
MEMBRANE TECHNOLOGY

1. Introduction

Membranes have gained an important place in chemical technology and are
being used increasingly in a broad range of applications. The key property that
is exploited in every application is the ability of a membrane to control the per-
meation of a chemical species in contact with it. In packaging applications, the
goal is usually to prevent permeation completely. In controlled drug delivery
applications, the goal is to moderate the permeation rate of a drug from a reser-
voir to the body. In separation applications, the goal is to allow one component of
a mixture to permeate the membrane freely, while hindering permeation of other
components. Since the 1960s, membrane science has grown from a laboratory
curiosity to a widely practiced technology in industry and medicine. This growth
is likely to continue for some time, particularly in the membrane gas separation
and pervaporation separation areas. Membranes will play a critical role in the
next generation of biomedical devices, such as the artificial pancreas and liver.
The total membrane market grew from $10 million to the $2–3 billion level in
the 40 years prior to 2000. Spectacular growth of this magnitude is unlikely to
continue, but a doubling in the size of the total industry to the $5 billion level
during the decade following is likely.

2. Historical Development

Systematic studies of membrane phenomena can be traced to the eighteenth cen-
tury philosopher scientists. For example, Abbé Nolet coined the word osmosis to
describe permeation of water through a diaphragm in 1748. Through the nine-
teenth and early twentieth centuries, membranes had no industrial or commer-
cial uses but were used as laboratory tools to develop physical/chemical theories.

For example, the measurements of solution osmotic pressure made with
membranes by Traube and Pfeffer were used by van’t Hoff in 1887 to develop
his limit law, which explains the behavior of ideal dilute solutions. This work
led directly to the van’t Hoff equation. At about the same time, the concept of
a perfectly selective semipermeable membrane was used by Maxwell and others
in developing the kinetic theory of gases.

Early investigators experimented with any type of diaphragm available to
them, such as bladders of pigs, cattle, or fish, and sausage casings made of ani-
mal gut. Later, collodion (nitrocellulose) membranes were preferred, because
they could be made reproducibly. In 1907, Bechhold devised a technique to pre-
pare nitrocellulose membranes of graded pore size, which he determined by a
bubble test (1). Other workers (2–4) improved on Bechhold’s technique, and by
the early 1930s microporous collodion membranes were commercially available.
During the next 20 years, this early microfiltration membrane technology was
expanded to other polymers, notably cellulose acetate. Membranes found their
first significant application in the filtration of drinking water samples at the
end of World War II. Drinking water supplies serving large communities in
Germany and elsewhere in Europe had broken down, and filters to test for
water safety were needed urgently. The research effort to develop these filters,
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sponsored by the U.S. Army, was later exploited by the Millipore Corporation,
the first and still the largest microfiltration membrane producer.

By 1960, the elements of modern membrane science had been developed,
but membranes were used in only a few laboratory and small, specialized indus-
trial applications. No significant membrane industry existed, and total annual
sales of membranes for all applications probably did not exceed $10 million
in 2000 dollars. Membranes suffered from four problems that prohibited their
widespread use as a separation process: they were too unreliable, too slow, too
unselective, and too expensive. Partial solutions to each of these problems
have been developed since the 1960s, and now membrane-based separation
processes are commonplace.

The seminal discovery that transformed membrane separation from a
laboratory to an industrial process was the development, in the early 1960s, of
the Loeb-Sourirajan process for making defect-free, high flux, asymmetric
reverse osmosis membranes (5). These membranes consist of an ultrathin, selec-
tive surface film on a microporous support, which provides the mechanical
strength. The flux of the first Loeb-Sourirajan reverse osmosis membrane was
10 times higher than that of any membrane then available and made reverse
osmosis practical. The work of Loeb and Sourirajan, and the timely infusion of
large sums of research dollars from the U.S. Department of Interior, Office of
Saline Water (OSW), resulted in the commercialization of reverse osmosis (qv)
and was a primary factor in the development of ultrafiltration (qv) and microfil-
tration. The development of electrodialysis was also aided by OSW funding.

The 20-year period from 1960 to 1980 produced a significant change in the
status of membrane technology. Building on the original Loeb-Sourirajan mem-
brane technology, other processes, including interfacial polymerization and
multilayer composite casting and coating, were developed for making high per-
formance membranes. Using these processes, membranes with selective layers
as thin as 0.1 mm or less can be made. Methods of packaging membranes into
spiral-wound, hollow-fine fiber, capillary, and plate-and-frame modules were
also developed, and advances were made in improving membrane stability. By
1980, microfiltration, ultrafiltration, reverse osmosis, and electrodialysis were
all established processes with large plants installed around the world.

The principal development in the 1980s was the emergence of industrial
membrane gas-separation processes. The first significant development was the
Monsanto Prism membrane for hydrogen separation, developed in the late
1970s (6). Within a few years, Dow was producing systems to separate nitrogen
from air, and Cynara and Separex were producing systems to separate carbon
dioxide from methane. Gas-separation technology is evolving and expanding
rapidly, and further substantial growth will be seen in the 1990s. The final devel-
opment of the 1980s was the introduction by GFT, a small German engineering
company, of the first commercial pervaporation systems for dehydration of
alcohol. By 1990, GFT had sold more than 100 plants. Many of these plants
are small, but the technology has been demonstrated and a number of other
pervaporation applications are at the pilot-plant stage.
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3. Types of Membrane

Although this article is limited to synthetic membranes, excluding all biological
structures, the topic is still large enough to include a wide variety of membranes
that differ in chemical and physical composition and in the way they operate. In
essence, a membrane is a discrete, thin interface that moderates the permeation
of chemical species in contact with it. This interface may be molecularly homo-
geneous, that is, completely uniform in composition and structure, or it may be
chemically or physically heterogeneous, for example, containing holes or pores of
finite dimensions. A normal filter meets this definition of a membrane, but, by
convention, the term membrane is usually limited to structures that permeate
dissolved or colloidal species, whereas the term filter is used to designate struc-
tures that separate particulate suspensions. The principal types of membrane
are shown schematically in Figure 1.

3.1. Isotropic Microporous Membranes. A microporous membrane is
very similar in its structure and function to a conventional filter. It has a rigid,
highly voided structure with randomly distributed, interconnected pores. How-
ever, these pores differ from those in a conventional filter by being extremely
small, of the order of 0.01–10 mm in diameter. All particles larger than the lar-
gest pores are completely rejected by the membrane. Particles smaller than the
largest pores, but larger than the smallest pores are partially rejected, according
to the pore size distribution of the membrane. Particles much smaller than
the smallest pores pass through the membrane. Thus separation of solutes by
microporous membranes is mainly a function of molecular size and pore size
distribution. In general, only molecules that differ considerably in size can be
separated effectively by microporous membranes, for example, in ultrafiltration
and microfiltration.

3.2. Nonporous Dense Membranes. Nonporous, dense membranes
consist of a dense film through which permeants are transported by diffusion
under the driving force of a pressure, concentration, or electrical potential gradi-
ent. The separation of various components of a solution is related directly to their
relative transport rate within the membrane, which is determined by their
diffusivity and solubility in the membrane material. An important property of
nonporous, dense membranes is that even permeants of similar size may be sepa-
rated when their concentration in the membrane material (ie, their solubility)
differs significantly. Most gas separation, pervaporation, and reverse osmosis
membranes use dense membranes to perform the separation. However, these
membranes usually have an asymmetric structure to improve the flux.

3.3. Electrically Charged Membranes. Electrically charged mem-
branes can be dense or microporous, but are most commonly microporous, with
the pore walls carrying fixed positively or negatively charged ions. A membrane
with positively charged ions is referred to as an anion-exchange membrane
because it binds anions in the surrounding fluid. Similarly, a membrane contain-
ing negatively charged ions is called a cation-exchange membrane. Separation
with charged membranes is achieved mainly by exclusion of ions of the same
charge as the fixed ions of the membrane structure, and to a much lesser extent
by the pore size. The separation is affected by the charge and concentration of the
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ions in solution. For example, monovalent ions are excluded less effectively than
divalent ions and, in solutions of high ionic strength, selectivity decreases.
Electrically charged membranes are used for processing electrolyte solutions in
electrodialysis.

3.4. Asymmetric Membranes. The transport rate of a species through
a membrane is inversely proportional to the membrane thickness. High trans-
port rates are desirable in membrane separation processes for economic reasons;
therefore, the membrane should be as thin as possible. Conventional film fabri-
cation technology limits manufacture of mechanically strong, defect-free films to
about 20 mm thickness. The development of novel membrane fabrication techni-
ques to produce asymmetric membrane structures was one of the breakthroughs
of membrane technology during the past 30 years. Asymmetric membranes con-
sist of an extremely thin surface layer supported on a much thicker porous, dense
substructure. The surface layer and its substructure may be formed in a single
operation or formed separately. The separation properties and permeation rates
of the membrane are determined exclusively by the surface layer; the substruc-
ture functions as a mechanical support. The advantages of the higher fluxes
provided by asymmetric membranes are so great that almost all commercial
processes use such membranes.

3.5. Ceramic, Metal, and Liquid Membranes. The discussion so far
implies that membrane materials are organic polymers and, in fact, the vast
majority of membranes used commercially are polymer based. However, interest
in membranes formed from less conventional materials has increased. Ceramic
membranes, a special class of microporous membranes, are being used in ultra-
filtration and microfiltration applications, for which solvent resistance and ther-
mal stability are required. Dense metal membranes, particularly palladium
membranes, are being considered for the separation of hydrogen from gas
mixtures, and supported or emulsified liquid films are being developed for
coupled and facilitated transport processes.

4. Preparation of Membranes and Membrane Modules

Because membranes applicable to diverse separation problems are often made by
the same general techniques, classification by end use application or preparation
method is difficult. The first part of this section is, therefore, organized by mem-
brane structure; preparation methods are described for symmetrical membranes,
asymmetric membranes, ceramic and metal membranes, and liquid membranes.
The production of hollow-fine fiber membranes and membrane modules is then
covered. Symmetrical membranes have a uniform structure throughout; such
membranes can be either dense films or microporous.

4.1. Dense Symmetrical Membranes. These membranes are used on a
large scale in packaging applications (see FILM AND SHEETING MATERIALS; PACKAGING,

CONTAINERS FOR INDUSTRIALMATERIALS). They are also used widely in the laboratory to
characterize membrane separation properties. However, it is difficult to make
mechanically strong and defect-free symmetrical membranes thinner than 20 mm,
so the flux is low, and these membranes are rarely used in separation processes.
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For laboratory work, the membranes are prepared by solution casting or by melt
pressing.

In solution casting, a casting knife or drawdown bar is used to spread an
even film of an appropriate polymer solution across a glass plate. The casting
knife consists of a steel blade, resting on two runners, arranged to form a precise
gap between the blade and the plate on which the film is cast. A typical hand-
casting knife is shown in Figure 2. After the casting has been made, it is left
to stand, and the solvent evaporates to leave a uniform polymer film.

The polymer casting solution should be sufficiently viscous to prevent the
solution from running over the casting plate, so typical casting solution concen-
trations are in the range of 15 to 20 wt% polymer. Solvents with high boiling
points are inappropriate for solvent casting, because their low volatility demands
long evaporation times. During an extended evaporation period, the cast film can
absorb sufficient atmospheric water to precipitate the polymer, producing a
mottled, hazy surface.

Many polymers, including polyethylene, polypropylene, and nylons, do not
dissolve in suitable casting solvents. In the laboratory, membranes can be made
from such polymers by melt pressing, in which the polymer is sandwiched at
high pressure between two heated plates. A pressure of 13.8–34.5 MPa (2000–
5000 psi) is applied for 0.5 to 5 minutes, at a plate temperature just above the
melting point of the polymer. Melt forming is commonly used to make dense
films for packaging applications, either by extrusion as a sheet from a die or
as blown film.

4.2. Microporous Symmetrical Membranes. These membranes, used
widely in microfiltration, typically contain pores in the range of 0.1–10 mm
diameter. As shown in Figure 3, microporous membranes are generally charac-
terized by the average pore diameter, d, the membrane porosity, E (the fraction of
the total membrane volume that is porous), and the tortuosity of the membrane, t
(a term reflecting the length of the average pore through the membrane com-
pared to the membrane thickness). The most important types of microporous
membrane are those formed by one of the solution–precipitation techniques
discussed in the next section under asymmetric membranes; about half of all
microporous membranes are made in this way. The remainder is made by
various proprietary techniques, the more important of which are discussed in
the following.

