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Abstract

A novel method to quantitatively evaluate chromatographic separation performance is presented. Distortion of
effluent profiles by non-uniform flow is eliminated by reversing flow direction during the experiment. A
semiempirical approach accounts for extracolumn effects on peak shape. Effluent profiles are fitted to a closed-form
mathematical description of the experiment to estimate plate height values. Plate heights obtained from two
stacked-membrane columns decrease from 3.3 wm at 0.52 cm/min to 0.59 xm at 3.8 cm/min, in agreement with
dispersive theory. Performance estimates based on moments or bandwidth measurement are less reliable than this
method when non-uniform flow or extracolumn effects are significant.

1. Introduction

The purpose of this work has been to measure
the separation capability of stacked-membrane
chromatography. Reliance upon chromatography
as a preparative tool is growing rapidly, par-
ticularly in biotechnology [1.2] and in the phar-
maceutical [3.4] industry. This has motivated
several recent chromatographic developments:
efficient perfusive [5.6] and hyperdiffusive [7]
column packings, novel polymeric stacked-mem-
brane [8] and chromarod [9] adsorptive geomet-
ries, and improved counterflow [10.11} and recy-
cle [12] operating modes.

Stacked-membrane chromatography seems
well suited to the demands of preparative bio-
chromatography.  Stacked-membrane column
residence times are short and bed volumes are
small [13]. This counteracts protcin degradation
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by proteolysis and denaturation which increases
with processing time [14]. It also increases
throughput, reducing the requirement for expen-
sive solvents and tankage common to large-scale
chromatography [15].

Stacking multiple membranes in series aver-
ages variations in porosity and membrane thick-
ness which may compromise separation perform-
ance of single sheets [16]. Stacking also increases
bed capacity. Consequently, the performance of
existing devices is sufficient to resolve many
proteins by informed selection of differential
migration and differential elution or “on—off”
strategies [17]. Stacked membrane separations of
model protein systems are comparable to similar
high-pressure liquid chromatographs [18] without
requiring high-pressure columns, peripherals or
pumps. Preparative stacked-membrane separa-
tions maintain laboratory-scale protein purity at
high throughput when scaled up with respect to
flow-rate and mass loading [19].
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On the other hand, reported measurements of
stacked-membrane efficiency vary over nearly
two orders of magnitude. Plate height values are
compared in the Van Deemter plot [20] in Fig. 1.
Plate height [21], which measures effluent band-
width, increases as resistances to mass transfer
from convective dispersion, intraparticle diffu-
sion, boundary layer phenomena, and adsorption
in conventional columns become large.

One possible explanation for the variation in
Fig. 1. is that plate height completely character-
izes band broadening of symmetric Gaussian line
shapes [22]. Chromatographic systems with a
linear adsorption isotherm, constant equilibrium
distribution coefficient and concentration-inde-
pendent transport properties exhibit Gaussian
effluent curves whose plate heights equal the
ratio of effluent-peak variance to the column
length [23,24]. In contrast, stacked-membrane
effluent profiles obtained by Raths and by
Gerstner were visibly skewed.

It is also likely that different estimation meth-
ods contributed to the range of estimated plate
heights. Accurate plate height estimates are
obtained by fitting time-domain effluent profiles
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Fig. 1. Plate heights estimated from stacked-membrane
effluents. Frey et al. [27] used the experimental method of
moments to analyze two stacks of 600 um poly(vinyl chlo-
ride) membranes: 10 mm L x 25 mm L.D. (O) and 50 mm
L x25 mm L.D. (3). Raths [42] fitted effluent profiles from
120-pm regenerated cellulose membranes to an exponentially
modified Gaussian: 5 mm L x 17 mm L.D. (<). Gerstner [19]
used an unreported method to analyze stacks of 120-um
regenerated cellulose membranes: 10 mm L x28 mm 1.D.
A).

to an appropriate description [25]. This avoids
errors from extracolumn effects, noise, baseline
drift, tail truncation and peak skewness which
undermine methods relying on tangents, mo-
ments, or isolated points on a curve.

