of the stationary film
thickness (via ¢=6/d) on the anaysis time. For
¢ <1, the use of very small channel thickness
values leads to extremely small analysis times. With
the current state of detector technology, the corre-
spondingly small peak widths and the extremely
small mass loadability of such columns will however
inevitably lead to detection problems. Fig. 7 has been

10° ——
0=40 (Kop=445) e

o}

tanal () | HP

00 10 20 30 40 50 60 70 80 d(um) 100

Fig. 7. Influence of the stationary phase thickness on the analysis
time for liquid phase SDC, and comparison with conventional
HPLC (plain line, Kip cop=2.4). Parameter values. R ,=1.25,
@,=1.03, €=05, D,,=1-10"° m?/s, u=10"° kg/(m 9, u,,=
10u,,, (SDC), u=u,,, for AP =400 bar and =750 (HPLC).

included to show that, by sacrificing part of the gain
in analysis time in favor of an increased film
thickness, the SDC principle offers a large margin
over which the film thickness (and hence the con-
centration detectability) can be increased before the
analysis time exceeds the analysis time of the best
possible HPLC column.

In Fig. 8, SDC is compared with open-tubular
PDC in aflat rectangular channel. Compared to Fig.
6, the SDC now only becomes advantageous over the
PDC system at much smaller d values. This is of
course due to the fact that open-tubular PDC pro-
vides much faster separation kinetics than the HPLC
system. Comparing the plain with the dashed lines,
Fig. 8 aso shows that the side-wall effect is less
severe for SDC than for PDC, a fact which has
already been discussed in Section 4.

In Fig. 9, the comparison with PDC is generalized
over the entire range of practically relevant o
values. First a comparison with HPLC is made (Fig.
9a). The advantage is obvious. In Fig. 9b, a com-
parison is made with open-tubular PDC in a cylindri-
cal capillary. For the latter, two values of the column
diameter have been considered. One, d=5 pm,
representing the present state of the art in research
laboratories [24] and corresponding to a column
which exhibits exactly the same mass loadability as a
1 pm thick and 100 pm wide SDC channel (assum-
ing ¢#=0.1 for both cases). And one, d=1 um,

20 d(um) 25

0.0 0.5 1.0 1.5

Fig. 8. Comparison of analysis times between liquid phase SDC
and open-tubular LC (OT-LC) in flat-rectangular channel. Two
cases are considered: (1) without side-walls (dashed lines:
Kor-Lc.opt = 2-47 and Kgp ¢ ., =0.82) and (2) with side-walls (plain
lines: Koy ope =2.92 and Kgp e o =0.92). Other parameters: R =
1.25, @,=1.01, ¢=01, €=05, D,=1-10"° m’/s, u=10"°
kg/(m 9, u,=10u,, (SDC), u=u,,, for AP, =400 bar and

¥=32 (OT-LC).
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Fig. 9. Variation of t,, with a,—1: comparison between SDC
(dashed lines) and three different types of PDC (plain lines): (a)
HPLC (¢=750) and (b) OT-LC in cylindrical capillary (=32).
Parameters. R.=1.25, a,=101, ¢=0.1, ¢=05, D, =1-10"°
m?/s, u=10""kg/(m s, u, = 10u,,, (SDC), u=u,,, for AP, =
400 bar (PDC).

alowing us to compare with the 1-um SDC channel
under the condition of equal channel diameters.
Successful measurements in a 1-um capillary have
aready been successfully demonstrated in the past
[25]. Analysis times corresponding to other channel
diameters can easily be obtained by noting that
t,..~d°. Fig. 9b clearly shows that, for the same
channel thickness (compare curve pl with curve sl),
PDC yields shorter separation times than SDC in the
range of large a,. This is due to the fact that the
HETPR,, value for PDC [Eq. (48)] is smaller than for
SDC [Eg. (3)]. In the range of small «, on the other
hand, the pressure drop limitation no longer allows
to operate the PDC channel beyond or at its optimal
mobile phase velocity. Instead, the mobile phase
velocity has to be strongly reduced, such that, below
a given value of a, the SDC channel yields shorter
analysis times than the PDC channel.

