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W
hen most researchers think of separations, chromatography
springs first to mind, but advances in materials technology
and process engineering are making membranes a viable, and

in many cases preferred (see Figure 1), alternative for purposes
as diverse as pharmaceutical production and gasoline purifica-
tion.  In fact, specialized membranes are making inroads as crit-
ical enabling technologies in biotechnology purification, molec-
ular synthesis, pollutant analysis, fuel cell production, particulate
filtration, and gas separation. And it is all predicated on the
chemistry and physics of surfaces and pores—a science of Flat-
land rather than the three-dimensional realm of test tubes and
flasks and chromatography columns. Membranes are a growth
industry; according to a report in the May 2003 issue of Membrane
and Separation Technology News: “Once dismissed as a ‘mature
industry’, membranes have become a multimillion-dollar winner,
growing at the rate of 10 to 20% per year” (1).

Membrane research is so significant that the National Insti-
tute of Standards and Technology (NIST) has made it a key compo-
nent of the Advanced Technology Program (ATP) (www.atp.nist.gov),

a partnership of government, universities, and private industry
designed to develop new high-risk technologies. ATP’s program
in membrane separations includes research in “polymeric, compos-
ite polymeric–inorganic, metallic, and ceramic membranes and
reflects the recent trend in integration of membrane technolo-
gy and power systems, as represented by new fuel cell tech-
nologies incorporating innovative new membrane systems and
new membrane-based hydrogen generation technologies that can
be integrated into a fuel cell power system.” A summary of
ATP’s 2001 and 2002 research into membrane systems was present-
ed at the 20th Annual Membrane/Separations Technology Plan-
ning Conference held in November 2002 (2). So numerous and
varied are the new uses of membrane technology that a review
such as this can only touch on some of the more popular tech-
niques and applications. A wide variety of companies are at the
cusp of research and production of these products (see box,
“Selected Manufacturers of Membranes/Membrane Systems”).

Sieves and Sensitivity
Perhaps the most common large-scale application for membrane
technology is as sieves for filtration and purification. Membranes
prove invaluable in separating inorganic species and gases from
solution and separating heavy and light gases. In the burgeon-
ing realm of biotechnology, membranes have been used to sepa-
rate everything from ions and small drug molecules to macro-
molecules such as nucleic acids and proteins.

Inorganic separation. Normally, when people think of separa-
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tion membranes, they think of
woven polymeric supports or
sieves. But there is “stiff” compe-
tition out there, in a variety of
metal-based membranes that act
like intelligent colanders. These
membranes are useful in a vari-
ety of applications, but they are
highly preferred for their almost
unique ability to separate gases
from solution under the most
rigorous conditions of temper-
ature and chemical and physi-
cal stress. 

According to Yi Hua Ma of
Worcester Polytechnic Institute
(www.wpi.edu), metal-based
membranes are key to separa-
tions for hydrogen for use in
fuel, providing some of the most effective ways to produce the
pure gas from coal, hydrocarbons, or water. Composite Pd and
Pd–alloy membranes on porous stainless steel supports create
systems that are optimal for these applications in terms of their
thermal and mechanical stability (2).

Similarly, modified stainless steel membranes are being exam-
ined for their utility in the sepa-
ration of radioactive and
hazardous metal cations from
wastewater effluents as an alter-
native to ion exchange or
solvent extraction methods.
Because these membranes are
robust, they can be coated with
a thin layer of gold or silicon
oxide and chemically trans-
formed to contain molecular
recognition sites designed to
facilitate chemical separations
of desired cations. Researchers
at the Los Alamos National
Laboratory recently demon-
strated that bulk diffusion
was the key method by which
radioactive metals and toxic
cations moved through the
water-saturated pores of
unmodified stainless steel
membranes (3). 

Organic vapor separation.
Hans Wijmans of Membrane
Technology & Research, Inc.
(www.mtrinc.com) discussed the
development of membrane-
based systems for the recovery
of hydrocarbon vapors and
liquids in a presentation at the March 2003 Texas Technology
Showcase (4). 

Wijmans outlined a variety of commercial product recovery
applications, including vinyl chloride from poly(vinyl chloride)
reactors; propylene and ethylene from polypropylene and poly-

ethylene resin degassing oper-
ations; and ethylene from ethyl-
ene oxide, vinyl acetate
monomer production, and fuel
gas conditioning processes.
Newer applications under inves-
tigation include separating
olefins and paraffins, removing
N2 and CO2 from natural gas,
producing bioethanol, and sepa-
rating vegetable oils and
proteins from extraction
solvents (4). Much of this work
is sponsored by the U.S. Depart-
ment of Energy as part of its
Office of Industrial Technology
and Small Business Innovation
Research Program. 