Irradiation. Nucleation track membranes were first developed by the
Nuclepore Corporation (7). The two-step preparation process is illustrated in
Figure 4. A polymer film is first irradiated with charged particles from a nuclear
reactor or other radiation source; particles passing through the film break poly-
mer chains and leave behind sensitized or damaged tracks. The film is then
passed through an etch solution, which etches the polymer preferentially along
the sensitized nucleation tracks, thereby forming pores. The length of time the
film is exposed to radiation in the reactor determines the number of pores in
the film; the etch time determines the pore diameter. Because of the unique pre-
paration techniques used to make nucleation track membranes, the pores are
uniform cylinders traversing the membrane almost at right angles. The mem-
brane tortuosity is, therefore, close to 1.0. The membrane porosity is usually rela-
tively low, about 5%, so fluxes are low. However, because these membranes are
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very close to a perfect screen filter, they are used in analytical techniques that
require filtration of all particles above a certain size from a fluid so that the
particles can be visualized under a microscope.

Expanded Film. Expanded-film membranes are made from crystalline
polymers by an orientation and stretching process. In the first step of the process,
a highly oriented film is produced by extruding the polymer at close to its melting
point coupled with a very rapid drawdown (9,10). After cooling, the film is
stretched a second time, up to 300%, at right angles to the original orientation
of the polymer crystallites. This second elongation deforms the crystalline struc-
ture of the film and produces slit-like voids 20 to 250 nm wide between crystal-
lites. The process is illustrated in Figure 5. This type of membrane was first
developed by Hoechst-Celanese and is sold under the trade name Celgard; a
number of companies make similar products. The membranes made by W. L.
Gore, sold under the trade name Gore-Tex, are made by this type of process (11).

The original expanded film membranes were sold in rolls as flat sheets.
These membranes had relatively poor tear strength along the original direction
of orientation and were not widely used as microfiltration membranes. They did,
however, find use as porous inert separating barriers in batteries and some med-
ical devices. More recently, the technology has been developed to produce these
membranes as hollow fibers, which are used as membrane contactors (12,13).

Template Leaching. Template leaching offers an alternative manufactur-
ing technique for insoluble polymers. A homogeneous film is prepared from a
mixture of the membrane matrix material and a leachable component. After
the film has been formed, the leachable component is removed with a suitable
solvent and a microporous membrane is formed (14,15). The leachable compo-
nent could be a soluble low molecular weight solid or liquid, or even a polymeric
material such as poly(vinyl alcohol) or poly(ethylene glycol). The same general
method is used to prepare microporous glass (16). In this case, a two-component
glass melt is formed into sheets or small tubes, after which one of the components
is leached out by extraction with an alkaline solution.

4.3. Asymmetric Membranes. In industrial applications other than
microfiltration, symmetrical membranes have been displaced almost completely
by asymmetric membranes, which have much higher fluxes. Asymmetric mem-
branes have a thin, permselective layer supported on a more open porous sub-
strate. Hindsight makes it clear that many of the membranes produced in the
1930s and 1940s were asymmetric, although this was not realized at the time.
The importance of the asymmetric structure was not recognized until Loeb and
Sourirajan prepared the first high flux, asymmetric, reverse osmosis membranes
by what is now known as the Loeb-Sourirajan technique (5). This discovery was a
critical breakthrough in membrane technology. The reverse osmosis membranes
produced were an order of magnitude more permeable than any symmetrical
membrane produced previously. More importantly, demonstration of the benefits
of the asymmetric structure paved the way for the development of other types of
asymmetric membranes.

Phase Inversion (Solution Precipitation). Phase inversion, also known as
solution precipitation or polymer precipitation, is the most important asym-
metric membrane preparation method. In this process, a clear polymer solution
is precipitated into two phases: a solid polymer-rich phase that forms the matrix
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of the membrane, and a liquid polymer-poor phase that forms the membrane
pores. If precipitation is rapid, the pore-forming liquid droplets tend to be
small and the membranes formed are markedly asymmetric. If precipitation is
slow, the pore-forming liquid droplets tend to agglomerate while the casting solu-
tion is still fluid, so that the final pores are relatively large and the membrane
structure is more symmetrical. Polymer precipitation from a solution can be
achieved in several ways, such as cooling, solvent evaporation, precipitation by
immersion in water, or imbibition of water from the vapor phase. Each technique
was developed independently; only since the 1980s has it become clear that these
processes can all be described by the same general approach based on polymer–
solvent–nonsolvent phase diagrams. Thus, the Loeb-Sourirajan process, in
which precipitation is produced by immersion in water, is a subcategory of the
general class of phase-inversion membranes. The theory behind the preparation
of membranes by all of these techniques has been reviewed in a number of
monographs and review articles (17–20).

Polymer Precipitation by Cooling. The simplest solution–precipitation
technique is thermal gelation, in which a film is cast from a hot, one-phase poly-
mer solution. When the cast film cools, the polymer precipitates, and the solution
separates into a polymer-matrix phase containing dispersed pores filled with sol-
vent. The precipitation process that forms the membrane can be represented by
the phase diagram shown in Figure 6. The pore volume in the final membrane is
determined mainly by the initial composition of the cast film, because this deter-
mines the ratio of the polymer to liquid phase in the cooled film. However, the
spatial distribution and size of the pores is determined largely by the rate of
cooling and, hence, precipitation, of the film. In general, rapid cooling produces
membranes with small pores (21,22).

Polymer precipitation by cooling to produce microporous membranes was
first commercialized on a large scale by Akzo (23). Akzo markets microporous
polypropylene and poly(vinylidine fluoride) membranes produced by this techni-
que under the trade name Accurel. Polypropylene membranes are prepared from
a solution of polypropylene in N,N-bis(2-hydroxyethyl)tallowamine. The amine
and polypropylene form a clear solution at temperatures above 100–1508C.
Upon cooling, the solvent and polymer phases separate to form a microporous
structure. If the solution is cooled slowly, an open cell structure results. The
interconnecting passageways between cells are generally in the micrometer
range. If the solution is cooled and precipitated rapidly, a much finer structure
is formed. The rate of cooling is, therefore, a key parameter determining the final
structure of the membrane (21).

A schematic diagram of the polymer precipitation process is shown in
Figure 7. The hot polymer solution is cast onto a water-cooled chill roll, which
cools the solution, causing the polymer to precipitate. The precipitated film is
passed through an extraction tank containing methanol, ethanol or 2-propanol
to remove the solvent. Finally, the membrane is dried, sent to a laser inspection
station, trimmed, and rolled up. The process shown in Figure 7 is used to make
flat-sheet membranes. The preparation of hollow-fiber membranes (qv) by the
same general technique has also been described.

Polymer Precipitation by Solvent Evaporation. This technique was
one of the earliest methods of making microporous membranes (1–4). In the
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simplest form of the method, a polymer is dissolved in a two-component solvent
mixture consisting of a volatile solvent, such as acetone, in which the polymer is
readily soluble, and a less volatile nonsolvent, typically water or an alcohol. The
polymer solution is cast onto a glass plate. As the volatile solvent evaporates, the
casting solution is enriched in the nonvolatile solvent. The polymer precipitates,
forming the membrane structure. The process can be continued until the mem-
brane has completely formed, or it can be stopped, and the membrane structure
fixed, by immersing the cast film into a precipitation bath of water or other non-
solvent. Scanning electron micrographs of some membranes made by this process
are shown in Figure 8 (24).

Many factors determine the porosity and pore size of membranes formed by
the solvent evaporation method. As Figure 8 shows, if the membrane is
immersed in a nonsolvent after a short evaporation time, the resulting mem-
brane will be finely microporous. If the evaporation step is prolonged before fix-
ing the structure by immersion in water, the average pore size will be larger. In
general, increasing the nonsolvent content of the casting solution, or decreasing
the polymer concentration, increases porosity. It is important that the nonsol-
vent be completely incompatible with the polymer. If partly compatible nonsol-
vents are used, the precipitating polymer phase contains sufficient residual
solvent to allow it to flow and collapse as the solvent evaporates. The result is
a dense rather than microporous film.

Polymer Precipitation by Imbibition of Water Vapor. Preparation of
microporous membranes by simple solvent evaporation alone is not practiced
widely. However, a combination of solvent evaporation with precipitation by
imbibition of water vapor from a humid atmosphere or by water-vapor imbibition
in combination with solvent evaporation are the basis of many commercial
phase-inversion processes. The processes often involve proprietary casting for-
mulations that are not normally disclosed by membrane developers. However,
during the development of composite membranes at Gulf General Atomic, this
type of membrane was prepared and the technology described in some detail in
a series of Office of Saline Water Reports (25). These reports remain the best pub-
lished description of the technique. The casting solution typically consists of a
blend of cellulose acetate and cellulose nitrate dissolved in a mixture of volatile
solvents, such as acetone, and nonvolatile nonsolvents, such as water, ethanol, or
ethylene glycol. The polymer solution is cast onto a continuous stainless steel
belt. The cast film then passes through a series of environmental chambers;
hot, humid air is usually circulated through the first chamber. The film loses
the volatile solvent by evaporation and simultaneously absorbs water from the
atmosphere. The total precipitation process is slow, taking about 10 minutes to
complete. The resulting membrane structure is fairly symmetrical. After precipi-
tation, the membrane passes to a second oven, through which hot dry air is cir-
culated to evaporate the remaining solvent and dry the film. The formed
membrane is then wound on a take-up roll. Typical casting speeds are of the
order of 0.3–0.6 m/min. This type of membrane is widely used in microfiltration
applications.

Polymer Precipitation by Immersion in a Nonsolvent Bath. This is
the Loeb-Sourirajan process, the single most important membrane prepara-
tion technique, and almost all reverse osmosis, ultrafiltration, and many gas
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separation membranes are produced by this procedure or a derivative of it. A
schematic of a casting machine used in the process is shown in Figure 9. A typical
membrane casting solution contains approximately 20 wt% of dissolved polymer.
This solution is cast onto a moving drum or paper web, and the cast film is pre-
cipitated by immersion in a water bath. The water precipitates the top surface of
the cast film rapidly, forming an extremely dense, permselective skin. This skin
slows down the entry of water into the underlying polymer solution, which pre-
cipitates much more slowly, forming a more porous substructure. Depending on
the polymer, the casting solution and other parameters, the dense skin varies
from 0.1 to 1.0 mm thick. This process was originally developed for reverse
osmosis (5). Later the technique was adapted to make membranes for other
applications, including ultrafiltration and gas separation (6,20,26).

A great deal of work has been devoted to rationalizing the factors affecting
the properties of asymmetric membrane made by the Loeb-Sourirajan technique
and, in particular, to understanding those factors that determine the thickness of
the membrane skin that performs the separation. The goal is to make this skin as
thin as possible, but still defect-free. The skin layer can be dense, as in reverse
osmosis or gas separation, or finely microporous with pores in the 10–50 nm
diameter range, as in ultrafiltration. In good quality membranes made by this
technique, a skin thickness as low as 50–100 nm can be achieved. A scanning
electron micrograph of a Loeb-Sourirajan membrane is shown in Figure 10.

The phase-diagram approach has been widely used to rationalize the pre-
paration of these membranes (17–20,26). The ternary phase diagram of the
three-component system used in preparing Loeb-Sourirajan membranes is
shown in Figure 11. The corners of the triangle represent the three components,
polymer, solvent, and precipitant; any point within the triangle represents a mix-
ture of three components. The system consists of two regions: a one-phase region,
where all components are miscible, and a two-phase region, where the system
separates into a solid (polymer-rich) phase and a liquid (polymer-poor) phase.
Although the one-phase region in the phase diagram is thermodynamically con-
tinuous, for practical purposes it can conveniently be divided into a liquid and
solid gel region. Thus, at low polymer concentrations, the system is a low viscos-
ity liquid, but as the concentration of polymer is increased, the viscosity of the
system also increases rapidly, reaching such high values that the system can
be regarded as a solid. The transition between liquid and solid regions is, there-
fore, arbitrary, but can be placed at a polymer concentration of 30–40 wt%. In
the two-phase region of the diagram, tie lines link the polymer-rich and poly-
mer-poor phases. Unlike low molecular weight components, polymer systems
in the two-phase region are often slow to separate into different phases and
metastable states are common, especially when a polymer solution is rapidly
precipitated.

The phase diagram in Figure 11 shows the precipitation pathway of the
casting solution during membrane formation. During membrane formation, the
system changes from a composition A, which represents the initial casting solu-
tion composition, to a composition D, which represents the final membrane com-
position. At composition D, the two phases are in equilibrium: a solid (polymer-
rich) phase, which forms the final membrane structure, represented by point S,
and a liquid (polymer-poor) phase, which constitutes the membrane pores filled
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with precipitant, represented by point L. The position D on the line S–L
determines the overall porosity of the membrane. The entire precipitation pro-
cess is represented by the path A–D, during which the solvent is exchanged by
the precipitant. The point B along the path is the concentration at which the first
polymer precipitates. As precipitation proceeds, more solvent is lost and precipi-
tant is imbibed by the polymer-rich phase, so the viscosity rises. At some point,
the viscosity is high enough for the precipitated polymer to be regarded as a
solid. This composition is at C in Figure 11. Once the precipitated polymer soli-
difies, further bulk movement of the polymer is hindered. The rate and the path-
way A–D taken by the polymer solution vary from the surface of the polymer film
to the sublayer, affecting the pore size and porosity of the final membrane at that
point. The nature of the casting solution and the precipitation conditions are
important in determining the kinetics of this precipitation process, and detailed
theoretical treatments based on the ternary phase diagram approach have been
worked out.