Apart from yielding superior separation speeds in
the range of small a,, SDC also betters PDC over the
entire «, range by taking advantage of the possibility
to use a smaller channel thickness (cf. curves s1-s4
in Fig. 9b). As is demonstrated by curve (s5), this
reasoning should however not lead to the use of
impractical thin channels. Curve (s5) shows that, by
working under supercritical fluid conditions, SDC
offers the possibility to generate separation speeds
which are minimally 10-times larger than the sepa-
ration speeds in a PDC channdl with the same
diameter. These extremely large separation speeds
arise from the fact that the SDC principle allows to
keep a uniform pressure over the entire channel
length. A shear-driven SFC separation can hence be
performed at pressures just above the critical pres-
sure (typically around 40 bar), whereas in PDC the
column efficiency loss caused by the axial pressure
gradient [26] obliges one to operate the column at
pressures which are typically in the 200 bar region,
where the molecular diffusivity is about one order of
magnitude smaller than near P_,,. Another advantage
of SDC is that the supercritical fluid separations can
be performed in 1 pm or even sub-1 pm channels,
whereas in supercritical PDC, the very stringent
pressure drop limitation imposes the use of channel
diameters which are of the order of 25 to 50 pm
[27]. Considering this point together with the in-
creased molecular diffusivity, it is obvious that
supercritical fluid SDC might yield analysis times
which are 1000 to 5000 times smaller than for
pressure-driven SFC.

As the shear-force driving principle still holds in
the gas phase, it is also worthwhile to investigate the
potential of shear-driven GC. Fig. 10 shows the
variation of t,, with ¢ inal pm thick channel, for
three different values of the mobile phase diffusivity
and for a,=1.01. Analysis times corresponding to
other channel diameters can again easily be obtained
by noting that tana,~d2. In the range of large ¢
values, the stationary phase mass transfer becomes
the rate-determining factor and there is no influence
of the mobile phase diffusivity. In the range of small
¢ values on the other hand, the beneficial influence
of the increased mobile phase diffusivity becomes
clearly apparent. To alow for a comparison with
PDC, the best possible t,, values for conventional
pressure-driven HPLC and capillary GC are given as
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SDC: D,=10° m%s

capillary GC
10° G=0.08, d=T00jim
Dyyor=1-10% m¥s

SDC: D,,=10" m? AP=5 bar

1 SDC: D,=10° m%s

0.01 0.1 1 (0] 10

Fig. 10. SDC: variation of t, ., with ¢ for three different values
of D,,. The horizontal dashed lines refer to conventional HPLC
and capillary GC systems which have been optimized for the
presently considered critical pair separation with R,;=1.25, a,=
1.01. Other parameter values: dgyc=1 wm, D,=5-10""° m?/s,
1=10"°kg/(m 9 and =32 (GC) and =750 (HPLC).

well (cf. dashed horizontal lines). The potential gain
offered by the SDC concept is again obvious.

5. Conclusions

Whereas pressure-driven chromatography suffers
from a pressure-drop limitation, and whereas elec-
trically-driven chromatography suffers from a volt-
age-drop limitation, no such theoretical limitation
exists for SDC. As a consequence, the SDC principle
has the potential to offer a theoretically unlimited
resolution and separation speed capacity. The pres-
ently investigated flat rectangular channel configura-
tion should allow to combine these large resolutions
and separation speeds with a sufficiently large mass
loadability.

In the present paper, it is shown how the theoret-
ical HETP expression for SDC in a flat rectangular
channel can be derived from Aris general solution
procedure. From this result, the advantage of SDC in
terms of total achievable plate number, anaysis time
and/or mass loadability could be demonstrated, and
this over the entire range of LC, GC and SFC
conditions. For the latter, a marked additional advan-
tage is obtained because the absence of a pressure
drop completely eliminates the axial density gradient
problem and the accompanying loss in resolution.
This might lead to a renewed interest in SFC
separations.

It should however be noted that a large number of
technological hurdles still has to be taken (e.g., the
need for miniaturized and fast on-column injection
and detection systems) before it will be possible to
exploit the SDC concept to its full extent. The
advantages resulting from a pressure-drop less opera-
tion are however so obvious that they should provide
the required stimulus to increase the research efforts
in these fields.

6. Symbols

* C, mass transfer contribution to HETP, see Eq.
(15), (9

 d, channel thickness, column diameter, (m)

* D,,, molecular diffusion coefficient mobile phase,
(m?/9

* D, molecular diffusion coefficient stationary
phase, (m?/9)

« f, g, help-functions, see Eq. (A.3)

o f', k’-dependent part of C, defined in Eq. (T2),
()

* HETR, height equivalent to a theoretical plate, (m)

* k', retention factor, (/)

e m, capacity ratio, (/)

¢ n, sample solute concentration, see Ref. [13]

* N, theoretical plate number, (/)

* P, pressure, [kg/(m s%)]

* R, ratio of void peak to retained peak residence
time, see Eqg. (A.6), (/)

* 1,, inner radius annular chromatographic channel
system, see Ref. [13]

* R, resolution factor, (/)

 r, radia coordinate, (m)

* 1, column radius, (m)

o t .., anaysistime, (9

* u, local mobile phase velocity, (m/s)

* u,,, mean mobile phase velocity, (m/9)

« U, radially averaged mobile phase velocity, see
Eqg. (A.12), (m/9)

e w, channel width, (m)

* X, Y, Z, spatia coordinates, (m)