Finally, reported plate heights, H, are at least
ten times greater than values anticipated by an
order-of-magnitude analysis of microscopic
transport rate processes: intraparticle diffusion is
eliminated in ideal stacked membranes by de-
rivatizing adsorptive sites on surfaces of mem-
branes permeated by interconnecting flow-
through pores. Boundary-layer fluid-phase mass
transfer is negligible as Nusselt numbers in these
systems are well above the lower limiting value
of 4 [26]. These approximations suggest H in
linear, non-adsorbing systems reduces to H = 2¢/
v where € represents Fickian convective disper-
sion. Stacked-membrane chromatography is typi-
cally operated such that H=2D,/v (see Section
2) where D is the effective solute diffusivity in
unbounded solution. For proteins in stacked
membranes, D,;~5-10"" cm’/s and v~1 cm/
min so that H=1 um.

Three practical questions arise from our ob-
servations: (1) How is stacked-membrane plate
height accurately measured? (2) What are plate
heights of existing stacked-membrane devices?
(3) Can commercially available stacked mem-
branes achieve theoretically anticipated efficien-
cies? We address these issues, beginning with a
conceptual description of fundamental mass
transport in stacked membranes. Using this
description we propose a novel, unambiguous
method for determining stacked-membrane ef-
ficiencies. We derive analytic expressions, appar-
ently new, which describe the proposed experi-
ment. These expressions allow prediction of
separation performance in the presence of sig-
nificant extracolumn broadening and non-uni-
form flow.

2. Theory

Two principal, contrasting hypotheses of chro-
matographic transport in stacked-membrane
beds have been examined by previous inves-
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tigators: one-dimensional plug flow on the onc
hand, and two-dimensional unit-cell potential
flow on the other. Each proposes a fundamental-
ly different velocity distribution in the porous
bed. As a result, broadening in stacked-mem-
brane effluent curves has been attributed to
substantially different sources.

After comparing the attributes of these de-
scriptions, we originate a straightforward ex-
perimental approach to distinguish between
them. Description of this experiment in simple,
analytical terms allows separation efficiency in
stacked membranes to be characterized.

2.1. Dispersed plug flow in stacked membranes

Consider first a constant. uniform velocity
distribution, v, which results from one-dimen-
sional, plug flow parallel to the stacked-mem-
brane axis [13,16,27-29]. A mean particle diam-
eter, D, =3/2d (1 - €,)/€, in the membrane bed
is estimated from its average pore size. d, and
bulk porosity, €, [30]. Consequently. a stacked-
membrane analogue of the familiar one-dimen-
sional equations of chromatography [31,32] may
be derived. Analytic solutions to this equation
set are available for numerous special cases [33]
including non-linear adsorption [34] and gradient
elution [35]; computational solutions are re-
quired for more general evaluation of non-linear
effects [36] including sample overloading [37].

To determine whether assuming uniform ve-
locity adequately characterizes stacked mem-
branes, a lumped-parameter, asymptotic solution
to pseudocontinuum chromatographic equations
[38] simplified for non-adsorbing conditions is
sufficient. This dispersed plug flow solution an-
ticipates fluid-phase solute concentration distri-
bution ¢, from a sharp-pulse input of solute mass
m, will be a Gaussian function of axial coordi-
nate z when time ¢ is treated as a parameter:

clz,0) = Mot -expli“(Z Z“)q] (1)
BT Ae \27Hz, 2Hz,

The mean solute position, z, = uvt, is propor-
tional to both the interstitial fluid velocity, v, and
the fraction of solute in the moving fluid phase at

long times, u = ag,,/[a€, + (1 — €,)]. The column
cross-sectional area is A. Subscripts f and b refer
to the moving fluid and stationary bulk phases,
respectively. The bulk phase consists of derivat-
ized membrane of ideally zero porosity.

The plate height relation for one-dimensional
dispersed plug flow in stacked membranes re-
duces to H = 2¢/v, neglecting intraparticle diffu-
sion and fluid-phase mass transfer (see Section
1). This indicates band broadening is due solely
to micro-scale fluid-phase mixing phenomena
which constitute convective dispersion. These
include mixing by solid obstructions to flow,
incomplete connectivity, eddies, recirculation
from regional pressure gradients, and diffusion
[39]. Broadening which results from micro-scale
mixing processes is entirely irreversible.

The Fickian convective dispersion coefficient is
available from Koch and Brady’s [40] analysis of
ambient, creeping flow in random configurations
of fixed spheres which constitute a low fraction
of total volume. For a diffusion Peclet number,
Re - Sc = D, ve,/ Dy, greater than unity, they pro-
posed

3 x’ Re - Sc
Pe_ =§‘6b+§-eb(l—eb)ln 3
€,
" Re-Sc @
vD
Pe =—-7T
€

It is evident that broadening in dispersed plug
flow changes with velocity.