In the Loeb-Sourirajan process formation of minute membrane defects may
occur. These defects, caused by gas bubbles, dust particles, and support fabric
imperfections, are often difficult to eliminate. These defects may not significantly
affect the performance of asymmetric membranes used in liquid separation
operations, such as ultrafiltration and reverse osmosis, but can be disastrous
in gas separation applications. Membrane defects can be overcome by coating
the membrane with a thin layer of relatively permeable material (6,27). If the
coating is sufficiently thin, it does not change the properties of the underlying
permselective layer, but it does plug membrane defects, preventing simple con-
vective gas flow through defects. This concept has been used to seal defects in
polysulfone Loeb-Sourirajan membranes with silicone rubber (6). The form of
these membranes is shown in Figure 12. The silicone rubber layer does not func-
tion as a selective barrier but rather plugs up defects, thereby reducing nondif-
fusive gas flow. The flow of gas through the portion of the silicone rubber layer
over the pore is very high compared to the flow through the defect-free portion of
the membrane. However, because the total area of the membrane subject to
defects is very small, the total gas flow through these plugged defects is negligi-
ble. When this coating technique is used, the polysulfone skin layer of the Loeb-
Sourirajan membrane no longer has to be completely free of defects; the coated
membrane can be made with a thinner skin than is possible with an uncoated
membrane. The increase in flux brought about by decreasing the thickness of
the permselective skin layer more than compensates for the slight reduction in
flux due to the silicone rubber sealing layer.

Cellulose acetate Loeb-Sourirajan reverse osmosis membranes were intro-
duced commercially in the 1960s. Since then, many other polymers have been
made into asymmetric membranes in attempts to improve membrane properties.
In the reverse osmosis area, these attempts have had limited success, the only
significant example being Du Pont’s polyamide membrane. For gas separation
and ultrafiltration, a number of membranes with useful properties have been
made. However, the early work on asymmetric membranes has spawned numer-
ous other techniques in which a microporous membrane is used as a support to
carry another thin, dense separating layer.
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Interfacial Composite Membranes. A method of making asymmetric
membranes involving interfacial polymerization was developed in the 1960s.
This technique was used to produce reverse osmosis membranes with dramati-
cally improved salt rejections and water fluxes compared to those prepared by
the Loeb-Sourirajan process (28). In the interfacial polymerization method, an
aqueous solution of a reactive prepolymer, such as polyamine, is first deposited
in the pores of a microporous support membrane, typically a polysulfone ultrafil-
tration membrane. The amine-loaded support is then immersed in a water-
immiscible solvent solution containing a reactant, for example, a diacid chloride
in hexane. The amine and acid chloride then react at the interface of the two
solutions to form a densely cross-linked, extremely thin membrane layer. This
preparation method is shown schematically in Figure 13. The first membrane
made was based on polyethylenimine cross-linked with toluene-2,4-diisocyanate
(28). The process was later refined at FilmTec Corporation (29,30) and at UOP
(31) in the United States, and at Nitto (32) in Japan.

Membranes made by interfacial polymerization have a dense, highly cross-
linked interfacial polymer layer formed on the surface of the support membrane
at the interface of the two solutions. A less cross-linked, more permeable hydro-
gel layer forms under this surface layer and fills the pores of the support mem-
brane. Because the dense cross-linked polymer layer can only form at the
interface, it is extremely thin, on the order of 0.1 mm or less, and the permeation
flux is high. Because the polymer is highly cross-linked, its selectivity is also
high. The first reverse osmosis membranes made this way were 5–10 times
less salt-permeable than the best membranes with comparable water fluxes
made by other techniques.

Interfacial polymerization membranes are less applicable to gas separation
because of the water swollen hydrogel that fills the pores of the support mem-
brane. In reverse osmosis, this layer is highly water swollen and offers little
resistance to water flow, but when the membrane is dried and used in gas
separations the gel becomes a rigid glass with very low gas permeability. This
glassy polymer fills the membrane pores and, as a result, defect-free interfacial
composite membranes usually have low gas fluxes, although their selectivities
can be good.

Solution-Cast Composite Membranes. Another important type of com-
posite membrane is formed by solution casting a thin (0.5–2.0 mm) film on a sui-
table microporous film. Membranes of this type were first prepared at General
Electric (27,33) and at North Star Research (34) using a type of Langmuir trough
system (33,34). In this system, a dilute polymer solution in a volatile water-
insoluble solvent is spread over the surface of a water-filled trough. The thin
polymer film formed on the water surface is then picked up on a microporous
support. This technique was developed into a semicontinuous process at General
Electric but has not proved reliable enough for large-scale commercial use.

Most solution-cast composite membranes are prepared by a technique pio-
neered at UOP (35). In this technique, a polymer solution is cast directly onto the
microporous support film. The support film must be clean, defect-free, and very
finely microporous, to prevent penetration of the coating solution into the pores.
If these conditions are met, the support can be coated with a liquid layer 50–100 mm
thick, which after evaporation leaves a thin permselective film, 0.5–2 mm thick.
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This technique was used to form the Monsanto Prism gas separation membranes
(6) and at Membrane Technology and Research to form pervaporation and
organic vapor–air separation membranes (36,37).

Other Asymmetric Membrane Preparation Techniques. A number of
other methods of preparing membranes have been reported in the literature
and are used on a small scale. Table 1 provides a brief summary of these
techniques.

4.4. Metal and Ceramic Membranes. Palladium and palladium alloy
membranes can be used to separate hydrogen from other gases. Palladium mem-
branes were studied extensively during the 1950s and 1960s, and a commercial
plant to separate hydrogen from refinery off-gas was installed by Union Carbide
(53). The plant used palladium–silver alloy membranes in the form of 25-mm
thick films. The plant was operated for some time, but a number of problems,
including long-term membrane stability under the high temperature operating
conditions, were encountered, and the plant was later replaced by pressure-
swing adsorption systems. Small-scale palladium membrane systems, marketed
by Johnson Matthey and Co., are still used to produce ultrapure hydrogen for
specialized applications. These systems use palladium–silver alloy membranes,
based on those originally developed (54). Membranes with much thinner effective
palladium layers than were used in the Union Carbide installation can now be
made. One technique is to form a composite membrane comprising a polymer
substrate onto which is coated a thin layer of palladium or palladium alloy
(55). The palladium layer can be applied by vacuum methods, such as evapora-
tion or sputtering. Coating thicknesses on the order of 100 nm or less can be
achieved.

Ceramic Membranes. A number of companies have developed ceramic
membranes for ultrafiltration and microfiltration applications. Ceramic mem-
branes have the advantages of being extremely chemically inert and stable at
high temperatures, conditions under which polymer films fail. Ceramic mem-
branes can be made by three processes: sintering, leaching, and sol–gel techni-
ques. Sintering involves taking a colloidal suspension of particles, forming a
coagulated thin film, and then heat treating the film to form a continuous, porous
structure. The pore sizes of sintered films are relatively large, on the order of
10–100 mm. In the leaching process, a glass sheet or capillary incorporating
two intermixed phases is treated with an acid or alkali that dissolves one of
the phases. Smaller pores can be obtained by this method, but the uniformity
of the structure is difficult to control. The preparation of ceramic membranes
by sol–gel techniques is the newest approach, and offers the greatest potential
for making finely porous membranes.

Figure 14 summarizes the available sol–gel processes (56). The process on
the right of the figure involves the hydrolysis of metal alkoxides in a water–
alcohol solution. The hydrolyzed alkoxides are polymerized to form a chemical
gel, which is dried and heat treated to form a rigid oxide network held together
by chemical bonds. This process is difficult to carry out, because the hydrolysis
and polymerization must be carefully controlled. If the hydrolysis reaction pro-
ceeds too far, precipitation of hydrous metal oxides from the solution starts to
occur, causing agglomerations of particulates in the sol.
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In the process in the center of Figure 14, complete hydrolysis is allowed to
occur. Bases or acids are added to break up the precipitate into small particles.
Various reactions based on electrostatic interactions at the surface of the parti-
cles take place: the result is a colloidal solution. Organic binders are added to the
solution and a physical gel is formed. The gel is then heat treated as before to
form the ceramic membrane.

The sol–gel technique has been used mostly to prepare alumina mem-
branes. Figure 15 shows a cross section of a composite alumina membrane
made by slip coating successive sols with different particle sizes onto a porous
ceramic support. Silica or titanium membranes could also be made by the
same principles. Unsupported titanium dioxide membranes with pore sizes of
5 nm or less have been made by the sol–gel process (57).

4.5. Liquid Membranes. A number of reviews summarize the consider-
able research effort in the 1970s and 1980s on liquid membranes containing car-
riers to facilitate selective transport of gases or ions (58,59). Although still being
explored in a number of laboratories, the more recent development of much more
selective conventional polymer membranes has diminished interest in processes
using liquid membranes.

4.6. Hollow-Fiber Membranes. Most of the techniques described in the
foregoing were developed originally to produce flat-sheet membranes, but the
majority can be adapted to produce membranes in the form of thin tubes or
fibers. Formation of membranes into hollow fibers has a number of advantages,
one of the most important of which is the ability to form compact modules with
very high surface areas. This advantage is offset, however, by the generally lower
fluxes of hollow-fiber membranes compared to flat-sheet membranes made from
the same materials. Nonetheless, the development of hollow-fiber membranes at
Dow Chemical in 1966 (60), and their later commercialization by Dow, Monsanto,
Du Pont, and others represents one of the most significant events in membrane
technology (see MEMBRANES, HOLLOW-FIBER).

Hollow fibers are usually on the order of 25 mm to 2 mm in diameter. They
can be made with a homogeneous dense structure, or preferably with a micropor-
ous structure having a dense permselective layer on the outside or inside surface.
The dense surface layer can be integral, or separately coated onto a support fiber.
The fibers are packed into bundles and potted into tubes to form a membrane
module. More than a kilometer of fibers may be required to form a membrane
module with a surface area of one square meter. A module can have no breaks
or defects, requiring very high reproducibility and stringent quality control stan-
dards. Fibers with diameters 25 to 200 mm are usually called hollow-fine fibers.
The feed fluid is generally applied to the outside of the fibers and the permeate
removed down the bore. Fibers with diameters in the 200 mm to 2 mm range are
called capillary fibers. The feed fluid is commonly applied to the inside bore of
the fiber, and the permeate is removed from the outer shell.

Hollow-fiber fabrication methods can be divided into two classes (61). The
most common is solution spinning, in which a 20–30% polymer solution is
extruded and precipitated into a bath of a nonsolvent, generally water. Solution
spinning allows fibers with the asymmetric Loeb-Sourirajan structure to be
made. An alternative technique is melt spinning, in which a hot polymer melt
is extruded from an appropriate die and is then cooled and solidified in air or
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a quench tank. Melt-spun fibers are usually relatively dense and have lower
fluxes than solution-spun fibers, but because the fiber can be stretched after it
leaves the die, very fine fibers can be made. Melt spinning can also be used
with polymers such as poly(trimethylpentene), which are not soluble in conveni-
ent solvents and are difficult to form by wet spinning.

Solution (Wet) Spinning. In the most widely used solution spinnerette
system (60) the spinnerette consists of two concentric capillaries, the outer capil-
lary having a diameter of approximately 400 mm and the central capillary having
an outer diameter of approximately 200 mm and an inner diameter of 100 mm.
Polymer solution is forced through the outer capillary while air or liquid is forced
through the inner one. The rate at which the core fluid is injected into the fibers
relative to the flow of polymer solution governs the ultimate wall thickness of the
fiber. Figure 16 shows a cross section of this type of spinnerette.

A complete hollow-fiber spinning system is shown in Figure 17. Fibers are
formed almost instantaneously as the polymer solution leaves the spinnerette.
The amount of evaporation time between the solution exiting the spinnerette
and entering the coagulation bath is a critical variable. If water is forced through
the inner capillary, an asymmetric hollow fiber is formed with the skin on the
inside. If air under pressure, or an inert liquid, is forced through the inner
capillary to maintain the hollow core, the skin is formed on the outside of the
fiber by immersion into a suitable coagulation bath (62).

Wet spinning of this type of hollow fiber is a well-developed technology,
especially in the preparation of dialysis membranes for use in artificial kidneys.
Systems that spin more than 100 fibers simultaneously on an around-the-clock
basis are in operation. Wet-spun fibers are also used widely in ultrafiltration
applications, in which the feed solution is forced down the bore of the fiber.
Nitto, Asahi, Microgon, and Romicon all produce this type of fiber, generally
with diameters of 1–3 mm.

