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Adsorption in membranes with polydispersed pores gives a dispersed breakthrough curve even when mass transfer is so
fast that it reaches saturation. Such a breakthrough is due to unequal flows in unequally sized pores. A theory of polydis-
persed pores can predict the breakthrough curves for the removal of lead ions from model solutions if the pore-size distri-
bution is known. Such predictions are in better agreement for lead adsorption than predictions based on mass transfer.
The results suggest ways in which more effective membrane chromatography can be achieved. VC 2015 American Institute

of Chemical Engineers AIChE J, 61: 3871–3878, 2015
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Introduction

Membrane chromatography uses a membrane as a packed
bed to adsorb a solute of interest.1–3 Because the membrane is
thin, the pressure drop across the membrane is modest even
when the membrane’s pores are small, so that mass transfer is
potentially very fast. This can potentially produce an efficient
and selective separation, signaled by a sharp breakthrough
curve.4–7 In practice, such curves are usually dispersed, so
membrane chromatography has not fulfilled its promise.8–11

Dispersed breakthrough curves are common, and result
from a variety of sources. They can occur because of axial dif-
fusion. In practice, significant axial diffusion is rare, compro-
mising only a few cases of very low flow in high pressure
liquid chromatography (HPLC). Dispersed breakthrough
curves may result from Taylor–Aris dispersion, caused by cou-
pling between axial convection and radial diffusion. This dis-
persion, important in analytical chromatography, means that
slow diffusion causes large dispersion and fast diffusion
results in small dispersion. This counterintuitive effect is the
reason why the quality of separation in a chromatographic
analysis is limited. Fronts can only achieve a limited
sharpness.

Under industrial conditions, however, neither axial diffusion
nor Taylor–Aris dispersion is especially large. A more com-
mon cause of dispersion and hence of diffuse breakthrough
curves is a slow rate of mass transfer. Such a slow rate is com-
monly summarized by a mass-transfer coefficient k and a sur-

face area per volume a. The mass-transfer coefficient may
depend on diffusion to the pore surface and diffusion within
the pores. The area per volume may vary both with the par-
ticle’s external surface area and with the internal area of any
pores. Both of these quantities tend to be larger as the particle
size becomes smaller. This is why for analytical HPLC, the
bed packing is not the characteristic 100–300 lm used in
industrial scale adsorption, but is on the order of 5 lm.12 The
smaller particle size could effect much sharper breakthrough
curves. However, the smaller particles cause high pressure
drops which are impractical at industrial scales.

As a result, many investigations have explored “membrane
chromatography,” using a membrane as an adsorption
bed.13–17 The adsorbing membrane is millimeters thick, much
thicker than a membrane for reverse osmosis or ultrafiltration.
The pore sizes are the same as those in HPLC, about 5 lm.
Such small pore sizes in a thin membrane result in rapid mass
transfer but small pressure drop. Unfortunately, membrane
chromatography has often been less successful in practice than
expected from improved mass transfer. While the reasons for
these disappointments are complex, one factor is that the
breakthrough curves are not sharp. As a result, the method is
used for high value added products like proteins and pharma-
ceuticals, but not for large-scale pollutants like heavy metal
ions.

We suspect that the disappointing performance of mem-
brane chromatography often results from the polydispersity of
the pores running through the membrane. Such polydispersity
produces large effects because larger pores will allow much
more flow than smaller ones. As a result, the breakthrough
curve will not be the desired step function, but will be dis-
persed. This means that only a small fraction of the bed’s
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possible adsorption sites will be used. It means that the bed
will not be effective at all throughputs.

Below, we develop a theory for the dispersion caused by
polydisperse pores. The theory assumes that mass transfer is so
fast that it reaches equilibrium and that all dispersion is the
result of the polydispersity. We then show that this theory
explains lead removal from model solutions better than exist-
ing adsorption theories based on mass transfer. The theory also
may explain some of the results for proteins and other higher
value added species. We conclude by discussing how we could
make beds with the equivalent of monodisperse pores.

Theory

To estimate the concentration exiting from the bed, we assume
that the channels through the bed can be modeled by cylindrical
pores. Such a model is approximate, but is a common starting
point for many analyses of adsorption.18 We then explore two
limits. First, we review earlier theories for monodisperse pores
whose performance is compromised by slow mass transfer. Sec-
ond, we assume polydisperse pores in which mass transfer is so
fast that each channel is saturated whenever solute is present.