6.1. Roman symbols
* U, U, dimensionless velocities (/)
* y, dimensionless thickness coordinate (/)
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6.2. Greek symbols

* ag, separation factor (/)

 §, stationary phase thickness, (m)

* AP, pressure drop (bar)

e ¢, film thickness ratio (¢ =46/d) (/)

* kK, Aris coefficient, see Eq. (A.5) (/)

e u, dynamic viscosity [kg/(m 9)]

¢, flow resistance factor, =32 (cylindrical capil-
lary) and =12 (channel with flat rectangular
cross-section) (/)

* x, auxiliary function, see Eq. (A.1) (/)

6.3. Subscripts

* in, channd inlet conditions

* m, mobile phase

e min, minimum

e opt, optimum

« out, channel outlet conditions
* s, stationary phase

e sw, side-wall
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A.1. Calculation of HETP,, for SDC flow between
two flat parallel plates

Departing from the reference coordinate frame-
work in Fig. 3a, Aris general solution procedure
[13] first requires the introduction of an auxiliary
function y:

x(y) = u(y) — up, (A.1)
For the flow field depicted in Fig. 3a, it can easily
be verified that:

x(y)=2-2y(0=y=1) (A.29)

=2+2y(—1=y=0) (A.2b)

The calculation further requires the introduction of
two other auxiliary functions f and g [13]. For aflow

system with a space-independent diffusion coeffi-
cient, these functions are respectively given by:

d’f of
WZl—X,Withd—yZOaIyZO (A.39
dg 09
W: —1,W|thd—y=0aty=0 (A.3b)

Using the above definitions, the mobile-phase
mass transfer contribution (HETP,) in a channel
with radius r is, according to Ref. [13], given by:

r2

HETP, = 2xU,,* (A.4)
with:
k=K, +2(1— R)k, + (1 — R)’k, (A.53)
and
1 ([ df]?
K=o 7d_y - dy (A.5b)
1 [M[of dy s
KZ_Z'_l_dy'dy -dy (A.50)
1 (*[dg12
Ka=75 | | | dy - dy (A.5d)

In Eg. (A.58), R represents the ratio of the
retention time of the unretained void peak to that of a
given retained peak:

1
1+K

R= (A.6)

For the flow system depicted in Fig. 3a the
channel radius r_ corresponds to one half of the
distance between the two stationary walls, and is
hence given by:

r.=d (A7)

Considering the expression for y, solving Eg.
(A.39) yields:
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df 5
=-y+y (0=y=1) and

dy

df 5

EYA —y-y (-1=y=0) (A.89)
Solving Eq. (A.3b) yields:

d

=Y (A89)

Using these expressions, and calculating «; (i=1,
3) according to Eq. (A.5), it is found that:

_1 2(1-R 1 1 R21
k=g TR +(1-R"3

_ 32-50R+ 20R’

~ (A.9)

Replacing R by its relation to k' then finaly
yields:
2 1+7k + 16k’ d’

HETP, = =5

ST S (Ao
"% (1+ky D, A0

A.2. Calculation of HETP,, for SDC flow in a flat
rectangular channel with finite lateral width

Considering a flat rectangular channel in which the
upper channel wall is moving with velocity=u,,
while the channel bottom wall and the side-walls are
a rest, and considering the coordinate reference
frame defined in Fig. 5a, it can be shown that the
velocity field of the resulting SDC flow is given by:

smh[(2n + 1)%<y+%> ]
smh[(zn + 1)7rd]

w

(A.11)

The validity of Eqg. (A.11) can be verified from its
ability to satisfy the corresponding Navier—Stokes
equation and the prescribed boundary conditions, and
also from the analogy with the equivalent problem of
finding the temperature distribution in an infinite
rectangular rod with one side kept at T=T,, and with
the other three sides kept at T=0. The solution for
this problem can be found in most basic heat transfer
text books [28].

Averaging now the velocity profile over the y-
direction:

. 1 d/2
u2 = d f_dlzu(z,y) -dy (A.12)

QIE

4u,,
u@ = 7

+oo

no(2n711)2 sin [ @+ (z+3) |

. cosh[(2n+ 1)77%] -1

(A.13)
o[ 21+ 7 |
and putting:
d
cosh| 2n+1)7— | —1
F(n) = [ ""] (A.14)

nh[ (2n+ 1)md ]

w

it can be verified that the cross-section averaged
mobile phase velocity u,, is given by:

1 w/2 _
umzw-f u(z)-dz

§ F(n)

(2n + 1) (A-15)