Melt Spinning. In melt spinning, the polymer is extruded through the
outer capillary of the spinnerette as a hot melt, the spinnerette assembly being
maintained at a temperature between 100 and 3008C. The polymer can be
extruded either as a pure melt or as a blended dope containing small amounts
of plasticizers and other additives. Melt-spun fibers are usually stretched as
they leave the spinnerette, to form very thin fibers. Formation of such small-dia-
meter fibers is a significant advantage of melt spinning over solution spinning.
The dense nature of melt-spun fibers leads to lower fluxes than can be obtained
with solution-spun fibers, but because of the enormous membrane surface area of
these fine hollow fibers, this may not be a problem.

4.7. Membrane Modules. A useful membrane process requires the
development of a membrane module containing large surface areas of membrane.
The development of the technology to produce low cost membrane modules was
one of the breakthroughs that led to the commercialization of membrane pro-
cesses in the 1960s and 1970s. The earliest designs were based on simple filtra-
tion technology and consisted of flat sheets of membrane held in a type of filter
press: these are called plate-and-frame modules. Systems containing a number of
membrane tubes were developed at about the same time. Both of these systems
are still used, but because of their relatively high cost they have been largely
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displaced by two other designs: the spiral-wound module and the hollow-fiber
module.

Spiral-Wound Modules. Spiral-wound modules were used originally for
artificial kidneys, but were fully developed for reverse osmosis systems. This
work, carried out by UOP under sponsorship of the Office of Saline Water
(later the Office of Water Research and Technology) resulted in a number of
spiral-wound designs (63–65). The design shown in Figure 18 is the simplest
and most common, and consists of a membrane envelope wound around a perfo-
rated central collection tube. The wound module is placed inside a tubular
pressure vessel, and feed gas is circulated axially down the module across the
membrane envelope. A portion of the feed permeates into the membrane
envelope, where it spirals toward the center and exits through the collection
tube.

Small laboratory spiral-wound modules consist of a single membrane envel-
oped wrapped around the collection tube. The membrane area of these modules is
typically 0.6–1.0 m2. Commercial spiral-wound modules are typically 100–150 cm
long and have diameters of 10, 15, 20, and 30 cm. These modules consist of a
number of membrane envelopes, each with an area of approximately 2 m2,
wrapped around the central collection pipe. This type of multileaf design is
illustrated in Figure 19 (64). Such designs are used to minimize the pressure
drop encountered by the permeate fluid traveling toward the central pipe. If a
single membrane envelope were used in these large-diameter modules, the
path taken by the permeate to the central collection pipe would be 5–25 meters
depending on the module diameter. This long permeate path would produce a
very large pressure drop, especially with high flux membranes. If multiple, smal-
ler envelopes are used in a single module, the pressure drop in any one envelope
is reduced to a manageable level.

Hollow-Fiber Modules. Hollow-fiber membrane modules are formed in
two basic geometries. The first is the shell-side feed design illustrated in
Figure 20a and used, for example, by Monsanto in their hydrogen separation sys-
tems or by Du Pont in their reverse osmosis fiber systems. In such a module, a
loop or a closed bundle of fiber is contained in a pressure vessel. The system is
pressurized from the shell side; permeate passes through the fiber wall and exits
through the open fiber ends. This design is easy to make and allows very large
membrane areas to be contained in an economical system. Because the fiber wall
must support a considerable hydrostatic pressure, these fibers are usually made
by melt spinning and usually have a small diameter, on the order of 100 mm ID
and 150–200 mm OD.

The second type of hollow-fiber module is the bore-side feed type illustrated
in Figure 20b. The fibers in this type of unit are open at both ends, and the feed
fluid is usually circulated through the bore of the fibers. To minimize pressure
drops inside the fibers, the fibers often have larger diameters than the very
fine fibers used in the shell-side feed system and are generally made by solution
spinning. These so-called capillary fibers are used in ultrafiltration, pervapora-
tion, and in some low to medium pressure gas applications. Feed pressures are
usually limited to less than 1 MPa (150 psig) in this type of module.

Plate-and-Frame Modules. Plate-and-frame modules were among the
earliest types of membrane system; the design originates from the conventional
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filter-press. Membrane, feed spacers, and product spacers are layered together
between two end plates. A number of plate-and-frame units have been developed
for small-scale applications, but these units are expensive compared to the alter-
natives, and leaks caused by the many gasket seals are a serious problem. Plate-
and-frame modules are generally limited to electrodialysis and pervaporation
systems and a limited number of highly fouling reverse osmosis and ultrafiltra-
tion applications.

Tubular Modules. Tubular modules are generally limited to ultrafiltra-
tion applications, for which the benefit of resistance to membrane fouling
because of good fluid hydrodynamics overcomes the problem of their high capital
cost. Typically, the tubes consist of a porous paper or fiber glass support with the
membrane formed on the inside of the tubes, as shown in Figure 21.

Module Selection. The choice of the appropriate membrane module for a
particular membrane separation balances a number of factors. The principal
factors that enter into this decision are listed in Table 2.

Cost, although always important, is difficult to quantify because the actual
selling price of membrane modules varies widely, depending on the application.
Generally, high pressure modules are more expensive than low pressure or
vacuum systems. The selling price also depends on the volume of the application
and the pricing structure adopted by the industry. For example, spiral-wound
modules for reverse osmosis of brackish water are produced by many manufac-
turers, resulting in severe competition and low prices, whereas similar modules
for use in gas separation are much more expensive. An estimate of module man-
ufacturing cost is given in Table 2; the selling price is typically two to five times
higher.

A second factor determining module selection is resistance to fouling. Mem-
brane fouling is a particularly important problem in liquid separations such as
reverse osmosis and ultrafiltration. In gas separation applications, fouling is
more easily controlled. Hollow-fine fibers are notoriously prone to fouling and
can only be used in reverse osmosis applications if extensive, costly feed-solution
pretreatment is used to remove all particulates. These fibers cannot be used in
ultrafiltration applications at all.

A third factor is the ease with which various membrane materials can be
fabricated into a particular module design. Almost all membranes can be formed
into plate-and-frame, spiral, and tubular modules, but many membrane materi-
als cannot be fabricated into hollow-fine fibers or capillary fibers. Finally, the
suitability of the module design for high pressure operation and the relative mag-
nitude of pressure drops on the feed and permeate sides of the membrane can
sometimes be important considerations.

In reverse osmosis, most modules are of the hollow-fine fiber or spiral-
wound design; plate-and-frame and tubular modules are limited to a few appli-
cations in which membrane fouling is particularly severe, for example, food
applications or processing of heavily contaminated industrial wastewater. Hol-
low-fiber designs are being displaced by spiral-wound modules, which are inher-
ently more fouling resistant, and require less feed pretreatment. Also, thin-film
interfacial composite membranes, the best reverse osmosis membranes available,
have not been fabricated in the form of hollow-fine fibers.
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For ultrafiltration applications, hollow-fine fibers have never been seriously
considered because of their susceptibility to fouling. If the feed solution is
extremely fouling, tubular or plate-and-frame systems are still used. Recently,
however, spiral-wound modules with improved resistance to fouling have been
developed, and these modules are increasingly displacing the more expensive
plate-and-frame and tubular systems. Capillary systems are also used in some
ultrafiltration applications.

For high pressure gas separation applications, hollow-fine fibers appear to
have a large segment of the market. Hollow-fiber modules are clearly the lowest
cost design per unit membrane area, and the poor resistance of hollow-fiber mod-
ules to fouling is not a problem in many gas-separation applications. Also, gas
separation membrane materials are often rigid glassy polymers such as polysul-
fones, polycarbonates, and polyimides, which can be easily formed into hollow-
fine fibers. Of the principal companies servicing this area only Separex and W.
R. Grace use spiral-wound modules. Both companies use these modules to pro-
cess natural gas streams, which are relatively dirty, often containing oil mist
and condensable components that would foul hollow-fine fiber modules rapidly.

Spiral-wound modules are much more commonly used in low pressure or
vacuum gas separation applications, such as the production of oxygen-enriched
air, or the separation of organic vapors from air. In these applications, the feed
gas is at close to ambient pressure, and a vacuum is drawn on the permeate side
of the membrane. Parasitic pressure drops on the permeate side of the membrane
and the difficulty in making high performance hollow-fine fiber membranes
from the rubbery polymers used to make these membranes both work against
hollow-fine fiber modules for this application.

Pervaporation operates under constraints similar to low pressure gas-
separation. Pressure drops on the permeate side of the membrane must be
small, and many prevaporation membrane materials are rubbery. For this rea-
son, spiral-wound modules and plate-and-frame systems are both in use. Plate-
and-frame systems are competitive in this application despite their high cost, pri-
marily because they can be operated at high temperatures with relatively
aggressive feed solutions, for which spiral-wound modules might fail.

5. Applications

The principal use of membranes in the chemical processing industry is in various
separation processes. Seven major membrane separation processes are discussed
in this section. These can be classified into technologies that are developed,
developing, or to-be-developed, as shown in Table 3. Membranes, or rather
films, are also used widely as packaging materials. The use of membranes in var-
ious biomedical applications, for example, in controlled release technology and in
artificial organs such as the artificial kidney, lung, and pancreas are only covered
briefly here.

The four developed processes are microfiltration, ultrafiltration, reverse
osmosis, and electrodialysis. All are well established, and the market is served
by a number of experienced companies. The first three processes are related to
filtration techniques, in which a solution containing dissolved or suspended
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solids is forced through a membrane filter. The solvent passes through the mem-
brane; the solutes are retained. The three processes differ principally in the size
of the particles separated by the membrane. Microfiltration is considered to refer
to membranes with pore diameters from 0.1 mm (100 nm) to 10 mm. Microfiltra-
tion membranes are used to filter suspended particulates, bacteria, or large col-
loids from solutions. Ultrafiltration refers to membranes having pore diameters
in the range 2–100 nm. Ultrafiltration membranes can be used to filter dissolved
macromolecules, such as proteins, from solution. Typical applications of ultrafil-
tration membranes are concentrating proteins from milk whey, or recovering
colloidal paint particles from electrocoating paint rinse waters.

In reverse osmosis membranes, the pores are so small, in the range 0.5–
2 nm in diameter, that they are within the range of the thermal motion of the
polymer chains. The most widely accepted theory of reverse osmosis transport
considers the membrane to have no permanent pores at all. Reverse osmosis
membranes are used to separate dissolved microsolutes, such as salt, from
water. The principal application of reverse osmosis is the production of drinking
water from brackish groundwater or seawater. Figure 22 shows the range of
applicability of reverse osmosis, ultrafiltration, microfiltration, and conventional
filtration. In some recent work, membranes that fall into the overlapping area
between very retentive ultrafiltration membranes and very open ultrafiltration
membranes are sometimes called nanofiltration membranes. The membranes
have apparent pore diameters between 0.5 and 5 nm.

The fourth fully developed membrane process is electrodialysis, in which
charged membranes are used to separate ions from aqueous solutions under
the driving force of an electrical potential difference. The process utilizes an elec-
trodialysis stack, built on the plate-and-frame principle, containing several hun-
dred individual cells formed by a pair of anion- and cation-exchange membranes.
The principal current application of electrodialysis is the desalting of brackish
ground-water. However, industrial use of the process in the food industry, for
example to deionize cheese whey, is growing, as is its use in pollution-control
applications.

Of the two developing membrane processes listed in Table 3, gas separation
and pervaporation, gas separation is the more developed. At least 20 companies
worldwide offer industrial membrane-based gas separation systems for a variety
of applications. In gas separation, a mixed gas feed at an elevated pressure is
passed across the surface of a membrane that is selectively permeable to one
component of the feed. The membrane separation process produces a permeate
enriched in the more permeable species and a residue enriched in the less perme-
able species. Important, well-developed applications are the separation of hydro-
gen from nitrogen, argon, and methane in ammonia plants; the production of
nitrogen from air; the separation of carbon dioxide from methane in natural
gas operations; and the separation and recovery of organic vapors from air
streams. Gas separation is an area of considerable current research interest;
the number of applications is expected to increase rapidly over the next few
years.

Pervaporation is a relatively new process with elements in common with
reverse osmosis and gas separation. In pervaporation, a liquid mixture contacts
one side of a membrane and the permeate is removed as a vapor from the other.
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Currently, the only industrial application of pervaporation is the dehydration of
organic solvents, in particular, the dehydration of 90–95% ethanol solutions, a
difficult separation problem because an ethanol–water azeotrope forms at 95%
ethanol. However, pervaporation processes are also being developed for the
removal of dissolved organics from water and for the separation of organic
solvent mixtures. These applications are likely to become commercial in the
next decade.

The final membrane process listed in Table 3 is facilitated transport. No
commercial plants are installed or are likely to be installed in the near future.
Facilitated transport usually employs liquid membranes containing a complex-
ing or carrier agent. The carrier agent reacts with one permeating component
on the feed side of the membrane and then diffuses across the membrane to
release the permeant on the product side of the membrane. The carrier agent
is then reformed and diffuses back to the feed side of the membrane. The carrier
agent thus acts as a shuttle to selectively transport one component from the feed
to the product side of the membrane.