The effluent profile indicated by Eq. 1 ap-
proaches Gaussian form in time when evaluated
at the column exit as the number of column
plates, N, becomes large. This distribution is
characterized entirely by its first two temporal
moments. Consequently, broadening attributed
to dispersed plug flow is distributed symmetrically
around a mean residence time, 1 = NH/uv with a
variance of s° = rH/uv. Scaling the variance by
the residence time gives the plate number, N =
s

These natural outcomes from a constant uni-
form velocity distribution in stacked-membrane
chromatography are summarized in Table 1.
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Table 1

Dispersed plug flow vs. non-uniform potential flow in stacked membranes

One-dimensional plug flow

Two-dimensional potential flow

Plate height 2elv c*/3p*

Plate height value ca.l um ca. l mm
Broadening Dispersive Mechanical
Broadening reversible No Yes
Flowrate-independent plate height No Yes

Peak shape Symmetric about £ Asymmetric

" Plate height for single unit cell.

2.2. Planar potential flow in stacked membranes

Now consider a non-uniform, velocity, v(®,¥)
distributed along potential function, @, and
stream function, ¥, coordinates corresponding to
two-dimensional potential flow [30] in unit cells
of a stacked membrane, as sketched in Fig. 2.
Balzereit [41] and Raths [42] postulated that
distributor channels introduce fluid into such
planar flow cells which parallel the column axis.
Two ratios of characteristic lengths describe the
unit-cell geometry: b/c, where b is the bed
height and ¢ is the distance between adjacent
distribution channels; and d/c, where d is the
channel width.

Numerical solution by discretization along a

fluid distribution unit-cell model

channel 5

streamlines

-~

Fig. 2. Two-dimensional potential flow in unit cells of a
stacked membrane. Distributor channels ctched into dis-
tributor endcaps of a stacked-membrane column may intro-
duce fluid into planar flow cells of width ¢ and height b which
lie parallel to the axis of the bed [41]. Streamlines are lines of
constant velocity.

scaled @ coordinate and quadrature in a scaled
¥ coordinate yielded unit-cell effluent profiles
which were skewed at low flow-rates. Effects of
convection as well as radial and axial diffusion
were assessed in these computation. Numerical
instability precluded calculation of effluent pro-
files at flow-rates typical of stacked-membrane
operation. But numerical estimates of the effec-
tive number of theoretical plates in a unit cell
N, =£'/s* (the ratio of first to second central
temporal moment) reached an asymptotic value
at operational flow-rates for each unit cell geom-
etry. Broadening in effluent from non-uniform,
planar unit-cell flow in stacked membranes is
independent of flow-rate.

Flow-rate-independent broadening implies dif-
fusive effects are small relative to convection in
non-uniform, unit-cell flow. In other words,
band broadening arises entirely from the dis-
tribution of residence times corresponding to
flow at differing rates along different stream-
lines, which are lines of constant velocity (see
Fig. 2). The geometry of each unit cell —de-
termined by the mechanical structure of the
distributors and membrane cross-section— gov-
erns its distribution of streamlines. Hence, a
potential-flow description of stacked membranes
suggests bandwidths have a purely mechanical
origin.

Broadening dominated by convective resi-
dence time differences in stacked membranes is
reversible, in the sense that a narrow band of
tracer particles initially perpendicular to the flow
direction will reconverge if the direction of flow
is suddenly reversed a short time later.
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Negligible diffusion also justifics approximat-
ing potential flow in each unit cell by an analytic
complex potential [43]. This provides a continu-
ous analytical function for velocity, v(®.¥) from
which estimates of the first, (t)Q/c” =~ b/2c, and
second, {t)°Q°/c*=(b/2c)’. scaled temporal
moments can be made {44]. The unit-cell scaled
efficiency, N,,=3(b/c)’ is determined by its
geometry.

Stacked-membrane eftluent profiles have been
calculated by superposing residence time den-
sities of successive unit cells of different geome-
try, each weighted by the volume fraction of
total flow which travels through it [45]. In the
MemSep 1000, for example, radial channels
distribute flow into successive unit cells whose
d/c and b/c decrease to about 0.02 and 0.50 at
the periphery of the membrane stack. respective-
ly. Such profiles are skewed: tailing in the line
shape is similar to measured effluent profiles
although the peak is relatively sharp. Plate
heights from these profiles by moments analysis
are on the order of a millimeter.

