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The author's career path in membrane science was any­
thing but direct. Indeed, he embarrassingly admits that 
he has no formal training in the subject. His interest 

in membranes began during his tenure as a Director for NSF's 
(former) Thermodynamics and Mass Transfer Program in 
1977-78. This program, which provided the only source of 
NSF funding for membrane research, had only two grants in 
the field at the time. 

The author's efforts to enhance funding for membrane sci­
ence ultimately led to establishing NSF's Separations and 
Purification Processes Program. In the process of doing this, 
the author also convinced himself that membrane science was 
a fertile area for challenging research. The actual impetus 
for initiating a research program in membrane science, how­
ever, came from one of his students, who upon completing 
his MS degree in the author 's geophysics research program 
in 1981, asked if he could pursue a PhD in membrane sci­
ence. Indeed, we sometimes gain more inspiration from our 
students than we give to them! 

In 1990 the author and Professor Richard D. Noble estab­
lished the NSF Industry/University Cooperative Research 
Center (1/U CRC) for Separations Using Thin Films that sub-
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sequently became the Center for Membrane Applied Science 
and Technology (MAST). In 2000 the author accepted the 
Rieveschl Ohio Eminent Scholar Chair in Membrane Tech­
nology at the University of Cincinnati where he established a 
partner MAST Center site with a particular focus on bio-ap­
plications of membrane science. 

CHRONOLOGY OF MEMBRANE SCIENCE 
AND TECHNOLOGY 

A membrane is a semipermeable medium that permits the 
passage of some molecules, colloidal aggregates, or particles 
relative to others. The dawn of membrane science is gener­
ally considered to be in the 18th century when Abbe ' Nollet 
used the semipermeable properties of animal bladders to study 
reverse osmosis. The practical use of semipermeable media 
dates back many centuries before this, however. For example, 
the Arawak peoples of the West Indies used microporous stone 
filters to purify drinking water as early as 1600 BC, and the 
use of membrane filters for clarifying alcoholic beverages 
probably predates this by a few thousand more years. An ex­
ample of one of these primitive stone membrane filters as 
shown in Figure I . 

It is interesting to note that membrane science developed 
much faster than membrane technology. For example, dialy­
sis was studied by Graham in 1861 but it was not until 1944 
that the first commercial dialyzer was developed by Kolff 
and Beck-think of how many lives could have been saved 
if the membrane dialyzer (artificial kidney) had been de­
veloped sooner. 

Electrodialysis was reported by Pauli in 1924 but did not 
become practical until the 1950s. Ultrafiltration was studied 
in the early part of the 20th century but was not commercial­
ized until the I 960s. Gas separations were studied by Gra­
ham in 1864 but the development of the membrane lung oxy­
genator by Kolff and Balzer did not occur until the 1950s; 
again consider the impact of this delay on the loss of life. 
Although the pH meter was developed by Cremer in 1906, 
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the smart sensor industry did not emerge until the 1960s. 
Nelson and Rose 's pioneering studies of controlled release 
technology were reported in 1955, but this was not commer­
cialized until the 1980s. This delay between scientific di s­
covery and commercial implementation is in stark contrast 
to the rapid commercialization that we associate with com­
puter- and information-age technologies. Unfortunately thi s 
delay is very much associated with our inability to address 
challenges that have confronted membrane science. 

DISADVANTAGES AND ADVANTAGES 
OF MEMBRANES 

The significant time gap between discovery and commer­
cialization of membrane technology is a result of several per­
ceived disadvantages of membrane technology. Since most 
membranes are made from solids, the permeation rates will 
be low unless they can be made very thin. Membrane pro­
cesses scale linearly ; that is, the required membrane area is 
directly proportional to the feed flow rate. Hence, membrane 
processes do not have the economies-of-scale that are en­
joyed by separations technologies such as distillation, extrac­
tion, and crystallization. 

The attractiveness of membrane technology is also tied to 
energy costs since they are very energy efficient relative to 
separations processes that require a change of phase; fortu­
nately (but unfortunately for membrane technology) we have 
lived during a time of abundant and relatively inexpensive 
energy. Concentration polarization and fouling have hindered 
the application of membranes to many liquid separations ap­
plications. Most membrane separations employ polymeric 
membranes that are subject to compaction under high pres­
sure and swelling in the presence of aggressive organic sol­
vents, both of which compromise performance. 