Adsorption compromised by mass transfer

This standard model assumes that adsorption in a packed
bed has three zones.19,20 The first zone occurs only during the
short time necessary to saturate adsorbent near the entrance of
the bed, a time which we will neglect here. The second zone is
a saturated region growing at a velocity vsat less than actual
fluid velocity v

v5Kvsat (1)

where K is the equilibrium constant for the solute adsorption.
The third “adsorption” zone is where irreversible adsorption is
occurring which for a favorable isotherm has a near constant
shape. The length lA of this adsorption zone, lA5kaðz2vsattÞ,
is surprisingly independent of time, at least for a favorable iso-
therm. The concentration profile within this zone is

c

c0

5e2
ka z2vsat tð Þ

v 5e2N (2)

where k is a mass-transfer coefficient, a is the adsorbent area
per adsorbent volume, and N is the number of transfer units.
We can estimate the mass-transfer coefficient k from a correla-
tion based on data for laminar flow in right circular cylinders19
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where d is the pore diameter, D is the diffusion coefficient, v is
the fluid velocity, and t is the kinematic viscosity. We will use
this correlation in the predictions later in this article.

Those working in membrane chromatography expect that
the membrane will have many pores of very small diameter,
which have very large values of ka. They expect that the mem-
brane pores will be short, and hence effect fast flow at modest
pressure drop. Those working on membrane chromatography
hope for short adsorption zones and breakthrough curves
which are almost step functions.

Adsorption compromised by polydispersity

As an alternative model, we assume that the cylindrical
pores are not all of equal radius, but instead have radii
described by a pore-size distribution g(R)

g Rð Þ5 g eð Þ
hRi (4)

where hRi is the average radius, and e is the ratio of a radius to
the average radius. The dimensionless radius e can only be
positive, so the actual radius R is given by

R5hRie (5)

and the differential of this radius, dR, is given by

dR5hRide (6)

This radial distribution function is normalized, that isð1
0

g Rð ÞdR51 (7)

We can use this distribution function to calculate average
properties of the membrane. For example, the average radius
is ð1

0

Rg Rð ÞdR5

ð1
0

hRieg eð Þde5hRi (8)

and the average flow hQi is given by

hQi5
ð1

0

pR2vg Rð ÞdR (9)

where v is the velocity in a pore of radius R. Because the flow
is always laminar, it is described by the Hagen–Poiseuille
equation

v5
DpR2

8ll
(10)

We can use these results to find the properties of our
membrane.

We now assume that mass transfer is so rapid that wherever
solute and adsorptive capacity coexist in a pore, adsorption
will occur instantaneously, saturating the surrounding adsorb-
ent. A pore of a critical radius Rc will saturate when the
amount of solute fed to that pore equals the amount adsorbed
at equilibrium

pR2
cvt5K 2pRclð Þ (11)

or

Rc5
2Kl

vt
(12)

where K is the partition coefficient of solute on the surface of
adsorbent relative to that in the solution. When the radius is
greater than this critical value, any solution exiting the pore
will have the feed concentration c0; when it is less, the exit-
ing concentration will be zero. Note that this critical radius
varies with time: at very small times, no pores are saturated;
but at large times, they all will be. We can now calculate the
concentration coming out of the membrane relative to that in
the feed

c

c0

5

Ð1
Rc

R4g Rð ÞdRÐ1
0

R4g Rð ÞdR
(13)

This result gives the breakthrough curve for the case where
mass transfer in the membrane is fast, where Taylor–Aris dis-
persion is small, but where major dispersion results from pore
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polydispersity. To make this more specific, we assume a log
normal distribution of pores

g eð Þ5 1

e
ffiffiffiffiffiffi
2p
p

r
e2

ln eð Þ2

2r2 (14)

in which e is the dimensionless radius and r is the standard
deviation of radii. This leads to the breakthrough curve

c

c0
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0
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(15)

where e5R=hRi. The concentration in this equation is often
plotted not as a function of e, but of the dimensionless time s
defined as

s � tR
thRi

(16)

where tRð5l=vRÞ, denotes the time needed for the solution to
flow through the pores with the size of R across the membrane.
By combining Eq. 16 with Hagen–Poiseuille equation (10), we
can get the relationship of s with e

s5
hRi2

R2
5

1

e2
(17)

We will explore the implications of these equations in greater
detail in Results section below. Before going to this section,
we describe how the complimentary experiments were made.