These membranes illustrate
some of the unique capabilities of specially designed polymers
to perform defined separations under industrial conditions. Accord-
ing to the Membrane Technology website: “In conventional
membranes, separation is accomplished primarily by differences
in diffusion rates due to differences in molecular size. In contrast,
the VaporSep membrane separates on the basis of solubility. This

‘reverse selective’ membrane
allows large hydrocarbon mole-
cules to permeate much faster
than smaller molecules such as
nitrogen, hydrogen, or methane.
The reverse selective effect is
due to the higher solubility of
large hydrocarbon molecules
in the specific VaporSep poly-
mer.” Flat membrane sheets are
rolled into spiral modules, and
feed gas can flow between the
membrane sheets. Hydrocarbon
vapor passes through the
membrane and spirals inward to
a central collection pipe while
lighter gases are excluded and
exit as residue.

Similarly, Carbon Membranes
Ltd. (Arava, Israel) has devel-
oped hollow-fiber carbon molec-
ular sieve membranes to sepa-
rate contaminating gases such
as CO2 and hydrochloric acid and
hydrogen from the expensive
noble gas xenon (1).

Bioseparation. According to
Miriam Nagel, analyst for Tech-
nical Insights, a business unit
of Frost & Sullivan (www.Tech

nical-Insights.frost.com), “Medical applications represent a major
market for membranes.” These include blood filtration systems
to protect the safety of the blood supply, dialysis membrane
systems for renal disease, and a plethora of different membrane
systems involved in the genomics, proteomics, and drug discov-
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“’Twas MIMS-y . . .”

Membrane technology is an integral part of one of the most
useful varieties of environmental monitoring instrumenta-
tion. Membrane introduction mass spectrometry (MIMS) relies
on a thin silicone membrane to separate organic compounds
from soil-extract, water, or air samples before they enter the
ion source of a mass spectrometer, making the technique
ideal for environmental analysis. Although MIMS was first devel-
oped in 1963, it continues to be a useful method of analyz-
ing organic environmental pollutants, including volatile and
semivolatile organic compounds. Because MIMS technology is
robust, researchers have adapted this separation and analysis
method to on-line and on-site measurements of environmen-
tal contaminants. Transportable MIMS analysis has been
developed into portable units capable of a variety of “dirty”
measurements. For example, a boat-mounted instrument can
monitor water pollution continuously as it travels through a
canal. Wastewater from an oil refinery can be monitored contin-
uously on-line as well. Ideally, this methodology will be
adaptable to rapid identification of new, less volatile types of
pollutants, including “pharmaceuticals, estrogens, and water
disinfection byproducts”(6). To this end, new types of membrane
configurations are being developed, including ultrathin
membranes and hollow-fiber systems that provide more vari-
ety for applications than standard flat sheets.

FIGURE 1: Diffusive difference. For resin-based chromatography
columns (left), there is a long diffusion path into the internal pores
of beads. By contrast, macromolecules are readily bound in
membrane chromatography (right) without diffusing long distances.
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ery research industries.
These systems rely most

often on adsorptive membranes
with chemically functional sites
similar to chromatographic
separation materials that
provide a two-dimensional
surface for efficient removal of
contaminants such as viruses
and endotoxins from biological
fluids. A number of these meth-
ods have been reviewed for their
use in the process bioseparation
industry (5). Because biomed-
ical separation technologies
have a demanding regulatory
component, especially in phar-
maceutical applications, the
development of single-use,
disposable anion-exchange
membranes is an important line
of research for the removal of DNA, viruses, and contaminating
proteins. According to Derek Pendelbury of the Pall Corp.
(www.pall.com), “a single-use format helps biopharmaceutical
manufacturers speed up process development by eliminating the
costly and time-intensive steps
of cleaning and cleaning vali-
dation” (2).

One of the more inventive
uses of artificial membranes
involves the parallel artificial
membrane permeability assay
(PAMPA; Figure 2) designed
for oral drug absorption model-
ing. As developed by researchers
at F. Hoffmann-La Roche,
PAMPA uses a filter coated with
a variety of phospholipids, from
simple phosphocholine to
complex lipid mixtures reflect-
ing typical animal membranes
(7). PAMPA and permeability
screening filter plate assays have
been designed for high-through-
put screening for pre-ADME
(absorption, distribution,
metabolism, and excretion)
purposes by companies such as Millipore (www.millipore.com) and
Whatman (www.whatman.com).