Facilitated transport membranes can be used to separate gases; membrane
transport is then driven by a difference in the gas partial pressure across the
membrane. Metal ions can also be selectively transported across a membrane
driven by a flow of hydrogen or hydroxyl ions in the other direction. This process
is sometimes called coupled transport.

Because the facilitated transport process employs a specific, reactive carrier
species, very high membrane selectivities can be achieved. These selectivities are
often far higher than those achieved by other membrane processes. This one fact
has maintained interest in facilitated transport since the 1970s, but the problems
of the physical instability of the liquid membrane and the chemical instability of
the carrier agent are yet to be overcome.

5.1. Microfiltration. Microfiltration is generally defined as the separa-
tion of particulates between 0.1 and 10 mm by a membrane. Two principal
types of membrane filter are used: depth filters and screen filters. Figure 23 com-
pares typical pore sizes of depth and screen filters. Screen filters have small
pores in the top surface that collect particles larger than the pore diameter on
the surface of the membrane. Depth filters have relatively large pores on the
top surface and so particles pass to the interior of the membrane. The particles
are then captured at constrictions in the membrane pores or by adsorption onto
the pore walls. Screen filter membranes rapidly become plugged by the accumu-
lation of retained particles at the top surface. Depth filters, which have a much
larger surface area available to collect the particles, provide a greater holding
capacity before fouling.

Depth filters are usually preferred for the most common type of microfiltra-
tion system, illustrated schematically in Figure 24a. In this process design,
called dead-end or in-line filtration, the entire fluid flow is forced through the
membrane under pressure. As particulates accumulate on the membrane surface
or in its interior, the pressure required to maintain the required flow increases
until, at some point, the membrane must be replaced. The useful life of the mem-
brane is proportional to the particulate loading of the feed solution. In-line micro-
filtration of solutions as a final polishing step prior to use is a typical application.
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Increasingly, screen membranes are preferred for the type of cross-flow
microfiltration system shown in Figure 24b. Cross-flow systems are more com-
plex than the in-line (dead-end) filter systems because they require a recircula-
tion pump, valves, controls, etc. However, a screen membrane has a much longer
lifetime than a depth membrane and, in principle, can be regenerated by back
flushing. Cross-flow filtration is being adopted increasingly for microfiltration
of high-volume industrial streams containing significant particulate levels (66).

The main microfiltration market is for in-line disposable cartridge filters.
These cartridges are sold into two growing modern industries—microelectronics
and pharmaceuticals—so prospects for continued market growth of the industry
are very good. In addition to these existing markets, significant potential mar-
kets exist for microfiltration in bacterial control of drinking water, tertiary treat-
ment of sewage, and replacement of diatomaceous earth depth filters in the
chemical processing and food industries. The particle load of all these waters
is far higher than that presently treated by microfiltration and has required
development of cross-flow filtration systems able to give filter lifetimes of months
or even years. Such systems are now being installed in municipal water treat-
ment plants. The units can be cleaned by backflushing and offer reliable perfor-
mance. Municipal water treatment is likely to develop into a major future
application of microfiltration technology (68).

5.2. Ultrafiltration. The term ultrafiltration was coined in the 1920s to
describe the collodion membranes available at that time. The process was first
widely used in the 1960s when Michaels and others at Amicon Corp. adopted
the then recently discovered Loeb-Sourirajan asymmetric membrane prepara-
tion technique to the production of ultrafiltration membranes (26). These mem-
branes had pore sizes in the range 2–20 nm and found an immediate application
in concentrating and desalting protein solutions in the laboratory. Later,
Romicon, Abcor, and other companies developed the technology for a wide
range of industrial applications. Early and still important applications were
the recovery of electrocoat paint from industrial coating operations and the clar-
ification of emulsified oily wastewaters in the metalworking industry. More
recent applications are in the food industry for concentration of proteins in
cheese production and for juice clarification (67). A good review of ultrafiltration
application is given in Ref. 67. The current ultrafiltration market is in the range
$150–250 million/year.

Ultrafiltration membranes are usually asymmetric membranes made by the
Loeb-Sourirajan process. They have a finely porous surface or skin supported on
a microporous substrate. The membranes are characterized by their molecular
weight cutoff, a loosely defined term generally taken to mean the molecular
weight of the globular protein molecule that is 95% rejected by the membrane.
A series of typical molecular weight cutoff curves are shown in Figure 25.
Globular proteins are usually specified for this test because the rejection of
linear polymer molecules of equivalent molecular weight is usually much less.
Apparently, linear, flexible molecules are able to snake through the membrane
pores, whereas rigid globular molecules are retained.

A key factor determining the performance of ultrafiltration membranes is
concentration polarization, which causes membrane fouling due to deposition
of retained colloidal and macromolecular material on the membrane surface.

20 MEMBRANE TECHNOLOGY Vol. 15



The pure water flux of ultrafiltration membranes is often very high—more than
1 cm3/(cm2�min) [350 gal/(ft2�day)]. However, when membranes are used to sepa-
rate macromolecular or colloidal solutions, the flux falls within seconds, typically
to the 0.1 cm3/(cm2�min) level. This immediate drop in flux is caused by the for-
mation of a gel layer of retained solutes on the membrane surface because of the
concentration polarization. The gel layer forms a secondary barrier to flow
through the membrane, as illustrated in Figure 26. This first decline in flux is
determined by the composition of the feed solution and its fluid hydrodynamics.
Sometimes the resulting flux is constant for a prolonged period, and when the
membrane is retested with pure water, its flux returns to the original value.
More commonly, however, a further slow decline in flux occurs over a period of
hours to weeks, depending on the feed solution. Most of this second decrease in
flux is caused by slow consolidation of the secondary layer formed by concentra-
tion polarization on the membrane surface. Formation of this consolidated gel
layer, called membrane fouling, is difficult to control. Control techniques include
regular membrane cleaning, back flushing, or using membranes with surface
characteristics that minimize adhesion. Operation of the membrane at the lowest
practical operating pressure also delays consolidation of the gel layer.

A typical plot illustrating the slow decrease in flux that can result from con-
solidation of the secondary layer is shown in Figure 27. The pure water flux of
these membranes is approximately 200 L/min, but on contact with an electrocoat
paint solution containing 10–20% latex, the flux immediately falls to about 40–
50 L/min. This first drop in flux is due to the formation of the gel layer of latex
particles on the membrane surface, as shown in Figure 26. Thereafter, the flux
declines steadily over a 2-week period. This second drop in flux is caused by slow
densification of the gel layer under the pressure of the system. In this particular
example the densified gel layer could be removed by periodic cleaning of the
membrane. When the cleaned membrane is exposed to the latex solution
again, the flux is restored to that of a fresh membrane.

If the regular cleaning cycle shown in Figure 27 is repeated many times, the
membrane flux eventually does not return to the original value on cleaning. Part
of this slow, permanent loss of flux is believed to be due to precipitates on the
membrane surface that are not removed by the cleaning procedure. A further
cause of the permanent flux loss is believed to be internal fouling of the mem-
brane by material that penetrates the membrane pores and becomes lodged in
the interior of the membrane, as illustrated in Figure 26.

As described previously, the initial cause of membrane fouling is concentra-
tion polarization, which results in deposition of a layer of material on the mem-
brane surface. In ultrafiltration, solvent and macromolecular or colloidal solutes
are carried toward the membrane surface by the solution permeating the mem-
brane. Solvent molecules permeate the membrane, but the larger solutes accu-
mulate at the membrane surface. Because of their size, the rate at which the
rejected solute molecules can diffuse from the membrane surface back to the
bulk solution is relatively low. Thus their concentration at the membrane surface
increases far above the feed solution concentration. In ultrafiltration the concen-
tration of retained macromolecular or colloidal solutes at the membrane surface
is typically 20–50 times higher than the feed solution concentration. These
solutes become so concentrated at the membrane surface that a gel layer is
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formed and becomes a secondary barrier to flow through the membrane. The
formation of the gel layer is easily modeled mathematically and is reviewed in
detail elsewhere (67,69–71). One consequence of the formation of the gel layer
on the membrane surface is that ultrafiltration membrane fluxes reach a limiting
plateau value that cannot be exceeded at any particular operating condition.

The effect of the gel layer on the flux through an ultrafiltration membrane
at different feed pressures is illustrated by the experimental data in Figure 28.

Experience has shown that the best long-term performance of an ultrafiltra-
tion membrane is obtained when the applied pressure is maintained at or just
below the plateau pressure p3 shown in Figure 28. Operating at higher pressures
does not increase the membrane flux but does increase the thickness and density
of retained material at the membrane surface layer. Over time, material on the
membrane surface can become compacted or precipitate, forming a layer of
deposited material that has a lower permeability; the flux then falls from the
initial value.

The high cost per gallon of permeate produced limits the expansion of ultra-
filtration into most large wastewater and industrial process stream applications.
Cost are high because membrane fluxes are modest, large amounts of energy are
used to circulate the feed solution to control fouling, membrane modules must be
cleaned frequently, and membrane lifetimes are short.

Only limited progress in controlling the problems of membrane fouling and
gel layer formation (68) has been made in the last 20 years and, barring an unex-
pected breakthrough, progress is likely to remain slow. Development of inher-
ently fouling-resistant membranes by changing the membrane surface
absorption characteristics or charge is a promising approach. By reducing adhes-
sion of the deposited gel layer to the surface, the scrubbing action of the feed
solution can be enhanced. Another approach is to develop inherently more foul-
ing-resistant modules. In principle, bore-side-feed capillary fiber modules offer
high membrane areas, good flow distribution, and the potential for simple auto-
matic flushing to clean the membrane. The capillary fibers used to date have gen-
erally been limited to relatively small diameters and low operating pressures.
Development of economical ways to produce 2- to 3-mm-diameter capillary
fiber modules, able to operate at 50–100 psi, could lead to lower energy consump-
tion and higher, more stable membrane fluxes. Monolithic ceramic membrane
modules have all of these features, but for these to be widely accepted, costs
must be reduced by an order of magnitude from today’s levels, that is, to less
than US$100–200/m2. If this cost reduction were achieved, ceramics might
replace polymeric membranes in many applications. Vibrating membrane mod-
ules have been introduced recently and, although costs are high, their perfor-
mance is very good. Cost reduction could make this type of module more
generally applicable in the future.

5.3. Reverse Osmosis. This was the first membrane-based separation
process to be commercialized on a significant scale. As described previously, the
breakthrough discovery that made reverse osmosis possible was the development
of the Loeb–Sourirajan asymmetric cellulose acetate membrane. This membrane
made desalination by reverse osmosis practical; within a few years commercial
plants were installed. Currently, the total worldwide market for reverse osmosis
membrane modules is about $300 million/year, split approximately between 15%
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hollow-fiber and 85% spiral-wound modules. The general trend of the industry is
toward spiral-wound modules for this application, and the market share of the
hollow-fiber products is falling (72).

The first reverse osmosis modules made from cellulose diacetate had a salt
rejection of approximately 97–98%. This was enough to produce potable water
(ie, water containing less than 500-ppm salt) from brackish water sources, but
was not enough to desalinate seawater efficiently. In the 1970s, interfacial
composite membranes with salt rejections greater than 99.5% were developed,
making seawater desalination possible (28,29); a number of large plants are
operating worldwide.

Although the principal application of reverse osmosis membranes is still
desalination of brackish water or seawater to provide drinking water, a recent,
significant market is production of ultrapure water by filtration of municipal
drinking water. Such water is used in the electronics industry, where huge
amounts of extremely pure water with a total salt concentration significantly
below 1 ppb are required to wash silicon wafers.

A simplified flow scheme for a brackish water reverse osmosis plant is
shown in Figure 29. In this example, it is assumed that the brackish water is
heavily contaminated with suspended solids, so flocculation followed by a sand
filter and a cartridge filter are used to remove particulates. The pH of the feed
solution might be adjusted, followed by chlorination to sterilize the water to pre-
vent bacterial growth on the membranes and addition of an antiscalant to inhibit
precipitation of multivalent salts on the membrane. Finally, if chlorine-sensitive
interfacial composite membranes are used, sodium sulfite is added to remove
excess chlorine before the water contacts the membrane. Generally, more pre-
treatment is required in plants using hollow-fiber modules than in plants
using spiral-wound modules. This is one reason why hollow-fiber modules have
been displaced by spiral-wound systems in most brackish water installations.

A feature of the system design shown in Figure 29 is the staggered arrange-
ment of the module pressure vessels. As the volume of the feed water is reduced
as water is removed in the permeate, the number of modules arranged in parallel
is also reduced. In the example shown, the feed water passes initially through
four modules in parallel, then through two, and finally through a single module
in series. This is called a Christmas tree or tapered module design and provides a
high average feed solution velocity through the modules.

The operating pressure of reverse osmosis systems has gradually fallen over
the past 20 years as the permeability and rejections of membranes have steadily
improved. The first plants operated at pressures up to 60 atm, but typical
brackish water plants now operate at pressures in the 10- to 20-atm range.