Interestingly, membranes have been successful primarily 
in niche markets where they do not have any competition; 
consider for example contact lenses, renal dialyzers , artifi­
cial lungs, breathable garments, battery separators, etc. Poly­
meric membranes are subject to UV degradation, hydrolysis, 
and attack by polar aprotic solvents as well as a relatively 
low maximum use temperature; hence they have limited ap­
plications and relatively short lifetimes. Ceramic membranes 
are brittle, friable, difficult to package into modules and rela­
tively expensive. Finally, polymeric membrane manufacture 
requires relatively little material; hence, it does not have much 
influence on the polymer market and the corresponding de­
velopment of new polymers. 

Membranes also enjoy several advantages that will lead 
to exciting new applications in the 21 st century. They are 
attractive from a First Law of Thermodynamics perspective 
since they in general require less energy than competitive 
separation processes owing to the fact that they do not nec­
essarily require an energy-intensive phase change. They are 
also attractive from a Second Law of Thermodynamics de-
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Figure 1. The author and a stone membrane filter of the 
type used by the Arawak peoples of the West Indies to 

purify drinking water as early as 1600 BC. 

sign perspective since they are not subject to the entropy pen­
alty associated with a phase change. The linear scaling law also 
has positive implications since it implies that membrane tech­
nology is modular and therefore amenable to easy scale-up. 

Membrane separations are also easily adapted to both con­
tinuous and batch-wise operation. In contrast to many com­
petitive technologies, harsh or extreme operating conditions 
are not generally required for membrane separations. They 
can also be used to separate feeds that exhibit an azeotope 
that precludes separation via distillation. 

Membranes are particularly amenable to hybrid separa­
tions in which they are combined with some other technol­
ogy such as distillation where they can be used to process a 
slip stream to break an azeotope. They can also be 
functionalized to permit highly discriminating separations 
and can be made from renewable resources such as wood 
pulp and cotton delinters. Membrane separations are also 
considered to be environmentally friendly, green technolo­
gies. One particular advantage of membranes that has been 
realized only recently is that they are the only technology 
that can separate, deliver, or discriminate between solutes 
on the microchip scale or MEMS (Micro-Electro-Mechani­
cal-Systems) scale . 

THE NSF CENTER FOR MEMBRANE 
APPLIED SCIENCE AND TECHNOLOGY 

The challenges and opportunities for membranes led to the 
establishment of the Center for Membrane Applied Science 
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and Technology (MAST) (the only NSF block-funded mem­
brane research center in the U.S.) at the University of Colo­
rado in 1990. In 2001 the MAST Center became a Multi­
University Industry/University Cooperative Research Cen­
ter (I/U CRC) by adding a partner site at the University of 
Cincinnati . This permitted the MAST Center to expand its 
focus to include biomedical , pharmaceutical and biosensor 
application s of membranes since the requisite 
multidisciplinary research was facilitated by having the Col­
leges of Engineering, Arts and Sciences, Medicine, and Phar­
macy on the same campus at Cincinnati. 

The objectives of the MAST Center are (1) to conduct ba­
sic research and related developmental activities for the use 
of membrane technology, (2) to provide timely and effective 
technology transfer between the Center and its sponsors, and 
(3) to promote education in membrane technology. The MAST 
site Co-Directors are Professors Richard D. Noble and Alan 
R. Greenberg at the University of Colorado and Professors 
Jerry Y.S. Lin and the author at the University of Cincinnati. 

The primary source of funding for the MAST Center is its 
industrial and governmental lab sponsors, each of whom pays 
an annual fee. Each sponsor designates one representative on 
the Industrial Advisory Board (IAB) of the Center. Twice each 
year, the sponsors are invited to submit topics for possible 
MAST Center research projects. These topics can involve 
any aspect of membrane science and technology, the under­
taking of which would be appropriate to MS or PhD research 
in any field of pure and applied science. The list of topics 
along with any supporting information the sponsors choose 
to provide is sent to faculty spanning a broad spectrum of 
disciplines at the two MAST sites. Interested faculty then 
submit pre-proposals that are evaluated by the IAB to de­
termine who will be asked to submit expanded proposals. 
On the basis of the latter, the IAB selects the proposals 
that will be funded. 