The expressions obtained for u(@ and u, are
schematically represented in Fig. 5b. The gain
obtained from the above manipulations is that the 2D
flow dispersion problem (in the y,z-direction) has
been transformed into a 1D flow dispersion problem
(in the z-direction), such that it can be solved [20]
according to the procedure described in Section A.1.
In the present case, Aris' general solution procedure
only requires the calculation of the f-help function
given in [29]:

d’f _ u@2

E =1-x@, withy@=1- o and

df

E=0atz=0 (A.16)
Solving Eq. (A.16) yields:

a_, 1 JZ uz') - dz’ A.17

dz_z_um' 7W/2u(z)~ z (A.17)
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Replacing u(z') by the expression given in Eq.
(A.13), Eqg. (A.17) yidlds:

df 1 4u, w &
z- % u, A d '~ O(2n+1)
- cos | (2n+ 1)W(z+5) |-Fm

From Eq. (A.17), the g,
calculated according to [20]:

w/2
| | L] e
This expression has been numerically evaluated,
yielding:
Kg, = 0.0989

(A.18)

value can be directly

(A.193)

(A.19b)

As the summation series given in Eq. (A.18)
converges only very dowly, it was found to be
necessary to include at least 20 000 terms in order to
have a result which is sufficiently accurate on the
fourth digit. According to Ref. [20], the additional
HETP contribution to the peak broadening can

m,sw

now be calculated as;

(d/2)?
HETP,, o, = 2K, U,
y Dm
2
=0.04945u,, - o (A.20)
References

[1] G.JM. Bruin, PPH. Tock, J.C. Kraak, H. Poppe, J. Chroma-
togr. 517 (1990) 557-572.

[2] JE. Mac Nair, K.C. Lewis, JW. Jorgenson, Anal. Chem. 69
(1997) 983-989.

[3] JE. Mac Nair, K.D. Patel, JW. Jorgenson, Anal. Chem. 71
(1999) 700-708.

[4] E.D. Katz, K. Ogan, R.PW. Scott, in: F. Bruner (Ed.), The
Science of Chromatography, Journal of Chromatography
Library, Vol. 32, Elsevier, Amsterdam, 1985, pp. 403—434.

[5] G. Guiochon, J. Chromatogr. 185 (1979) 3-26.

[6] M.M. Dittmann, K. Wienand, F. Bek, G.P. Rozing, LC-GC
13 (1995) 800-814.

[7] RH. Sabersky, A.J. Acosta, E.G. Hauptmann, in: Fluid
Flows — A First Course in Fluid Mechanics, Collier McMil-
lan, London, 1971, p. 223.

[8] G. Desmet, G. Baron, Eur. Pat. Appl. text no. 97201699.2
(1997).

[9] SY. Chou, Proc. IEEE 85 (1997) 652—671.

[10] SY. Chou, private communication.

[11] J.C. Giddings, JP. Chang, M.N. Myers, JM. Davis, K.D.
Cadwell, J. Chromatogr. 255 (1983) 359-379.

[12] T. Tsuda, JV. Sweedler, R.N. Zare, Anal. Chem. 62 (1990)
2149-2152.

[13] R. Aris, Proc. Royal Soc. A 252 (1959) 538-550.

[14] H. schlichting, Boundary-Layer Theory, McGraw Hill,
London, 1958.

[15] J.C. Giddings, J. Chromatogr. 5 (1961) 46—60.

[16] JE. Golay, J. Chromatogr. 216 (1981) 1-8.

[17] M.R. Doshi, PM. Daiya, W.M. Gill, Chem. Eng. Sci. 33
(1978) 795-804.

[18] PC. Chatwin, PJ. Sullivan, J. Fluid Mech. 120 (1982)
347-358.

[19] M. Martin, J-L. Jurado-Baizaval, G. Guiochon, Chromato-
graphia 16 (1982) 98-102.

[20] A. Cifuentes, H. Poppe, Chromatographia 255 (1994) 391—
404.

[21] JH. Knox, M.T. Gilbert, J. Chromatogr. 186 (1979) 405—
418.

[22] G. Desmet, GV. Baron, (1999) submitted to J. Chromatogr.
A.

[23] R.PW. Scott, J. Chromatogr. 517 (1990) 297-304.

[24] H. Poppe, in: E. Heftmann (Ed.), Chromatography, Part A:
Fundamentals and Techniques, 5th ed., Journal of Chroma-
tography Library, Vol. 51A, Elsevier, Amsterdam, 1992, pp.
151-225.

[25] C.A. Monnig, D.M. Dohmeier, JW. Jorgenson, Anal. Chem.
63 (1991) 807-810.

[26] PA. Peaden, M.L. Lee, J. Chromatogr. 259 (1983) 1-16.

[27] L.G. Blomberg, M. Demirbriker, |. Hagglund, PE. Ander-
sson, Trends Anal. Chem. 13 (1994) 126-137.

[28] F.M. White, Heat and Mass Transfer, Addison Wesley,
Reading, MA, 1988.

[29] R. Aris, Proc. Roya Soc. A 235 (1956) 67-77.