Outcomes from non-uniform, two-dimensional
potential flow in stacked-membrane chromatog-
raphy are listed for comparison with dispersed
plug flow in Table 1.

2.3. Extracolumn dispersion

Extracolumn contributions to broadening in
stacked-membrane effiuent profiles are also sig-
nificant. As stacked-membrane column volume
decreases to the same order of magnitude as the
volume of injection valves, tubing, adaptors and
other peripheral plumbing, it confounds discrimi-
nation between dispersed plug flow and planar
potential flow by effluent analysis more severely.

Numerical analysis is necessary to rigorously
determine extracolumn dispersion at Peclet num-

bers (ca. 10°) and times (ca. 0.01 s) typical of

stacked-membrane operation, even in short
straight [46] or curved [47] cylindrical tubes. And
the apparent complexity ot peripheral plumbing
produces effluent profiles unlike those from
simple tubes [48.49].

We adopt. instecad. a semiempirical approach

to estimate extracolumn effects in stacked-mem-
brane systems. Effluent profiles from peripherals
at each experimental condition are fit to an
exponentially modified Gaussian (EMG) form
[50] which represents the convolution of plug
flow and continuous stirred-tank reactors. Re-
sults are illustrated in Fig. 3 for precolumn
peripherals. Fitted parameters are the mean
residence time, 7 and variance o~ of the underly-
ing Gaussian and the stirred-tank time constants,
T.

2.4. Reversed-flow analysis of stacked
membranes

Fundamental distinctions between dispersion
in plug flow and residence-time distribution in
planar potential flow preclude attributing
broadening caused by either source to the other.
In order to distinguish their relative contribu-
tions. consider reversing the flow direction at
half the mean residence time after a injecting a
sharp pulse of tracer at the column inlet. Detect

= o
[~ o
— e

=
N
1

Scaled Absorbance

o=
o
—t-

0 0.05 0.1 0.15 0.2 0.25 0.3
Volume eluted (ml)

Fig. 3. Effluent from precolumn tubing. fittings and injection
valves (solid line} for a MemSep 1000 compared with an
exponentially modified Gaussian fit (dashed line). A 20-ul
sample of 2.5 mg/ml cytochrome ¢ was eluted at 2 ml/min;
absorbance was measured at 280 nm in a 10-mm fiow cell.
Fitted parameters are the mean residence time, r, =0.047
min and standard deviation o, = 0.0097 min of the underlying
Gaussian and the stirred-tank space time, 7, = 0.047 min.
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the cup-mixed effluent profile at the column inlet
as it emerges.

Particles convected by different velocities
along different streamlines will reconverge fol-
lowing flow reversal. At the detection point,
broadening produced by all macroscopically non-
uniform flow, including planar potential flow,
will disappear. Meanwhile, particles dispersed
axially along a streamline by irreversible mixing
processes will continue dispersing after flow
reversal. The net dispersion of particles traveling
at the mean velocity is identical, whether de-
tected at the inlet after flow reversal or detected
at the outlet after traversing the entire length of
a column symmetric about its midplane.

Aside from large flow non-uniformities, a ratio
of operational membrane velocity to macro-
molecular diffusion coefficient, (1 cm/min)/(5-
1077 cm®/s) =~ 0.3 wm, suggests broadening aris-
ing from dispersion across streamlines will gener-
ally be small. Dispersion coefficients of stream-
lines with velocities above about 1 cm/min will
be comparable, as Eq. 2 suggests (see also Fig.
8).

Qualitative evidence of non-uniform flow is
indicated by broadening in forward effluent
bands which is more severe than comparable
reversed-flow results, provided upstream and
downstream peripherals in each experiment are
identical. Estimating the variance of a reversed-
flow effluent profile promises an unambiguous,
quantitative measure of stacked-membrane sepa-
ration potential after accounting for extracolumn
effects.

A symbolic representation of the components
which describe a general stacked-membrane sys-
tem in the absence of non-uniform flow is given
in Fig. 4. Since the response of each component
to a unit impulse is well known, convolution of
successive linear elements using a Green'’s func-
tion approach [51] is an appropriate method to
obtain scaled analytical expressions Ay and hy
which describe forward and reverse-flow experi-
ments, respectively.