Projects are generally funded for three years at a level ad­
equate to fund one graduate student and to provide a modest 
budget for supplies, equipment, travel , and some faculty sum­
mer support. The return to industry for its investment in the 
Center is rapid technology transfer, access to University fac­
ulty, students, and facilities , a forum to discuss membrane 
science and technology, and a proven 20: 1 leveraging on their 
annual sponsor fee. The benefit to faculty and students is rel­
evant research, participation of sponsors on the research 
teams, industry internship opportunities, and access to spon­
sor facilities . In order to protect the intellectual property inter­
ests of the Universities and the sponsors, all MAST Center re­
search is held in confidence until the IAB approves disclosure. 

Membrane research at Cincinnati and Colorado impacts not 
only the graduate programs at each university, but also has 
had a significant positive impact on undergraduate programs 
via NSF Research Experiences for Undergraduates (REU) 
Summer Site Programs that are tied to the MAST Center sites. 
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Over 175 undergraduates have received financial support and 
invaluable research experience through the NSF REU pro­
grams at the two sites. 

Recently the Cincinnati MAST Center site was awarded 
an NSF Integrative Graduate Research Education and Re­
search Traineeship (IGERT) grant that focuses on bio-appli­
cations of membrane science and technology. This program 
includes a set of prescribed courses in membrane science that 
provide the impetus for complementary curricular tracks in 
biomedical, pharmaceutical , and biosensor applications of 
membranes. Program components include a set of laboratory 
rotations, training in entrepreneurship, professional ethics, 
communication skills, industry internships, and the opportu­
nity for an international technical cultural experience. This 
NSF I GERT program complements the MAST Center in that 
the membrane research undertaken by the former will be gen­
erated by the faculty, whereas that undertaken by the latter is 
suggested by the MAST sponsors. 

Over the past 13 years, the MAST Center has funded 55 
research projects that in tum have provided stipend support 
for 16 MS, 37 PhD, and 6 postdoctoral students. The fact that 
77% of the project teams were multi-investigator and 56% 
were interdisciplinary demonstrates that the MAST Center 
has successfully promoted the research environment neces­
sary to tackle the difficult challenges facing the advancement 
of membrane science and technology. This research has led 
to 90 peer-reviewed and 253 presented papers as well as 10 
patents. Most impressive is the fact that MAST Center stu­
dents have won 27 regional and national awards for their re­
search accomplishments. MAST Center activities have cata­
lyzed more than $16 million in spin-off funding , primarily as 
a result of facilitating the formation of faculty research teams. 

EXAMPLES OF SUCCESSFUL 
NSF MAST CENTER RESEARCH 

It is interesting to follow the chronology of a successful 
MAST Center project. In 1993, the U.S. Army Tank and Au­
tomotive Research and Development Center (TARDEC) 
joined the MAST Center. TARDEC's motivation to join the 
Center was based on problems encountered during the 1991 
Desert Storm war in Iraq. Indeed, a major factor that limited 
our ability to move through the vast desert into Baghdad was 
the supply of water to the ground forces. TARDEC was re­
sponsible for mobile water treatment units , each of which 
could produce l00,000 gallons per day using reverse os­
mosis membrane technology. 

Approximately one-half of the weight of these units was 
associated with equipment and chemicals needed to clean the 
membranes of fouling deposits. Owing to the buildup of foul­
ing deposits on the membranes, the mobile units had to be 
periodically shut down and de-fouled by circulating chemi­
cal cleaning agents through them. Considerable time and 
cleaning agent materials were wasted owing to the uncer-
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tainty in the amount of time required for cleaning the units. 