Experimental

Materials

Experiments in this work studied adsorption of lead on dif-
ferent titanium dioxide (TiO2) particles immobilized on cellu-
lose fibers. Anatase particles (10 nm) and composite particles
(P25: 30 nm, 80% anatase, and 20% rutile) were obtained
from Beijing Dk Nanotechnology Co. Titanium oxysulfate
solution (TiOSO4�H2SO4�H2O, �15 wt % in dilute sulfuric
acid) used to make other particles was purchased from
Aldrich. Cellulose fibers of nominal 30 lm diameter (Beijing
Ronel Engineering Materials Co.) were washed with distilled
water before use. All other chemicals were analytical grade
and used as received.

Membranes

The membranes used in this work were made from TiO2/
cellulose composite fibers prepared by either electrostatic
assembly or surface reaction. In a typical electrostatic
assembly, 0.1 g TiO2 nanoparticles were suspended in 200 mL
distilled water to reach a concentration of 0.5 mg/mL. After
the suspension was ultrasonicated for 3 h, the pH was adjusted

to 4.0 using 1 M HCl so that the particles are positively
charged. Cellulose fibers, which in aqueous solution are nega-
tively charged over a wide range of pH, were dispersed in
water and collected by filtration. They were then immersed in
the TiO2 suspension. After the mixture stood for 20 min, it
was filtered into a cake 47 mm in diameter and about 0.5 cm
thick. After rinsing with water, the cake was dried and hot
pressed using a plate drier to form a membrane. The mem-
branes made from P25 and anatase (10 nm) were denoted as
P25/CF and Anatase/CF, respectively.

Membranes were also made from particles synthesized by
surface reaction on fiber surfaces. In a typical synthesis, 1.0 g
cellulose fibers were suspended in 150 mL deionized water
containing 2 mL sulfuric acid. Under vigorous stirring,
0.7 mL TiOSO4�H2SO4�H2O was added dropwise. The mix-
ture was continuously stirred at 708C for 7 h. The fibers
were then filtered, rinsed, and dried. The membranes syn-
thesized by this method were denoted as In situ/CF. For
comparison, pure cellulose fibers were also filtered to make
a membrane.

Membrane properties

The pore-size distribution of all the membranes is measured
with capillary flow porometry. This method records the flow
rate of air through the porous membrane wet with a standard
liquid having a surface tension of 16 dyne/cm. This method
also requires measuring dry membrane flow and the largest
pore, determined by the bubble point method.

Adsorption on the fibers used to make the membranes
was studied by putting 50 mL samples of 10 mg/L lead
nitrate solution and 0.04 g of fibers in 100 mL capped flasks
on a platform shaker run at 150 rpm/min and 25 6 28C.
Both 0.1 M HNO3 and 0.1 M NaOH solution were used to
adjust the pH to 6.0. The adsorption capacity qe was calcu-
lated from

qe5
ðc02ceÞ

m
V (18)

where c0 is the initial lead concentration, ce is the equilibrium
concentration, V is the volume of solution, and m is the mass
of the fibers.

Breakthrough curves were measured by packing two layers
of membrane in a filter holder, giving a total bed height of
3.0 mm, an effective bed diameter of 37 mm, and an effective
bed volume of 3.2 cm3. A feed solution containing 10 mg/L
Pb21 was pumped through the bed at 2.9 mL/min. The efflu-
ent samples collected vs. time were analyzed by an atomic
absorption spectrometer. More details specific to particular
membranes are shown in Table 1. We now consider the
results.

Table 1. Principal Experimental Data at 258C

Items Units CF P25/CF Anatase/CF In Situ/CF

Bed void fraction – 0.51 0.59 0.66 0.50
Fiber equilibrium capacity mg/g 2.9 6.5 3.3 11.3
Bed equilibrium capacity 1026 mol/cm3 6.86 16.21 6.65 31.52
Bed density g/cm3 0.490 0.517 0.418 0.578
Bed capacitya 1026 mol/cm3 1.51 1.93 3.06 19.8
Fiber surface area m2/g 0.60 4.72 4.33 6.02
TiO2 content wt % 0 7.9 7.0 4.8

aAt 10% breakthrough.
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Results

This article contains both theoretical and experimental
results. The theoretical results center on the predictions of
breakthrough curves for the cases where mass transfer is fast,
but where the curves are compromised by the polydispersity.
The physical experiments compare the results for lead adsorp-
tion with those estimated from models based on mass transfer
and on polydispersity. These two groups of results are dis-
cussed sequentially.