In forward flow, convolution of the two ex-
tracolumn CSTRs vyields c(r) =[exp (—t/7,) —
exp (=t/7)]/(s, — 7;). The response of the com-

Stacked

Precolumn Membrane pogtcolumn
Peripherals Column  peripherals

[ _\—L{:}—»

Exponentially pj d Exponentially
Modified ~ ping Fow Modified
Gaussian Gaussian

Fig. 4. Conceptual representation of a stacked-membrane
column system. Exponentially modified Gaussians (EMGs)
account for extracolumn contributions to effluent broaden-
ing. EMGs consist of a continuously stirred tank reactor in
series with a dispersed plug flow column. The stacked
membrane is described by dispersed plug flow in the absence
of non-uniform flow.

plete system is independent of the order in which
its elements are analyzed. It is:

e =35
ow[ 55 (3]
[rvet (B )55
o [ (2 55)
[r+en (3)]] ®

where subscripts r and f denote the precolumn
and postcolumn peripherals. Dimensionless
times z, and z; are analogues: z,= (¢ — t.)/o, —
o./7,. The composite residence time f. and
variance o, are sums of the respective moments
of the three plug flow reactors: 1. =t+1, +1,
and 0> =0+ ol + 0}

The reversed-flow result is obtained in an
analogous fashion after reversing the precolumn
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peripherals [45]. It is:

1
he =557y

.
T— L
T
1+ erf( G ) (4)

where scaled time 7= (¢t — 7_)/o. and composite
residence time and variance are defined as be-
fore.

We now summarize our characterization of
stacked-membrane performance using the re-
versed-flow experiment and its analytical descrip-
tion.

3. Experimental
3.1. Materials

All chemicals used were reagent grade except
as noted. Two proteins, beef heart cytochrome ¢
(Sigma, Type V-A, No. C-2037) and horse heart
cytochrome ¢ (Sigma, Type II-S, No. C-8266,
practical grade) were dissolved at 2.5 mg/ml in
0.02 M sodium citrate (Sigma) and 0.5 M sodium
chloride (Johnson Matthey) at pH 8.0 or buf-
fered to pH 6.0 with hydrochloric acid (Fisher).
Solutions were prepared with 18 M distilled,
deionized water. Buffers were filtered (0.2 uwm)
and degassed by vacuum prior to each ex-
perimental period.

3.2. Apparatus

Two stacked-membrane columns were ana-
lyzed: a 5 mm L x17.17 mm I1.D. Millipore
MemSep 1000 DEAE (Bedford, MA, USA)
with 1.4 ml nominal bed volume and a 5 mm
L x12.7 mm [.D. Millipore MemSep HP500
DEAE with 0.64 ml nominal bed volume. Forty
microporous (d, =12 um) membranes made
from pure regenerated cellulose are stacked in
each column for which a uniform matrix porosity
€, 0.827 has been reported [8]. The MemSep
1000 cartridge is rigid polypropylene rated to 7
bar backpressure with recommended volumetric
flow-rates between 1.5 and 6 ml/min. The Mem-
Sep HP500 cartridge is rigid polyphenylenesul-
fate rated to 1000 p.s.i. (1 p.s.i. = 6894.76 Pa)
and flow-rates between 0.5 and 5 ml/min.

The MemSep 1000 has channels etched into
the upper endcap and lower base of the cartridge
to distribute and collect the fluid, respectively.
There are six evenly spaced channels with
semicircular cross-section radiating outward from
the fluid inlet. At flow-rates <20 ml/min, the
channel Reynolds number based on its hydraulic
radius, R,, is <600, suggesting laminar flow.
Polypropylene mesh distributors separate the
distributors from the membrane stack. Poly-
ethylene seals prevent fluid from pooling near
the corners of the bed volume. Bypassing is
discouraged by nine exclusion gaskets inserted
between every four membranes. Construction of
the MemSep HP500 is similar except eight radial
distributor arms are connected by about ten
concentric grooves of increasing diameter. An
antijetting disc is centered beneath the inlet.

Experiments were performed with a Millipore
ConSep LC100. From upstream to downstream
this system included proportioning valve, gear
pump, pressure transducer, UV detector used at
280 nm, and keypad programmer. The ConSep
septum injector was replaced by a syringe load-
ing sample injector, Rheodyne Model 7125
(Cotati, CA, USA) equipped with a 20-ul sam-
ple loop. The stacked membrane was connected
to a Rheodyne Model 7010 injection valve in
order to reverse the flow direction. The valves
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and column were configured so that precolumn
and postcolumn peripherals would have identical
lengths and volumes in either forward or re-
versed flow. A buffer bypass line inserted via a
tee between the injection valves and the pressure
transducer via a tee dissipated backpressure
spikes observed during injection and flow rever-
sal.