The author participated in a research team that quickly rec­
ognized that this problem could be addressed by adapting 
Ultrasonic Time-Domain Reflectometry (UTDR) to monitor 
the condition of the membranes. Ultrasound was an estab­
lished medical technology for imaging centimeter-scale in­
ternal organs and fetuses. Adapting it to image micron-scale 
fouling deposits was a challenging task for our MAST Cen­
ter research team-one that ultimately led to a U.S. patent.111 

TARDEC projects that this UTDR technology will pro­
vide a savings of as much as 50% in cleaning time and chemi­
cal cleaning agent use. Subsequent 

to allow the young man to explore his 'ill-conceived' idea. 
What subsequently happened is best described by a beautiful 
poem of Edgar Guest: 

So he buckled right in 
with the trace of a grin 
on his face. If he worried, he hid it. 
He started to sing 
as he tackled the thing 
that couldn 't be done, and HE DID IT! 

Edgar A. Guest - It Couldn't Be Done 

Indeed, as it turned out, the student was right and the pro­
fessor was wrong-wrong in his science, that is, but right in 

hi s mentoring of a young researcher! 
This research led to a U.S. patentl111 and 
the 1999 U.S. Collegiate Inventor of the 
Year award for the young man-and just 
incidentally, to a new area of research 
for the professor. Figure 2 shows this 
young man with a ' hint of a grin' re­
ceiving his award! 

THE FUTURE OF 
MEMBRANE SCIENCE 

publications describe the use of 
UTDR to monitor membrane foul­
ing ,12·61 membrane compaction, 17-81 

and membrane formation. 191 Current 
research involves the use of UTDR 
to study membrane swelling, defect 
detection , and optimal design of 
membrane modules. This provides an 
excellent example of how MAST 
Center projects address both the 
immediate goals of its sponsors and 
provide incentives for faculty to pur­
sue new research thrusts that result in 
scholarly publications and significant 
external funding . 

The MAST Center not only has 
provided stipend support for many 
graduate and postdoctoral students, 
but also has provided financial sup­
port and research experience for over 
I 75 undergraduate students. It has 
been said that if faculty are reason-

Figure 2. Andrew Neice, James Hillier (left}, 
and the author (right}, at the 1999 Awards 
Ceremony for the Collegiate Inventors of the 
Year. Dr. Hillier was honored for his research 
related to the invention of the electron mi­
croscope. Andrew, a freshman at the time, 
received the Undergraduate Collegiate In­
ventor of the Year Award for his invention 
that emanated from NSF MAST Center re­
search focused on macrovoid defect forma­
tion in polymeric membranes. 

Now let us consider the future of 
membrane science in thi s 21 st century. 
There are several important consider­
ations regarding membranes that need 
to be kept in mind when considering 
where this field of scientific endeavor 
is going: 

• Membranes are competitive when 
the desired product is the permeating 
component. 

ably confident the objectives of a research project can be 
achieved, it should be given to a PhD student since they must 
achieve positive results for their thesis; but if the project is 
highly speculative, with a low chance of positive results, it is 
appropriate for an undergraduate researcher! Indeed, under­
graduates are delightfully naive; they are not experienced 
enough to know what is impossible! 

One such example is provided by a freshman who came to 
the author to undertake an independent study research project 
that involved adapting video-microscopy for imaging the evo­
lution of pore structure during membrane formation via phase 
inversion. The student happened to be taking physics while 
he was working on this project and proposed using nonuni­
form electric fields to eliminate undesirable macrovoid pore 
defects that compromise the mechanical integrity of poly­
meric membranes . The author knew that this idea would not 
work since he had published a paper that explored this same 
idea,1w1 but he did not want to di scourage a young researcher 
by telling him about the earlier paper. He provided some funds 
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• Membranes thrive in noncompetitive 
markets. 

• Membrane processes obey a linear scaling law. 
• Membranes are the only separations technology that 

will work on the microscale. 
• Membranes stand to benefit significantly from the 

science of biomimetics. 

It might seem surpri sing that reverse osmosis membrane 
technology is now used to produce more than 400 million 
gallons per day of fresh water from seawater; yet, it is not 
being used to provide fuels-grade ethanol from aqueous bio­
mass solutions. The answer is simple, however-any water 
that passes through a membrane via reverse osmosis is a use­
ful product. In contrast, to produce a fuels-grade ethanol prod­
uct from aqueous biomass solutions would require passing 
nearly all the water through the membrane since the ethanol 
molecule is larger than water. Indeed, successful membrane 
technologies usuall y require that the desired product pref­
erentially permeate. 