The theoretical results are best understood by a series of
special cases. First, we consider a membrane with pores 90%
of which are 1 lm in diameter, and 10% of which are 2 lm in
diameter. The pressure drop across all the pores is the same.
Thus, because of the Hagen–Poiseuille law (Eq. 10), 64% of
the flow goes through the 2-lm pores. The breakthrough
curve, shown in Figure 1 as the solid line, has no solute com-
ing out until the 2-lm pores saturate. Once these pores saturate

but the 1-lm pores are still unsaturated, the concentration
jumps to 0.64 c0. Later, when the 1-lm pores finally saturate,
the concentration jumps again, to the feed value of c0. Thus,
the membrane shows a breakthrough curve which is the super-
position of two step functions. As a second special case, we
consider a membrane which contains 90% 1-lm pores, 9% 2-
lm pores, and 1% 3-lm pores. This shows the breakthrough
given as the dashed line in Figure 1, again a superposition of
step functions. As a third special case, we imagine a discrete
distribution of pore sizes like those shown in the inset of Fig-
ure 2: this gives the breakthrough curve given in the main
body of that figure. This is beginning to look like a real break-
through curve.

To be more realistic, we consider log normal pore-size dis-
tributions and calculate the breakthrough curves as a function
of the standard deviation r, as shown in Figure 3. The abscissa
in this figure is a dimensionless time defined as the actual time
divided by the time in a pore of average diameter. Thus, a
dimensionless time of greater than one refers to a pore of less
than average size. As expected, these predicted curves now

Figure 1. Predicted breakthrough curves for mem-
branes with different sizes of pores.

As detailed in the inset, the solid line has two sizes of

pores, and the dashed line was the three sizes.

Figure 2. Predicted breakthrough curves for a mem-
brane with a limited distribution of pore
sizes.

The number and size distributions shown in the inset

give a breakthrough like that observed experimentally

even without mass-transfer effects.

Figure 3. Predicted breakthrough curves for a log nor-
mal distribution of pore sizes.

The standard deviation of each curve is given in the

inset.

Figure 4. Experimental breakthrough curves for lead
ions in titanium dioxide membranes.

Details for the membranes are given in the text.
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look like breakthrough curves typical of any adsorption
experiment: they begin at zero time eluting pure solvent; and
they rise with time to reach the solute concentration of the
feed. Those with a sharp pore-size distribution take much lon-
ger to elute any solute, while those with a broad distribution of
pores show solute exiting much earlier.

The surprise is the shape of the curves. Those with a narrow
distribution of pore sizes do show a much longer time before
breakthrough occurs, and those with a broad distribution do
break through at much shorter times, but the slope at interme-
diate times does not vary that much. More detailed calcula-
tions, omitted here, show slopes at c/co dropping to a soft
minimum for r’s between 0.1 and 0.5. We do not understand
the physical reasons for this effect.

We now turn to the preliminary physical experiments made
to explore the effect of polydisperse pores. To do so, we need
breakthrough curves and pore-size distribution measurements.
The raw data for the breakthrough curves of the four mem-
branes are shown in Figure 4: note that the abscissa is given as
the logarithm of the number of bed volumes to accommodate
the wide variety of behavior observed. The measurement of
pore-size distribution is exemplified by the data in Figure 5,
which shows the measured distribution of the in situ/CF mem-
brane compared by that assumed by the log normal expressions.

We can now test the mass transfer and polydispersity mod-
els against these breakthrough curves. For the mass-transfer
model, we combine the data in Table 1 with Eqs. 1–3; for the
polydispersity model, we use these same data and pore-size
distribution measurements with Eqs. 14, 15, and 18. The
results, summarized in Table 2, allow two major conclusions:
first, that the mass-transfer model predicts breakthrough
about 50 times later than that observed; and second, that the

polydisperse model predicts breakthroughs similar to those
observed, but often about two times sooner.

These conclusions are reached as follows. First, using Eq. 3,
we calculate the mass-transfer coefficients expected in the
membrane as shown in the first row of Table 2. Then, from
Eqs. 1 and 2, we fit the experimental data in Figure 4 to find a
mass-transfer rate constant ka as shown for the second row.
The table shows no agreement between the values calculated
from the published correlations and the values inferred from
the experiments. The mass-transfer model does not work.