Precolumn peripherals included the 20-ul sam-
ple loop, 23 cm of 0.02 in. I.D. polyether ether
ketone (PEEK) tubing (1 in.=2.54 cm), luer-
lock adaptors for the MemSep 1000, and four
ports (two sections) of an injection valve (> 67
w1 total). Postcolumn peripherals included 13 ¢cm
of 0.02 in. and 6 cm of 0.01 in. 1.D. PEEK
tubing, two ports (one section) of an injection
valve, and the detector volume ( >29 ul total).

3.3. Procedures

Each column was equilibrated at approximate-
ly 1 ml/min in high-ionic-strength buffer before
proceeding. Two hours of equilibration were
required to regain a stable baseline if buffers
were changed. This time corresponds to the time
necessary for a small solute to diffuse from the
periphery of the column through the intergasket
space to the membrane bed to be washed out.

Effluent profiles from precolumn and post-
column tubing at each flow-rate was measured by
plumbing the respective sections between the
sample loop and the detector. A 20-ul volume of
either 2.5 or 1.25 mg/ml protein was injected to
obtain three repetitions. Three repetitions of
each column effluent profile were obtained simi-
larly with the column inserted between upstream
and downstream peripherals. Flow direction in
the reversed-flow runs was changed instanta-
neously at one-half the peak run time of the
corresponding forward-flow experiment.

3.4. Data analysis

Data were acquired on an IBM PS/2 Model 70
386 with Gilson 712 software (Middleton, WI.
USA). Data analysis on an 1IBM PS/ValuePoint
466DX2/D used Microsoft Excel Version 4.0 and
an equation solver, EES (Middleton. W1. USA):

J. Chromatogr. A 702 (1995) 69-80

analysis on a Digital Vaxstation 3100 used For-
tran 77 programs.

Extracolumn effluents were fitted to an EMG
function using the method of Jeansonne and
Foley [50] on the Vaxstation to obtain values of 7
and o for each condition. EES was used to solve
implicitly for a corresponding ¢t at the point
where the EMG peak intersects its underlying
Gaussian. Reversed-flow effluents from the
MemSep 1000 and MemSep HP500 were fitted
iteratively with Excel to Eq. 3 using averaged
extracolumn 7 values to obtain 7, and o, for
dispersion in the stack. Peak values larger than
half-height were weighted heavier to avoid noise
from the tails.

Plate heights were calculated as Lo’/t2, neg-
lecting residence times of the underlying Gaus-
sian in the peripherals. Reported plate heights
are averages of four replicates except for a value
at 2 ml/min for the MemSep 1000 (three repli-
cates) and a value at 1 ml/min for the MemSep
HP500 (two replicates). Standard deviations of
MemSep 1000 plate heights were <4% of the
respective values. Higher deviations for MemSep
HP500 occurred as estimated o, values were not
much larger than o, and o;: 29% at 0.5 ml/min;
28% at 1 ml/min; 61% at 2 ml/min; and 49% at
4 ml/min.

4. Results and discussion

We begin this discussion by evaluating quali-
tative effects of extracolumn volumes and non-
uniform flow on reversed-flow and forward-flow
effluent profiles, respectively. We quantitatively
compare reversed-flow analysis of stacked-mem-
brane plate heights with methods based on
moments and measured curve widths. And we
examine the implications of measured plate
heights in MemSep stacked membranes on our
one-dimensional dispersive description.

A sample reversed-flow effluent profile ob-
tained as noted above from a MemSep 1000 is
compared in Fig. 5 with a fit of Eq. 3.
Asymmetry and tailing along the leading edge of
the data are greater than those along its trailing
edge. This corresponds to larger stirred-tank
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0.5 +

Scaled absorbance

0.25 ~

0 ;
0.65 0.8 0.95 1.1

Bed volumes eluted
Fig. 5. Comparison of a reversed-flow stacked-membranc
effluent shape (solid line) with a fit (dashed line) based on

Eq. 3. A 20-ul sample of 2.5 mg/ml cytochrome ¢ was
injected into a MemSep 1000 at 2 ml/min for (.34 min after
which the flow direction was reversed. Absorbance at 280 nm
was measured across a 10-mm pathlength. Parameter values
estimated were the composite mean residence time. 7 =
0.664 min and standard deviation ¢, =0.0175 min.