Any technology would like to be the 'only show on the 
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road, ' but this is especially true for membranes. Consider, for 
example, life-saving medical technologies such as the mem­
brane lung oxygenator and membrane dialyzer, pharmaceu­
tical devices such as controlled release patches, and consumer 
products such as contact lenses. 

Educators who teach process design are quick to point out 
the disadvantage of membrane technology in that it obeys a 
linear scaling law. As stated earlier, it is for this reason that 
membranes do not have the economies-of-scale that other 
separations technologies enjoy. It is important to realize, how­
ever, that a technology damned for large-scale applications 
might be blessed for small-scale applications! Indeed, mem­
branes provide the only technology that can separate, deliver, 
or discriminate between solutes on the micro- or nano-scales. 

It is well known that the human body consists primarily of 
water-the second pervasive component in our bodies is 
membranes. Indeed, our skin, kidneys, spleen, liver, eye cor­
neas, and every cell in our body involve biological mem­
branes. The science ofbiomimetics seeks to unravel how liv­
ing systems accomplish their exceptional performance. We 
are delighted when we can fabricate a synthetic membrane 
that will provide a separation factor of 20: 1 for some solute. 
Imagine the impact of being able to make synthetic mem­
branes that can mimic ion channel performance in the bilipid 
layers of cell walls that can discriminate between sodium and 
potassium with a separation factor of over one million! 

The aforementioned considerations for membrane technol­
ogy suggest the direction for membrane science applications 
in thi s 21 st century. For example, changes in federal regula­
tions may soon require that small incorporated municipali­
ties with a population under I 0,000 meet the same high wa­
ter-quality standards that are imposed on larger towns and 
cities. Membrane technology may provide the economic al­
ternative for these smaller scale applications. 

It is well known that the demand for kidney, liver, spleen, 
and other human organ transplants exceeds the supply of 
donor organs. There are alternative ways to meet this organ 
demand that must keep the gods laughing-the animal whose 
organs are most readily transplanted into humans is the pig! 
Porcine organ transplants cannot be done directly owing to 
problems of potential transmission of viruses as well as sen­
sitive religious considerations for some people, but it is pos­
sible to encapsulate the porcine organ in the shell of a hol­
low-fiber membrane module, a device that resembles a tube­
and-shell heat exchanger, and to have the blood flow through 
the fibers. In this way organ functionality is retained by having 
the solutes permeate through the walls of the hollow fibers with­
out any direct contact between the porcine organ and the blood. 

A very desirable alternative to organ transplants is , of 
course, to cure the disease itself. Tremendous progress is now 
being made using islet cell transplantation. Islet cells are the 
'drill sergeants' of the cell community that can restore healthy 
organ functionality. Membranes are used both to isolate the 
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islet cells and to encapsulate them for transplantation via sur­
gical techniques such as laparoscopy. 

We have already alluded to controlled release for deliver­
ing drugs at the precisely required dosage transdermally. This 
well-established membrane technology will soon be comple­
mented by smart drug delivery. The latter will involve inter­
facing devices for sensing the need for treatment and deliver­
ing the appropriate drug. Consider, for example, people suf­
fering from heart disease. If they encounter a stressful situa­
tion such as a near-accident while driving, they could find 
themselves in a life-threatening situation if they do not re­
ceive one of the drugs that suppresses the adrenaline in their 
bloodstream. Smart drug delivery might involve a piezoelec­
tric sensor on the chest that would detect an excited heartbeat 
and send an analog signal to a MEM-MEMS device that would 
deliver an adrenaline-suppressing drug transdermally into the 
bloodstream. The latter would close the feedback loop back 
to the piezoelectric sensor that would gradually reduce the 
drug delivery as dictated by the heartbeat. 

The pharmacy-on-a-chip will use a MEM-MEMS device 
that incorporates many microscale membranes into a micro­
chip to deliver a solute. The particular advantages of MEM­
MEMS technology are miniaturization and analog input/out­
put electrical signals. These devices capitalize on the unique 
linear scaling characteristic that permits membranes to retain 
their ability to deliver, separate, or discriminate between sol­
utes even on the micro- and nano-scales . For this reason 
MEM-MEMS devices will be used in separation devices such 
as compact portable oxygenators that will greatly improve 
the quality of life for chronic obstructive pulmonary di sease 
(COPD) patients and in smart sensors for the discriminating 
detection of solutes such as glucose and insulin levels in the 
bloodstream of diabetics. 