The reverse osmosis industry is now well established. The market is divided
among three or four large manufacturers, who produce 70% of the membrane
modules, and a much larger number of system builders. The system builders
buy modules almost as commodities from the various suppliers according to
their particular needs. The demand for reverse osmosis systems to produce ultra-
pure water for the electronics and pharmaceutical industries is very strong.
Municipalities in arid regions of the world are also continuing to buy brackish
water and some seawater desalination units.
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Many incremental improvements have been made to membrane and mod-
ule performance over the past 20 years, resulting in steadily decreasing water
desalination costs in inflation-adjusted dollars. Since 1980, just after the intro-
duction of the first interfacial composite membranes, the cost of spiral-wound
membrane modules on a per square meter basis has decreased seven-fold. At
the same time the water flux has doubled, and the salt permeability has
decreased seven-fold. Taking these improvements into account, today’s mem-
branes are almost 100 times better than those of the 1980s. This type of incre-
mental improvement is likely to continue for some time.

The key short-term technical issue is the limited chlorine resistance of
interfacial composite membranes. A number of incremental steps made over
the past 10–15 years have improved resistance, but current chlorine-resistant
interfacial composites do not have the rejection and flux of the best conventional
membranes. All the major membrane manufactures are working on this problem.
Three longer-term, related technical issues are fouling resitance, pretreatment,
and membrane cleaning. Current membrane modules are subject to fouling by
particulates and scale; this fouling can only be controlled by good (and expensive)
feed water pretreatment and by membrane cleaning. In some large potential
reverse osmosis markets, such as municipal wastewater reclamation and indus-
trial process water treatment, the complexity, expense, and low reliability due to
membrane fouling limit expansion significantly.

A further long-term area of research is likely to be the development of
reverse osmosis membranes to recover organic solutes from water (68).

5.4. Electrodialysis. Electrodialysis is an electrochemical separation
process in which a gradient in electrical potential is used to separate ions with
charged, ionically selective membranes. A schematic of the simplest type of elec-
trodialysis system is shown in Figure 30 (73–75). The process uses an electrodia-
lysis stack, built on the plate-and-frame principle and containing several
hundred cells each formed by a pair of anion- and cation-exchange membranes.
Anion-exchange membranes contain fixed, positively charged entities, such as
quaternary ammonium groups, fixed to the polymer backbone. These membranes
are permeable to negatively charged ions, but positive ions are excluded from
permeation by the fixed charges. Similarly, cation-exchange membranes contain
fixed, negatively charged groups, such as sulfonic acid groups. Cationic mem-
branes are permeable to positively charged ions, but not to negatively charged
ions. The arrangement of the membranes in an electrodialysis stack is such
that every second cell becomes depleted of salt, while the adjacent cells become
concentrated in salt. The degree of concentration is determined by the rate of
flow of solution through the stack.

Electrodialysis is used widely to desalinate brackish water, but this is by no
means its only significant application. In Japan, which has no readily available
natural salt brines, electrodialysis is used to concentrate salt from seawater. The
process is also used in the food industry to deionize cheese whey, and in a num-
ber of pollution-control applications.

In the past, the principal problem inhibiting the use of electrodialysis was
slow deterioration of the membranes by chemical degradation and scaling. In the
1970s the introduction of a process called polarity reversal reduced the scaling
problem significantly. In this process, the flow of current through the electrodia-

24 MEMBRANE TECHNOLOGY Vol. 15



lysis stack is reversed periodically by reversing the polarity of the electrodes.
When the polarity of the electrodes is reversed, the concentrated stream becomes
the demineralized product stream and the demineralized stream becomes the
concentrated stream; automatic valves are used to switch the streams. When
the current is reversed, scale deposited on the membranes in the previous
cycle is dissolved. Typically, the current of an electrodialysis stack is reversed
every 15–20 min. One or two minutes production of the system is lost after
each reversal, but the reduced scaling and fouling of the membranes more
than compensates for this loss in productivity. One of the most attractive fea-
tures of electrodialysis is its energy efficiency.

5.5. Gas Separation. During the 1980s, gas separation using mem-
branes became a commercially important process; the size of this application is
still increasing rapidly. In gas separation, one of the components of the feed
permeates a selective membrane at a much higher rate than the others. The
driving force is the pressure difference between the pressurized feed gas and
the lower pressure permeate.

Both porous and dense membranes can be used as selective barriers;
Figure 31 illustrates the mechanism of gas permeation through both classes.
Three types of porous membranes, differing in pore size, are shown. If the
pores are relatively large, in the range 0.1–10 mm, gases permeate the membrane
by convective flow, and no separation occurs. If the pores are smaller than 0.1 mm,
then the pore diameter is the same size or smaller than the mean free path of the
gas molecules. Diffusion through such pores is governed by Knudsen diffusion,
and the transport rate of different gases is inversely proportional to the square
root of the molecular weight. The latter relationship, sometimes called Graham’s
law of diffusion, was exploited on a massive scale in the separation of U235F6 and
U238F6 during the Manhattan Project. Finally, if the membrane pores are very
small indeed, of the order 0.5–2 nm, then molecules are separated by molecular
sieving. Actual transport mechanisms through this type of membrane are com-
plex and include both diffusion in the gas phase and diffusion of adsorbed species
on the surface of the pores (surface diffusion). Nonetheless, ceramic and ultrami-
croporous carbon membranes have been prepared with extraordinarily high
separations for very similar molecules (47–49). Although microporous mem-
branes are a topic of research interest, all current commercial gas separations
are based on the fourth type of mechanism shown in Figure 31.

The second factor affecting the overall membrane selectivity is the sorption
or solubility selectivity. The sorption coefficient of gases and vapors, which is a
measure of the energy required for the permeant to be sorbed by the polymer,
increases with increasing condensability of the permeant. This dependence on
condensability means that the sorption coefficient also increases with molecular
diameter, because large molecules are normally more condensable than small
ones. The Henry’s law sorption coefficient can, therefore, be plotted against boil-
ing point or molar volume as shown in Figure 32 (76). As the figure shows, sorp-
tion selectivity favors the larger, more condensable molecules, such as
hydrocarbon vapors, over the permanent gases, such as oxygen and nitrogen.
The difference between the sorption coefficients of permeants in rubbery and
glassy polymers is far less marked than the differences in the diffusion coeffi-
cients.
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Both hollow-fiber and spiral-wound modules are used in gas separation
applications. Spiral-wound modules are favored if the gas stream contains
oil mist or condensable vapors as in the separation of hydrocarbon vapors
from nitrogen or hydrogen or in natural gas separations. The first large-scale
commercial application of gas separation was the separation of hydrogen from
nitrogen in ammonia purge gas streams, launched in 1980 by Permea (now a
division of Air Products). This process was followed by a number of similar appli-
cations, such as hydrogen/methane separation in refinery off-gases and hydro-
gen/carbon monoxide adjustment in oxo-chemical synthetic plants. Several
hundred of these plants have now been installed.

Following Permea’s success, several companies produced membrane sys-
tems to treat natural gas streams, particularly to separate carbon dioxide from
methane. The goal is to produce a stream containing less than 2% carbon dioxide
to be sent to the national pipeline and a permeate enriched in carbon dioxide to
be flared or reinjected into the ground. Cellulose acetate is the most widely used
membrane material for this separation, but because its carbon dioxide/methane
selectivity is only about 15, two-stage systems are often required to achieve a suf-
ficient separation. The membrane process is generally best suited to relatively
small streams, but the economics have slowly improved over the years and
more than 100 natural gas treatment plants have now been installed–some
quite large. Figure 33 shows flow schematics for one-stage and two-stage carbon
dioxide membrane separation plants.

The application of membranes to gas separation problems has grown
rapidly. The current status of membrane gas separation processes is summarized
in Table 4, in which the processes are divided into four groups. The first group
consists of the established processes: nitrogen production from air, hydrogen
recovery and air drying. These processes represent more than 80% of the current
gas separation membrane market. All have been used on a large commercial
scale for 10 years, and dramatic improvements in membrane selectivity, flux
and process designs have been made during that time. For example, today’s hol-
low fine fiber nitrogen production module generates more than 10 times the
amount of nitrogen, with better quality and at a lower energy consumption,
than the modules produced in the early 1980s. However, the technology has
now reached a point at which, barring a completely unexpected breakthrough,
further changes in productivity are likely to be the result of a number of small
incremental changes.

Developing processes are the second group of applications. These include
carbon dioxide separation from natural gas, organic vapor separation from air
and nitrogen, and recovery of light hydrocarbons from refinery and petrochem-
ical plant purge gases. All of these processes are performed on a commercial
scale, and in total several hundred plants have been installed. Significant expan-
sion in these applications, driven by the development of better membranes and
process designs, is occurring. For example, carbon dioxide removal from natural
gas has been practiced using cellulose acetate membranes for more than 15
years. Introduction of more selective and higher-flux membranes has begun
and, in time, is likely to make membrane processes much more competitive
with amine absorption. The application of silicone rubber vapor separation mem-
branes in petrochemical and refinery applications is currently growing.
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The ‘‘to be developed’’ membrane processes represent the future expansion
of gas separation technology. Natural gas treatment processes, including dehy-
dration, natural gas liquids (C3þ hydrocarbons) recovery, and hydrogen sulfide
removal, are currently being studied at the field testing and early commercial
stage by several companies. The market is very large, but the fraction that mem-
branes will ultimately capture is unknown. The production of oxygen-enriched
air is another large potential application for membranes. The market size
depends completely on the properties of the membranes that can be produced.
Improvements of a factor of two in flux at current oxygen/nitrogen selectivities
would probably produce a limited membrane market; improvements by a factor
of five to ten would make the use of oxygen-enriched air in natural gas combus-
tion processes attractive. In this case the market could be very large indeed. The
final application listed in Table 4 is the separation of organic vapor mixtures
using membranes in competition, or perhaps in combination, with distillation
(68).

5.6. Pervaporation. In this separation process, illustrated schemati-
cally in Figure 34, a multicomponent liquid stream is passed across a membrane
that preferentially permeates one or more of the components. As the feed liquid
flows across the membrane surface, the preferentially permeated component
passes through the membrane as a vapor. Transport through the membrane is
induced by maintaining a vapor pressure on the permeate side of the membrane
that is lower than the vapor pressure of the feed liquid. The pressure difference is
achieved by cooling the permeate vapor to below the temperature of the feed
stream, causing it to condense. This spontaneously generates a partial vacuum
on the permeate side of the membrane. The condensate is then removed as a con-
centrated permeate fraction; the residue, depleted of the permeating component,
exits on the feed side of the membrane. The process can be applied to the removal
of dissolved water from organic solvents, to the extraction of organic solvents
from water, and to the separation of mixed organic solvents.

The selectivity of pervaporation membranes varies considerably and has a
critical effect on the overall separation obtained. The range of results that can be
obtained for the same solutions and different membranes is illustrated in
Figure 35 for the separation of acetone from water using two types of membrane
(77,78). The figure shows the concentration of acetone in the permeate as a func-
tion of the concentration in the feed. The two membranes shown have dramati-
cally different properties. The silicone rubber membrane removes acetone
selectively, whereas the cross-linked PVA membrane removes water selectively.
This difference occurs because silicone rubber is hydrophobic and rubbery, thus
permeates the acetone preferentially. On the other hand, PVA is hydrophilic and
glassy, thus permeates the small hydrophilic water molecules preferentially.

A flow scheme for an integrated distillation–pervaporation plant operating
on a 5 wt% ethanol feed from a fermentation mash is shown in Figure 36. The
distillation column produces an ethanol stream containing 85–90 wt% ethanol,
which is fed to the pervaporation system. To maximize the vapor pressure differ-
ence across the membrane, the pervaporation module usually operates at a tem-
perature of 808C with a corresponding feed stream vapor pressure of 400–600
kPa (4–6 atm). Despite these harsh conditions, the membrane lifetime is good
and qualified guarantees for up to four years are given.
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Figure 36 shows a single-stage pervaporation unit. In practice, at least
three pervaporation stages are used in series, with additional heat being sup-
plied to the ethanol feed between each stage. This compensates for pervaporative
cooling of the feed and maintains the feed at 808C. The heat required is obtained
by thermally integrating the pervaporation system with the condenser of the
final distillation column. Most of the energy used in the process is, therefore,
low grade heat. Generally, about 0.5 kg of steam is required for each kilogram
of ethanol produced. The energy consumption of the pervaporation process is,
therefore, about 559 kJ/L (2000 Btu/gal) of product, less than 20% of the energy
used in azeotropic distillation, which is typically in the range 3–3.4 MJ/L
(11,000–12,000 Btu/gal). Moreover, pervaporation uses very low grade steam,
which is available in most industrial plants at very low cost.

Although most of the installed solvent dehydration systems have been for
ethanol dehydration, dehydration of other solvents, including isopropanol, glycol,
acetone, and methylene chloride, has been considered.