(r, =0.0228 min) and dispersion (o, = 0.00566
min) constants in the precolumn peripherals
compared with those (7, =0.0185 min, o, =
0.00484 min) in postcolumn tubing. Both leading
and trailing edges are well matched by the
description. (Note that stirred-tank time con-
stants for precolumn and postcolumn peripherals
were similar to corresponding space times, V/Q.
calculated from peripheral volumes described in
Section 3.)

The magnitude of extracolumn contributions
to effluent broadening of a stacked-membrane
system is illustrated in Fig. 6. The effluent width
is 1.7 times that of the convective-dispersion
broadening in the stacked membrane. A stacked-
membrane plate height estimated from the width
at 60.6% peak maximum would have been three
times too large. Mistaking this profile for a
Gaussian, and neglecting the influence of ex-
tracolumn broadening would substantially over-
estimate stacked-membranc plate heights.

Parameters obtained from extracolumn and
reversed-flow experiments allow a priori predic-
tion of forward-flow profiles in the absence of
non-uniform flow with Eq. 3. Fig. 7 contrasts the

Scaled Absorbance

0.65 0.75 0.85 0.95 1.05 115

Bed volumes eluted

Fig. 6. Comparison of the reversed-flow stacked-membrane
effluent profile (solid line) described in Fig. 5 with the
Gaussian profile (dashed linc) attributed to convective disper-
sion in the stacked membrane. The Gaussian width at 60.6%
of peak maximum. 0.0317 min, was obtained by subtracting
variances of precolumn ((rf=3.21~1() "> min®) and post-
column (o] =2.34-10 ° min”) peripherals from the compo-
site fitted variance. The data bandwidth at 60.6% of peak
maximum was 1.7 X larger than this.

Absorbance (AU)

0.8 0.95 1.1 1.25 1.4

Bed Volumes Eluted

Fig. 7. Comparison of a forward-flow stacked-membrane
effluent shape (solid line) with an a priori prediction from
Eq. 3 (dashed linc) based on parameters obtained from
separate cxperiments. The effluent resulted from a 20-ul
sample of 2.5 mg/ml cytochrome ¢ eluted from a MemSep
1000 at 2 ml/min; absorbance at 280 nm was measured across
a 10-mm pathlength. Extracolumn stirrcd-tank time con-
stants, 7, = (.0228 min and 7, = 0.0185 min, were obtained by
fitting the respective peripheral effluent profiles to an EMG.
Composite residence time, 7. =0.664 min, and standard
deviation. o = 0.0175 min, were obtained from a 2 ml/min
reverse-flow effluent.
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expected peak with the experimentally observed
data. Additional broadening in the data arises
from non-uniform flow. The most notable conse-
quences of non-uniform flow are (1) severe
tailing to 1.94 min and (2) 30% decrease in peak
amplitude. Note that the forward-flow prediction
in Fig. 7 tails more than its reversed-flow com-
plement in Fig. 6.

Ignoring the effects of non-uniform flow and
extracolumn volumes on effluent profiles causes
overestimation of stacked-membrane plate
heights. The variance of the forward-flow data in
Fig. 7 obtained by the experimental method of
moments —0.0152 min*— is 61 times larger than
the variance attributable to dispersion in the
stacked membrane. Using moments analysis of
forward-flow data to estimate plate height as
H=~L({(¢*) = (t)*)/{t)* overestimates stacked-
membrane values by orders of magnitude. A
“‘plate height’ calculated from the peak width of
the forward-flow data in Fig. 7 —0.079 min— is
6.2 times the reversed-flow estimate.

Plate heights estimated for MemSep stacked
membranes from reversed-flow experiments are
summarized together with predictions from dis-
persive theory in Fig. 8 These values, ca. 10

H (microns)

v {cm/min)

Fig. 8. Plate heigths estimated for a MemSep 1000 (C) at 1.
2 and 4 ml/min and for a MemSep HP500 ({J) at 0.5. [, 2
and 4 mi/min. Respective reversed-flow effluents from a
20-pl injection of 2.5 mg/ml cytochrome ¢ were fitted to Eq.
3. Corresponding theoretical plate heights due to convective
dispersion, H = 2¢/v (dashed line) were calculated from € in
Eq. 2 using D, = 11.4-10 " cm’/s [52], D, =1.883-10 *cm.
and €, = 0.827.

times lower than previous reports, are within a
factor of three of the theory and tend to decrease
with increasing velocity.