In the past, profitable applications of membranes such as 
water desalination have required making membranes via 
large-scale, continuous-production-line processing. Indeed, 
heretofore most commercial membranes have been manu­
factured either via phase-inversion or interfacial polymer­
ization. The application of self-assembly, molecular scaf­
folding, and other templating techniques for making highly 
functionalized membranes has been an academic curiosity. 

The exciting potential for MEM-MEMS technology, how­
ever, has dictated a new paradigm for membrane manufac­
ture in the 21 st century-namely making commercial mem­
branes by the millimeter rather than the mile. Consider for 
example that a single 8.5 x I I-inch sheet could provide 2 
million micromembranes having a 200-micron diameter such 
as might be incorporated into a MEM-MEMS device. A par­
ticular advantage of these micromembranes is that the total 
force on their area for typical operating pressures will be quite 
small, thereby obviating the need for a thick support layer 
that reduces the permeation rate. 

Making membranes by the millimeter rather than the mile 
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for MEM-MEMS and other high-tech applications opens the 
door to an array of techniques for introducing unique struc­
ture and functionality. The MAST Center has developed a 
program that is currentl y focusing on using Langmuir­
Blodgett (L-B) technology to address the MEM-MEMS chal­
lenge. The L-B technique involves spreading one or more 
surface-active components at the water/air interface to form 
a monomolecular film . This film is subsequently compressed 
by a moving barrier in the interface. This compression causes 
ordering of the surface-active molecules and possibly a two­
dimensional phase transition. The ordered or phase-separated 
film can then be collected on a solid support by drawing the 
latter through the interface. Composite membranes can be 
fabricated by employing a microporous membrane as the solid 
support on which the L-B layers are collected. The thickness 
of these composite membranes can be controlled by adding 
more L-B films. The functionality of these composite mem­
branes can be engineered by changing the properties of the 
monomolecular film, either by employing different surface­
active molecules or by changing the surface state of the film. 
Microporous L-B films can be created by first using a mono­
layer within which a two-dimensional phase separation has 
occurred and then di ssolving the di spersed phase component 
from the supported L-B film. 

It is particularly desirable to make fluorocarbon membranes 
using this L-8 technique. Fluorocarbon membranes are at­
tractive owing to their excellent solvent resistance and ap­
proved use in the human body, but many fluorocarbon poly­
mers are not amenable to membrane fabrication via conven­
tional phase-inversion. Blends of surface-acti ve alkyl- and 
fluoro-trichlorosilanes will phase-separate under interfacial 
compression to form dispersed two-dimensional micro-do­
mains. Moreover, the trichlorosilanes will spontaneously hy­
drolyze in water and subsequently polymerize under com­
pression to form a robust film that can be collected on a po­
rous support. By appropriately choosing the concentration 
and chain length of the alkyl- and fluoro-trichlorosilanes, it 
is possible to make the former the di spersed phase compo­
nent. The latter then can be easily di ssolved from the sup­
ported L-B film using common solvents such as benzene. 

Challenges in applying the L-B method for fabricating com­
posite membranes relate to achieving the desired functional­
ity, pore size, and mechanical integrity. The NSF MAST Cen­
ter is exploring the use of chain length , surface compression 
speed, substrate pH, temperature, and DC electric fields to 
decrease the di spersed phase domain size in these L-B films. 
We are optimistic that this research will lead to an enabling 
technology for manufacturing highly functionalized membranes 
that will address the demands of 21 st century appbcations! 

SUMMARY 

Membrane technology has unique advantages that position 
it to address exciting challenges in the 21 st century that rel ate 
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to environmental, biomedical , biosensor, and pharmaceuti­
cal applications. In particular, it is the only separations tech­
nology that retains its functionality at the micro- and nano­
scales and thereby has unbounded potential for use in MEM­
MEMS and related applications. 
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