Next, we can compare the measured standard deviation r of
the pore-size distributions, shown in the third row of Table 2,
with those inferred from Figure 4, shown in the fourth line of
the table. In these inferences, we find the r’s from Eq. 15
and the log normal distribution in Eq. 14. The agreement
between the r’s is reasonable, although the values from the
breakthrough curves are always smaller than those from
the direct polydispersity measurements. This means that the
breakthrough curves measured experimentally are sharper
than those expected from polydispersity. We will explore this
in more detail in the discussion. Table 2 also contains r’s
found for a Gaussian distribution of pore sizes, which lead to
similar results to those for the log normal distribution. We
have chosen the log normal distribution here feeling that it is a
better approximation of our data.

We can understand these results more clearly by consider-
ing in detail the data for each of the membranes studied. The
results for the most carefully studied membrane, labeled in
situ/CF, are shown in Figure 6. The solid line in this figure is a
fit of the data with a log normal pore-size distribution. The

Figure 5. A typical measurement of pore-size distribution.

The solid curve, for a log normal distribution, fits the data

for the in situ/CF membrane.

Table 2. Sharpness Parameters from Different Models

CF P25/CF Anatase/CF In situ/CF

Mass transfer ka, (correlation) 16.4 136.5 101.3 194.7
ka, (breakthrough) 5.5 2.5 1.8 1.5

Log normal r, (PSD) 0.50 0.54 0.51 0.49
r, (breakthrough) 0.30 0.44 0.23 0.28

Gaussian r, (PSD) 19.1 18.8 19.9 19.1
r, (breakthrough) 17.9 18.9 0.82 18.7

Figure 6. Experimental vs. predicted breakthrough for
the in situ/CF membrane.

The solid line is the best fit using a log normal distribu-

tion of pore sizes; the dashed line is the prediction based

on the measured pore-size distribution; and the uneven

dashes are the prediction from mass transfer.
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dashed line is the prediction of the breakthrough curve, with-
out any adjustable parameters, from Eq. 15. The third, irregu-
larly dashed line is the prediction based on the mass-transfer
correlations given in Eqs. 2 and 3. The prediction based on
mass transfer, which is close to a step function, was the result
sought by the original developers of membrane chromatogra-
phy. This prediction does not agree with the results at all. The
dashed line, that expected for polydisperse pores, shows a
more gradual breakthrough than that actually observed. While
this is good news, it is a surprise: we had expected that the
result for polydisperse pores would be more gradual than the
theoretically predicted limit, especially as polydispersity
should be further compromised by noninfinite rates of mass
transfer.

The data in Figure 6 are qualitatively repeated by the results
for the other three membranes studied, as shown in Figures
7–9. In each of these figures, the solid curve is a best fit of the
data, using a log normal pore-size distribution with the r’s col-
lected in Table 2. While the data are fewer, they also show a
breakthrough curve based on mass transfer—the irregularly
dashed line—which is far sharper than the observed break-

through curve. They show a prediction based on polydisper-
sity—the dashed line—which is less sharp than that observed.
Why this occurs is explored in the next section.

Discussion

Membrane chromatography has been successful for high
value products, like antibodies. It has not been as successful
for dilute pollutants like heavy metal ions, primarily because
breakthrough occurs well before the bed is saturated.

We believe that this inefficient bed use is not due to slow
mass transfer, but to the polydispersity of the pores in the bed.
In the theoretical and experimental results above, we show
that the breakthrough curve expected for mass transfer is
much sharper than that observed experimentally. We show
that the breakthrough curve predicted from an experimentally
measured distribution of pores is much closer to that observed
experimentally. We should stress that these theoretical predic-
tions are independent of whether the solute attaches on the sur-
face, in pores or within the solid, that is, on whether
adsorption or absorption is occurring. While the experimental
data are preliminary, the results also show that pore-size distri-
bution is more important than mass-transfer rate. We note that
analogous effects for combined flow and mass transfer have
been suggested by other authors.21,22

However, the results above are compromised by two unre-
solved questions. First, why are the experimentally observed
breakthrough curves sharper than those calculated from the
polydisperse pore-size distributions? Any mass transfer that
slows solute uptake should make the breakthrough curves less
sharp than predicted, not better. Second, if monodisperse pore-
size distributions are so much better, how can we make them?
After all, without this ability, knowing why we are failing is
not that much help. We discuss each of these questions in turn.

While we are not sure, we believe that the better-than-
expected breakthrough curves are the result of having a mem-
brane which is a packed bed, and not one with actual cylindri-
cal pores. In the above, we implicitly assumed that each pore
goes through the membrane without any communication with
any other pores. This assumption is basic to, for example, the
use of the Hagen–Poiseuille equation to describe flow in each
pore. But in fact, the pores are only an idealization; in fact, the

Figure 7. Experimental vs. predicted breakthrough for
the anatase/CF membrane.