In a 5-mm column, the corresponding number
of theoretical plates ranges from about 1500 at
0.5 cm/min to a maximum of 10900 at 2 cm/
min. This justifies using a long-column approxi-
mation in Eqs. 3 and 4 to describe the stacked
membrane. Dispersion along streamlines whose
velocities vary from the mean will not differ
appreciably in forward or reversed flow because
(1) the range of operational stacked-membrane
velocities gives approximately the same disper-
sion (the Van Deemter slope is flat) and (2) the
number of stages is high. Profiles from differing
streamlines are nearly superimposable in the
absence of non-uniform flow, and may be effi-
ciently treated by a one-dimensional description.

Our examination of transport in stacked-mem-
brane systems suggests: (1) reversed-flow analy-
sis measures stacked-membrane plate height
more accurately than methods based on mo-
ments or peak width, particularly when effects of
extracolumn volumes and non-uniform flow on
effluent profiles are large; (2) dispersive stacked-
membrane plate heights are on the order of a
micrometer; (3) both the magnitude and trend of
stacked-membrane plate heights estimated by
reversing the flow are consistent with intuitive
and theoretical estimates of convective disper-
sion in porous beds.

We have been careful to distinguish between
dispersive broadening, and mechanical broaden-
ing due to a distribution of residence times.
While these processes are physically and mathe-
matically distinct, their common effect, where
present, is to diminish the ability to separate
efficiently. In spite of apparent flow non-uni-
formity., commercially available stacked mem-
branes are suitable for analytical separations in
which a small percentage of severe tailing is
manageable. Careful selection of peripherals to
minimize extracolumn broadening (especially
downstream of the column) will enhance their
performance. For preparative separations in
which rapid regeneration, cleanability, and high
purity are required, non-uniform flow may hin-
der the applicability of stacked membranes.
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Comparing forward- and reversed-flow results to
select an aspect ratio, distributor, or exclusion
device to minimize flow non-uniformity in large-
scale devices appears useful.

The intrinsic separation potential of stacked
membranes which we have measured appears
large enough to justify efforts to improve their
design. They are, for example, interesting candi-
dates for subunits in Sorbex-type simulated-
moving-bed separations. The extremely low
solid-phase requirement in moving beds, relative
to fixed-bed chromatography, would not demand
large membrane capacities. In such a system, low
pressure drop, rapid “particle’” response times,
and low volumetric holdups characteristic of
membranes would allow a broader selection of
operating conditions while decreasing the de-
mand for high pressure peripherals.

Symbols
Alphanumeric symbols

A column cross-sectional area (cm”)

b length of unit cell (cm)

¢ width of unit cell (cm)

solute concentration in moving fluid phase

in chromatography (g/cm”)

width of unit-cell inlet (cm)

pore diameter in membrane (cm)

effective solute diffusivity in free solution

(cm?/s)

effective particle diameter in packed bed

(cm)

system response to a unit impulse

height equivalent to a theoretical chromato-

graphic plate (cm)

L length of chromatographic column (=HN)
(cm)

m, total solute mass which enters chromatog-
raphy column in a pulse (g)

N number of stages or column plates

Pe dispersion Peclet number (=vD /¢)

Q flow-rate (cm’/min)

Re Reynolds number (=D ve,/v)

s standard deviation

Sc Schmidt number (=v/Dy)

2]
-

U R
=l

SRS

o s

time (s)
mean residence time in chromatography (s)
equilibrium fraction of a species in the fluid
phase
v interstitial velocity in chromatography, ve-
locity in a unit cell (cm/s)
volume (cm*)
z  axial coordinate (cm)
z, mean position of a solute peak at a given
time, defined as uvt (cm)

SOt ™

Greek letters

a; partition coefficient of a solute between fluid
and solid phase

€ convective axial dispersion coefficient (cm”*/

s)

interparticle or column void volume

kinematic viscosity (=u/p) (cm’/s)

velocity potential function (cm?/s)

stream function (cm?/s)

standard deviation (s)

characteristic time (s)

N9 eeT

Subscripts and superscripts

b bulk (stationary) phase in chromatography
¢ composite

f postcolumn peripherals

F forward flow

p phase identification subscript

r precolumn peripherals

R reversed flow
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