One of the most critical potential uses of new membrane tech-
nology is in the bioseparation of chiral molecules. Charles R.
Martin and colleagues at the University of Florida recently report-
ed on their efforts to develop nanotube membranes for the purpose
of facilitated transport bioseparations using an attached antibody
that selectively binds one enantiomer of a chiral drug molecule
(2). They demonstrated a template method to make synthetic
polymer membranes that contain monodisperse (uniformly sized)
cylindrical nanotubes spanning the complete width (~10 mm) of
the membrane. They were able to control the variation in the
inside diameter of the nanotubes to less than 1 nm. Their nanotube-

containing membranes proved
useful for protein separations
along with their potential for
chiral drug separation. 

Of course, without the stan-
dard membrane supports used
for blotting electrophoretic gels
for the purpose of assay detec-
tions, the study of proteins and
nucleic acids would still be in
its infancy. Membrane formats
are also used as substrates for
a variety of DNA and protein
microarrays for research and
diagnostics. 

It’s All Wet
Although in one sense, water
purification is merely a subset
of the separations outlined
above, in its importance as an

industry and in its critical role in human and environmental
health, membrane treatment of water is in a class by itself.

Reverse osmosis is one of the most common treatments for
water purification, especially used for the desalinization and treat-

ment of brackish water. But to
provide the cleanest water,
several filtration techniques are
usually combined, including
chromatographic techniques
such as charcoal filtration and
ion exchange. In these cases,
reverse osmosis and prefiltra-
tion membranes are often crit-
ical adjuncts. In typical bottled-
water plants, coarse filtration
removes particulates and a
second filtration removes algae
before reverse osmosis filtration.
Filtration membranes (such as
Millipore’s Nucleopore Track-etch
polyester membranes) for puri-
fying water systems are gener-
ally made in cartridge form to
provide maximum surface area
for filtration.

One of the most critical issues
in membrane filtration, especially in wastewater treatment, is that
of fouling or failure of the membrane due to the accretion of partic-
ulates or chemical blockers. According to C. W. Davis of Separa-
tion Technology, Inc. (www.separationtechnology.com), “membrane
autopsy (failure analysis) tools include FTIR spectroscopy, X-ray
spectroscopy, bacterial analysis, visual inspection, flux, and salt
passage determinations” (2). These and other such methods are
critical to maintain the pure and ultrapure water systems that
membrane filtration has made possible.

Just Plane Synthesis
Membranes have proved to be not only an invaluable tool for
separations, but also a uniquely functional platform for a wide
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Selected Manufacturers of Membranes/
Membrane Systems

Alltech Associates www.alltechweb.com

Barnstead International www.barnstead.com

BD Biosciences www.bdbiosciences.com

Millipore www.millipore.com

Pall Life Sciences www.pall.com

pION Inc. www.pion-inc.com

Sartorius www.sartorius.com

Schleicher & Schuell www.schleicher-schuell.com

Supelco www.sigma-aldrich.com

U.S. Filter www.usfilter.com

Whatman, Inc. www.whatman.com

FIGURE 2: Comparing permeability assays. Caco-2 uses compart-
ments of different volumes separated by a monolayer of cells grown
on a filter. PAMPA, however, uses chambers of the same size, sepa-
rated by a filter coated with lipid in organic solvent.
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variety of chemical syntheses, from inorganic chemistry to combi-
natorial chemistry for drug production. Planar or hollow-fiber
membranes offer several unique benefits, providing potential for
greater structural stability and the ability to localize the separa-
tion interface and the bound materials more easily than is
generally possible with loose chromatographic supports. One of
the most recent twists on the use of membrane technology in
molecular biology is as a support for peptide and nucleic acid
synthesis. For example, SPOT synthesis technology as offered by
Sigma-Genosys (www.genosys.com/spot.asp) and other companies
enables the generation of custom peptide libraries on cellulose
membranes that can then be probed directly using a variety of
functional assays. 

Flatland Forever
Using flattened sheets or hollow fibers made of organic polymers,
stainless steel, or silicone, modern membrane technology is
transforming the way chemistry is done, from synthesis and purifi-
cation to partitioning and production. In every field of endeavor,
from molecular biology to the petroleum industry, from environ-
mental analysis to fuel cell production, new and better membranes
are leading the way. The plane truth? It is inevitable, from the
perspectives of both science and investment, that interest will
remain high in membranes, especially when the 2003 domestic
market for membranes is estimated at more than $2 billion. Micro-
filtration, ultrafiltration, nanofiltration, and reverse osmosis
membranes constitute the majority of sales, and U.S. sales are
expected to reach $3 billion by 2008 (8).
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It is inevitable, from the
perspectives of both science and

investment, that interest will
remain high in membranes.