The lines are the analogs of those in Figure 6.

Figure 8. Experimental vs. predicted breakthrough for
the P25/CF membrane.

The lines are the analogs of those in Figure 6.

Figure 9. Experimental vs. predicted breakthrough for
the CF membrane.

The lines are the analogs of those in Figure 6. This

membrane contains no TiO2.
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membrane is a packed bed of fibers. In such a bed, solute in a
large “pore” will first saturate any adsorption sites on the
fibers’ walls. After this wall adsorption occurs, unadsorbed
solute may both be swept further along the “pore,” or may dif-
fuse normal to the flow into other regions adjacent to the pore.

The net result of this diffusion will be to slow the progress

of solute through the large pores, so that the saturation of the

bed caused by the largest pores will be slowed. By reverse

arguments for the smaller pores, saturation of the smaller
pores will be expedited. The net effect will be a rough parallel

to the Taylor–Aris dispersion which limits the separation pos-

sible in mass transfer-influenced chromatography. There, axial

convection couples with radial diffusion to reduce the disper-

sion in the chromatographic column. Here, something some-

what similar may be happening: the broadening of the
breakthrough curve caused by flow through the polydisperse

pores may be reduced by diffusion normal to this flow. This

“convective dispersion” would explain why the breakthrough

predicted from pore polydispersity is less sharp than that

observed. Verifying this speculation will require a more com-

plete set of experiments.
We now turn to the second question important to this work:

if monodisperse pores are so important, how can we make

them? The results above clearly demonstrate that membrane
chromatography using a membrane with monodisperse pores

should give a much sharper breakthrough curve than observed

with many of the membranes used for chromatography in the

past. A membrane with monodisperse pores should deliver
many of the advantages promised by this adsorptive separa-

tion, including a large mass-transfer coefficient, a large area

per volume for adsorption, a short unused bed length, and a
large throughput at modest pressure drop. However, to capture

these advantages, we must have monodisperse pores or their

equivalent.
There are at least four ways in which the equivalent of such

pores can be realized. First, we can try to develop a block

copolymer system which self assembles to give monodisperse,
hexagonally close-packed cylinders. The cylinders can be

aligned perpendicular to the membrane surface either by shear

or by careful optimization of process conditions.23,24 The
lumen of these cylinders is then removed by etching to give

the desired monodisperse pores. However, while this system

could work well, the pores are typically tens of nanometers in
diameter, too small for effective adsorption. These membranes

have promise for selective ultrafiltration, but seem less useful

here.
A second route to monodisperse pores is via lithography. In

this case, a sheet of metal or polymer is lithographically

masked to allow selective etching of cylindrical pores of 1–10
lm diameter, right in the range desired. Active adsorption

sites are then synthesized on the surface of the pore walls.

This method has real promise, although we are concerned by
the high cost and the limited flexibility of some of these films.

We also worry that the capacity of exchange sites per volume

of membrane will be much less than that provided by conven-
tional ion exchange. Thus, while we urge those skilled in

lithography to follow this idea, we ourselves have decided to

seek other routes.
The other routes center on the hope that we can achieve

monodisperse pore performance with polydisperse pores if we
modify the membrane geometry. These modifications presume
that our real goal is to saturate the bed under conditions where
mass transfer is fast. To do this, we do not need to make pores

of equal diameter; we only need to make sure that the
residence time through the membrane is the same in every
pore. We can think of two ways to do this. In the first, we
make our membrane by filtering a suspension of adsorbent
fibers to make a cake. Those areas of the filter cake with faster
flow will accumulate more fibers until the flow is the same
through every part of the cake. We then will chemically bond
the fibers to each other to make the desired membrane. Such a
filter cake-membrane can be manufactured in ways similar to
those currently used to make air filters.

Another method for getting monodisperse performance with
polydisperse pores is to polymerize a thin ultrafiltration mem-
brane on top of the membrane intended for chromatography.
We imagine the ultrafiltration (UF) membrane will be thin,
perhaps 100 nm, but have pores of tens of nanometers in diam-
eter. The membrane for adsorption would be thicker, perhaps
several millimeters across, but have pores which are tens of
microns in diameter. The pressure drop through the ultrafiltra-
tion membrane will be much larger than that of the adsorbent
membrane. Thus, the ultrafiltration membrane will serve as a
manifold, equalizing flow through the membrane of adsorbent
fibers. We look forward to exploring these ideas.
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