Currently, the main industrial application of pervaporation is the dehydra-
tion of organic solvents, in particular, the dehydration of 90–95% ethanol solu-
tions, a difficult separation problem because of the ethanol–water azeotrope at
95% ethanol. Pervaporation membranes that selectively permeate water can pro-
duce more than 99.9% ethanol from these solutions. Pervaporation processes are
also being developed for the removal of dissolved organics from water and for the
separation of organic mixtures (68).

5.7. Other Membrane Separation Techniques. The six membrane
separation processes described earlier represent the bulk of the industrial mem-
brane separation industry. A seventh process, dialysis, is used on a large scale to
remove toxic metabolites from blood in patients suffering from kidney failure
(79). The first successful artificial kidney was based on cellophane (regenerated
cellulose) membranes and was developed by W.J. Kolf in 1945. Over the past 50
years, many changes have been made. Currently, most artificial kidneys are
based on hollow-fiber modules having a membrane area of about 1 m2. Cellulose
fibers are still widely used, but are gradually being displaced by fibers made from
polycarbonate, polysulfone, and other polymers, which have higher fluxes or are
less damaging to the blood. As shown in Figure 37, blood is circulated through
the center of the fiber, while isotonic saline, the dialysate, is pumped countercur-
rently around the outside of the fibers. Urea, creatinine, and other low molecular
weight metabolites in the blood diffuse across the fiber wall and are removed
with the saline solution. The process is quite slow, usually requiring several
hours to remove the required amount of the metabolite from the patient, and
must be repeated one to two times per week. Nonetheless, 100,000 patients
use these devices on a regular basis.

In terms of membrane area used and dollar value of the membrane pro-
duced, artificial kidneys are the single largest application of membranes. Similar
hollow-fiber devices are being explored for other medical uses, including an arti-
ficial pancreas, in which islets of Langerhans supply insulin to diabetic patients,
or an artificial liver, in which adsorbent materials remove bilirubin and other
toxins.

One other membrane separation technique, yet to be used on a commercial
scale, is carrier facilitated transport. In this process, the membrane used to
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perform the separation contains a carrier which preferentially reacts with one of the
components to be transported across the membrane. Most of the work on carrier
facilitated transport has employed liquids containing a dissolved complexing
agent (58,59). Membranes are formed by holding the liquids by capillary action
in the pores of a microporous film. The carrier agent reacts with one permeating
component on the feed side of the membrane and then diffuses across the mem-
brane to release the permeant on the product side of the membrane. The carrier
agent is then reformed and diffuses back to the feed side of the membrane. Thus,
the carrier agent acts as a selective shuttle to transport one component from the
feed to the product side of the membrane. Facilitated transport membranes can
be used to separate gases; membrane transport is then driven by a difference in
the gas partial pressure across the membrane. Metal ions can also be transported
selectively across a membrane, driven by a flow of hydrogen or hydroxyl ions in
the opposite direction; this process is sometimes called coupled transport. Exam-
ples of facilitated transport processes for gas and metal ion transport are shown
in Figure 38.

Because the facilitated transport process employs a reactive carrier species,
very high membrane selectivities can be achieved. These selectivities are often
far larger than those achieved by other membrane processes, a factor that has
maintained interest in facilitated transport. However, no significant commercial
applications exist or are likely to exist in the next decade. The principal problems
are the physical instability of the membrane and the chemical instability of the
carrier agent.

5.8. Membrane Contactors. In the membrane processes described ear-
lier, the membrane acts as a selective barrier, allowing relatively free passage of
one component while retaining another. In membrane contactors the membrane
functions as an interface between two phases but does not control the passage of
permeants across the membrane (13,14). Delivery or removal of gases from
liquids is the largest application of contactors.

One example is the blood oxygenator used during surgery when the
patient’s lungs cannot function normally. A flow schematic of one of these hol-
low-fiber devices is shown in Figure 39. More than 1 million procedures per
year use blood oxygenators. Each device costs about $500–600, so the total
annual market is about $500 million.

Membrane contactors have also found some industrial applications, most
commonly to deoxygenate ultrapure water for the electronics industry (80) or
for boiler feed water and to adjust carbonation levels in beverages (81). Micropor-
ous hollow-fiber membrane modules are most commonly used. The aqueous
phase is circulated on the shell side of the fiber and a gas sweep or vacuum
flows down the inside of the fibers.

5.9. Controlled Drug Delivery. A significant application of membranes
is to moderate the release of biologically active agents, such as insecticides, fer-
tilizers, and most importantly, drugs. Although the concept of controlled drug
release using a rate-controlling membrane to moderate drug delivery can be
traced to the 1950s, the founding of the Alza Corp. in the late 1960s gave the
entire technology a decisive thrust. The products developed by Alza during
the subsequent 25 years stimulated the entire pharmaceutical industry (82,83).
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Controlled release can be achieved by a wide range of techniques; a simple
example, a transdermal patch, is illustrated in Figure 40. In this device, a drug is
held in a reservoir surrounded by a membrane. With such a system, the release
rate of drug is constant as long as a constant concentration of drug is maintained
within the device. Such a constant concentration is maintained if the reservoir
contains a saturated solution and sufficient excess of solid drug. Systems that
operate by this principle are commonly used in transdermal patches to moderate
delivery of drugs such as nitroglycerine (for angina), nicotine (for smoking cessa-
tion), and estradiol (for hormone replacement therapy) through the skin. Other
devices using osmosis or biodegradation as the rate-controlling mechanism are
also produced as implants and tablets.

6. Membrane Reactor Applications

Membrane-based reactive separation processes, in which membrane separation
is coupled with a catalytic reaction in one unit, are rather attractive applications
because they are potentially compact, less capital intensive, and have lower pro-
cessing costs than traditional processes. Moreover, they often enhance selectivity
and yield (84). Applications range from catalytic reactions like hydrocabon dehy-
drogenation, to hormone synthesis, to the biological treatment of wastewaters.
The enormous potential of large-scale applications in the oil and petrochemical
industry promises major advances in the developments of such systems in the
near future.

Various types, shapes, and configurations of catalytically active and inac-
tive membranes are employed in catalytic membrane-based reactive separations
processes (85–87). This is because reactor yield and reaction selectivity depend
typically not only on common process parameters but also on membrane charac-
terisitcs.

Membrane based reactive separations are advantageous in applications
such as dehydrogenation and esterification for which the continuous extraction
of products enhances the yield by shifting the equilibrium. They are quite attrac-
tive also for processes of other types of reactions, including hydrogenation, and
partial and total oxidation, in which the use of membranes has shown to increase
the yield and selectivity.

In biotechnological applications, membrane processes are coupled with
industrially important biological reactions, for example, in fermentation of
amino acids, antibiotics, and other fine chemicals. Here the advantage is the con-
tinuous elimination of metabolites allowing for high reactor productivity. In
other applications bacteria, enzymes, or animal cells are immobilization onto
the membrane and used to produce high value chemicals and pharmaceuticals.
Reactive separation processes are currently finding use in biological treatment of
contaminated air and water streams (84).

Low temperature applications, including bio-production of fine chemicals,
pervaporation, and wastewater treatment are currently in use and proved eco-
nomical. This is mainly because they employ polymeric and macroporous or
mesoporous inorganic membranes, which are well characterized and readily
available, and require relatively simpler configuration. Some progress has
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been made also in a number of large-scale, high temperature applications. How-
ever, further progress depends on the development of more stable and affordable
membranes as well as careful process design and reactor analysis.
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Texas, and G. Morel, Université de Paris-Nord.; in ECT 4th ed., Vol. 16, pp. 135–193, by
R. W. Baker, Membrane Technology & Research, Inc.; ‘‘Membrane Technology’’ in ECT
(online), posting date: December 4, 2000, by R. W. Baker, Membrane Technology &
Research, Inc.

CITED PUBLICATIONS

1. H. Bechhold, Z. Physik Chem. 60, 257 (1907).
2. W. J. Elford, Trans. Far. Soc. 33, 1094 (1937).
3. R. Zsigmondy and W. Bachmann, Z. Anorg. Chem. 103, 119 (1918).
4. J. D. Ferry, Chem. Rev. 18, 373 (1936).
5. S. Loeb and S. Sourirajan, ‘‘Sea Water Demineralization by Means of an Osmotic

Membrane,’’ in Saline Water Conversion-II, Advances in Chemistry Series Number
28, American Chemical Society, Washington, D.C., 1963.

6. J. M. S. Henis and M. K. Tripodi, Sep. Sci. & Tech. 15, 1059 (1980).
7. R. L. Fleischer, P. B. Price, and R. M. Walker, Sci. Am. 220 (June 30, 1969).
8. H. W. Ballew, Basics of Filtration and Separation, Nucleopore Corp., Pleasonton,

Calif., 1978.
9. H. S. Bierenbaum and co-workers, Ind. Eng. Chem., Proc. Res. Develop. 13(1), 2

(1974).
10. U.S. Pat. 4,585,604 (Apr. 29, 1986), K. Okuyama and H. Mizutani (to Mitsubishi

Petrochemical Co. Ltd.).
11. U.S. Pat. 4,187,390 (May 5, 1980), R. W. Gore (to W. L. Gore and Associates Inc.).
12. K. K. Sirkar, in W. S. W. Ho and K. K. Sirkar, eds., Membrane Handbook, Chapman

& Hall, New York, 1992, pp. 885–912.
13. M. C. Yang and E. L. Cussler, AIChE J. 32, 1910 (1986).
14. U.S. Pat. 4,708,799 (Nov. 24, 1987), K. Gerlach, E. Kessler, and W. Henne.
15. U.S. Pat. 4,708,800 (Nov. 24, 1987), T. Ichikawa and co-workers (to Terumo Kahushiki

Kaisha).
16. U.S. Pat. 4,778,499 (Oct. 18, 1988), R. P. Beaver (to PPG Industries, Inc.).
17. H. Strathmann and co-workers, Desalination 16, 179 (1975).
18. H. Strathmann and K. Kock, Desalination 21, 241 (1977).
19. J. G. Wijmans and C. A. Smolders, in P. M. Bungay, H. K. Lonsdale, and M. N. de

Pinho, eds., Synthetic Membranes: Science, Engineering and Applications, D. Reidel,
Dordrecht, the Netherlands, 1986.

20. I. Pinnau and W. J. Koros, J. Poly. Sci. Phys. Ed. 31, 419 (1993).
21. W. C. Hiatt and co-workers, in D. R. Lloyd, ed., Materials Science of Synthetic

Membranes, ACS Symposium Series 269, American Chemical Society, Washington,
D.C., 1985, pp. 229–244.

22. D. R. Lloyd, S. S. Kim, and K. E. Kinzer, J. Memb. Sci. 64, 1 (1991).
23. U.S. Pat. 4,247,498 (Jan. 27, 1981), A. J. Castro (to Akzo Inc.).

Vol. 15 MEMBRANE TECHNOLOGY 31



24. L. Zeman and T. Fraser, J. Memb. Sci. 87, 267 (1994).
25. R. L. Riley and co-workers, ‘‘Development of Ultrathin Membranes,’’ Office of Saline

Water Report No. 386, PB# 207036, Washington, D.C., Jan. 1969.
26. U.S. Pat. 3,615,024 (Oct. 26, 1971), A. S. Michaels (to Amicon Corp.).
27. U.S. Pat. 3,980,456 (Sept. 14, 1976), W. R. Browall (to General Electric Co.).
28. L. T. Rozelle and co-workers, in S. Sourirajan, ed., Reverse Osmosis and Synthetic

Membranes, National Research Council of Canada Pub. NRCC 15627, Ottawa, 1977,
pp. 249–262.

29. J. E. Cadotte, in D. R. Lloyd, ed., Materials Science of Synthetic Membranes, ACS
Symposium Series 269, American Chemical Society, Washington, D.C., 1985,
pp. 273–294.

30. R. J. Petersen, J. Memb. Sci. 83, 81 (1993).
31. R. L. Riley and co-workers, Desalination 19, 113 (1976).
32. Y. Kamiyama and co-workers, Desalination 51, 79 (1984).
33. W. J. Ward, W. R. Browall, and R. M. Salemme, J. Memb. Sci. 1, 99 (1976).
34. U.S. Pat. 3,551,244 (Dec. 29, 1970), R. H. Forester and P. S. Francis (to North Star

Research and Development Institute).
35. U.S. Pat. 4,234,701 (Jan. 1984), R. L. Riley and R. L. Grabowsky (to Universal Oil

Products).
36. U.S. Pat. 4,871,378 (Oct. 3, 1989), I. Pinnau (to Membrane Technology and

Research, Inc.).
37. U.S. Pat. 4,553,983 (Nov. 19, 1985), R. W. Baker (to Membrane Technology and

Research, Inc.).
38. H. Yasuda, J. Memb. Sci. 18, 273 (1984).
39. H. Yasuda, in Ref. , pp. 263–294.
40. A. R. Stancell and A. T. Spencer, J. Appl. Poly. Sci. 16, 1505 (1972).
41. M. Kawakami and co-workers, J. Memb. Sci. 19, 249 (1984).
42. U.S. Pat. 4,657,564 (Apr. 14, 1987), M. Langsam; U.S. Pat. 4,759,776 (July 26, 1988),

M. Langsam and A. C. Savoca (to Air Products and Chemicals, Inc.).
43. M. Langsam, M. Anand, and E. J. Karwacki, Gas Sep. & Purif. 2, 162–170 (1988).
44. J. M. Mohr and co-workers, J. Memb. Sci. 56, 77–98 (1991).
45. K. A. Kraus, A. J. Shor, and J. S. Johnson, Desalination 2, 243 (1967).
46. J. S. Johnson and co-workers, Desalination 5, 359 (1968).
47. M. B. Rao and S. Sircar, J. Memb. Sci. 85, 253 (1994).
48. K. Keizer and co-workers, J. Memb. Sci. 39, 285 (1988).
49. J. E. Koresh and A. Soffer, Sep. Sci. Techn. 18, 723 (1983).
50. U.S. Pat. 5,288,304 (Feb. 22, 1994), W. J. Koros and C. W. Jones (to The University of

Texas System).
51. U.S. Pat. 4,717,455 (Jan. 5, 1988) and U.S. Pat. 4,722,771 (Feb. 2, 1988), M. Textor,

M. Werner, and W. Franschitz (to Swiss Aluminum, Ltd.).
52. R. C. Furneaux and co-workers, Nature 337(6203), 147–149 (1989).
53. R. B. McBride and D. L. McKinley, Chem. Eng. Prog. 61, 81 (1965).
54. J. B. Hunter, Platinum Met. Rev. 4, 130 (1960).
55. U.S. Pat. 4,857,080, (Aug. 15, 1989), R. W. Baker and co-workers (to Membrane

Technology and Research, Inc.).
56. H. P. Hsieh, in K. K. Sirkar and D. R. Lloyd, eds., New Membrane Materials and

Processes for Separation, AIChE Symposium Series, Vol. 84, 1988, p. 1.
57. M. A. Anderson, M. S. Gieselmann, and Q. Xu, J. Memb. Sci. 39, 243 (1988).
58. R. W. Baker and I. Blume, in M. C. Porter, ed., Handbook of Industrial Membrane

Technology, Noyes Publication, Park Ridge, N.J., 1990, pp. 511–588.
59. E. L. Cussler, in D. R. Paul and Y. P. Yampol’skii, eds., Polymeric Gas Separation

Membranes, CRC Press, Boca Raton, Fla., 1994, pp. 273–300.

32 MEMBRANE TECHNOLOGY Vol. 15



60. U.S. Pat. 3,228,876 (1966) and U.S. Pat. 3,228,877 (1966), H. I. Mahon (to Dow
Chemical Co.).

61. B. Baum, W. Holley, Jr., and R. A. White, in P. Meares, ed., Membrane Separation
Processes, Elsevier, Amsterdam, 1976, pp. 187–228.

62. O. M. Ekiner and G. Vassilatos, J. Memb. Sci. 53, 259 (1990).
63. U.S. Pat. 3,367,504 (Feb. 6, 1968), J. C. Westmoreland (to Gulf General Atomic Inc.).
64. U.S. Pat. 3,417,870 (Dec. 24, 1968), D. T. Bray (to Gulf General Atomic Inc.).
65. S. S. Kremen, Ref. 28, pp. 371–386.
66. R. H. Davis, in W. S. W. Ho and K. K. Sirkar, eds., Membrane Handbook, Chapman

and Hall, New York, 1992, pp. 480–505.
67. M. Cheryan, Ultrafiltration and Microfiltration Handbook, Technomic Publishing

Co., Inc., Lancaster, Pa., 1998.
68. R. W. Baker, Membrane Technology and Applications, 2nd ed., John Wiley & Sons,

Ltd., Chichester, 2004.
69. J. G. Wijmans and co-workers, J. Membr. Sci. 109, 135 (1996).
70. R. W. Baker and H. Strathmann, J. Appl. Polym. Sci. 14, 1197 (1970).
71. G. Belfort, R. H. Davis, and A. L. Zydney, J. Membr. Sci. 1, 96 (1994).
72. R. L. Riley, in R. W. Baker and co-workers, eds., Membrane Separation Systems—

Recent Developments and Future Directions, Noyes Data Corp., Park Ridge, N.J.,
1991, pp. 276–328.

73. H. Strathmann, Sep. Purif. 14, 41 (1985).
74. M. S. Mintz, Ind. Eng. Chem. 55, 18 (1963).
75. E. Korngold, in G. Belfort, ed., Synthetic Membrane Processes, Academic Press, Inc.,

New York, 1984, pp. 192–220.
76. G. J. Van Amerongen, J. Appl. Phys. 17, 972 (1946).
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Fig. 1. Schematic diagrams of the principal types of membrane.

Fig. 2. A typical hand-casting knife. (Courtesy of Paul N. Gardner Co., Inc.)
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Fig. 3. Microporous membranes are characterized by tortuosity, t, porosity, E, and their
average pore diameter, d. (a) Cross-sections of porous membranes containing cylindrical
pores. (b) Surface views of porous membranes of equal E, but differing pore size.
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Fig. 4. Diagram of the two-step process to manufacture nucleation track membranes.
(a) Polycarbonate film is exposed to charged particles in a nuclear reactor. (b) Tracks
left by particles are preferentially etched into uniform cylindrical pores (8). (Courtesy of
Corning Costar Corp., Nucleopore Division.)
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Drawing

Melt extrusion die

(a)

Fig. 5. (a) Preparation method and (b) scanning electron micrograph of a typical
expanded polypropylene film membrane, in this case Celgard. (Courtesy of Hoechst-
Celanese Corp., Separation Products Division.)
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Fig. 6. Phase diagram showing the composition pathway traveled by the casting solution
during precipitation by cooling. Point A represents the initial temperature and composi-
tion of the casting solution. The cloud point is the point of fast precipitation. In the two-
phase region tie lines linking the precipitated polymer phase and the suspended liquid
phase are shown.
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Fig. 7. Equipment to prepare microporous membranes by the polymer precipitation by
cooling technique (23).
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Fig. 8. SEM photographs of cellulose acetate membranes cast from a solution of acetone
(volatile solvent) and 2-methyl-2,4-pentanediol (nonvolatile solvent). The evaporation
time before the structure is fixed by immersion in water is shown (24).
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Fig. 9. Schematic of Loeb-Sourirajan membrane casting machine used to prepare
reverse osmosis or ultrafiltration membranes. A knife and trough is used to coat the casting
solution onto a moving fabric or polyester web which enters the water-filled gel tank. After
the membrane has formed, it is washed thoroughly to remove residual solvent before
being wound up.
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Fig. 10. Scanning electron micrograph of an asymmetric Loeb-Sourirajan membrane.
(Courtesy of Membrane Technology and Research, Inc.)
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Fig. 11. Phase diagram showing the composition pathway traveled by a casting solution
during the preparation of porous membranes by solvent evaporation. A, initial casting
solution; B, point of precipitation; and C, point of solidification. See text.
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Fig. 12. Schematic of coated gas-separation membranes (6).
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Fig. 13. Schematic of the interfacial polymerization process. The microporous film is
first impregnated with an aqueous amine solution. The film is then treated with a multi-
valent cross-linking agent dissolved in a water-immiscible organic fluid, such as hexane or
Freon-113. An extremely thin polymer film forms at the interface of the two solutions.
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Fig. 14. Sol–gel and simple sintering process used to make ceramic membranes.
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Fig. 15. Cross-sectional scanning electron micrograph of a three-layered alumina
membrane/support (pore sizes 0.2, 0.8, and 12 mm, respectively). (Courtesy of U.S. Filter
Corp.)
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port for

bore-forming
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Polymer solution
injection port

Fig. 16. Twin-orifice spinnerette design used in solution-spinning of hollow-fiber
membranes. Polymer solution is forced through the outer orifice, while bore-forming fluid
is forced through the inner capillary.
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Fig. 17. A hollow-fiber solution-spinning system. The fiber is spun into a coagulation
bath, where the polymer spinning solution precipitates forming the fiber. The fiber is
then washed, dried, and taken up on a roll.
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Fig. 18. Spiral-wound membrane module.
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Fig. 19. Multileaf spiral-wound module, used to avoid excessive pressure drops on the
permeate side of the membrane. Large, 30-cm diameter modules may have as many as
30 membrane envelopes, each with a membrane area of about 2 m2.
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Residue

Fig. 20. Two types of hollow-fiber modules used for gas separation, reverse osmosis, and
ultrafiltration applications. (a) Shell-side feed modules are generally used for high
pressure applications up to �7 MPa (1000 psig). Fouling on the feed side of the membrane
can be a problem with this design, and pretreatment of the feed stream to remove
particulates is required. (b) Bore-side feed modules are generally used for medium
pressure feed streams up to �1 MPs (150 psig), where good flow control to minimize
fouling and concentration polarization on the feed side of the membrane is desired.

Vol. 15 MEMBRANE TECHNOLOGY 47



(b)

ConcentrateWastewater
feed

 Membrane   

Fiber glass-reinforced
epoxy support tube

Permeate

(a)

Fig. 21. (a) Typical tubular ultrafiltration module design. In the past, modules in the
form of 2–3 cm diameter tubes were common; more recently, 0.5–1.0 cm diameter tubes,
nested inside a simple pipe (b), have been introduced. (Courtesy of Koch Membrane
Systems, Inc.)
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Fig. 22. Reverse osmosis, ultrafiltration, microfiltration, and conventional filtration are
related processes differing principally in the average pore diameter of the membrane
filter. Reverse osmosis membranes are so dense that discrete pores do not exist; transport
occurs via statistically distributed free volume areas. The relative size of different solutes
removed by each class of membrane is illustrated in this schematic.
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Fig. 23. Surface scanning electron micrograph and schematic comparison of nominal
0.45-mm screen and depth filters. The screen filter pores are uniform and small and
capture the retained particles on the membrane surface. The depth filter pores are almost
5–10 times larger than the screen filter equivalent. A few large particles are captured
on the surface of the membrane, but most are captured by adsorption in the membrane
interior.
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Fig. 24. Schematic representation of dead-end and cross-flow filtration with microfiltra-
tion membranes. The equipment used in dead-end filtration is simple, but retained parti-
cles plug the membranes rapidly. The equipment required for cross-flow filtration is more
complex, but the membrane lifetime is longer.
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Fig. 25. Rejection of test proteins as a function of molecular weight, in a series of ultra-
filtration membranes with different molecular weight cutoffs. As these data show, mem-
branes with complete sharp molecular weight are not found outside of manufacturers’
catalogs.
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Fig. 26. Schematic representation of fouling on an ultrafiltration membrane. Surface
fouling is the deposition of solid material on the membrane that consolidates over time.
This fouling layer can be controlled by high turbulence, regular cleaning, and using hydro-
philic or charged membranes to minimize adhesion to the membrane surface. Surface
fouling is generally reversible. Internal fouling is caused by penetration of solid material
into the membrane, which results in plugging of the pores. Internal membrane fouling is
generally irreversible.
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Fig. 27. Ultrafiltration flux as a function of time of an electrocoat paint latex solution.
Because of fouling, the flux declines over a period of days. Periodic cleaning is required to
maintain high fluxes.
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Fig. 28. The effect of pressure on ultrafiltration membrane flux and the formation of a
secondary gel layer. Ultrafiltration membranes are best operated at pressures between p2
and p3 at which the gel layer is thin. Operation at high pressures such as p4 leads to for-
mation of thick gel layers, which can consolidate over time, resulting in permanent fouling
of the membrane.
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Fig. 29. Flow schematic of a typical brackish water reverse osmosis plant. The plant
contains seven pressure vessels, each containing six membrane modules. The pressure
vessels are in a ‘‘Christmas tree’’ array to maintain a high feed velocity through the modules.

Fig. 30. Schematic diagram of a plate-and-frame electrodialysis stack. Alternating ca-
tion and anion permeable membranes are arranged in a stack of up to 100 cell pairs: C,
cation-exchange membrane; A, anion-exchange membrane.
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Fig. 31. Mechanisms for permeation of gases through porous and dense gas separation
membranes.
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Fig. 32. Gas sorption coefficient as a function of molar volume for natural rubber mem-
branes. Larger permeants are more condensable and have higher sorption coefficients.
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Fig. 33. Flow scheme of one-stage and two-stage membrane separation plants to remove
carbon dioxide from natural gas (aCO2

/CH4 of 15 is typical for cellulose acetate mem-
branes). Because the one-stage design has no moving parts, it is very competitive with
other technologies especially if there is a use for the low pressure permeate gas. Two-stage
processes are more expensive because a large compressor is required to compress the
permeate gas. However, the loss of methane with the fuel gas is much reduced.
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Fig. 34. Schematic of the basic pervaporation process.
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Fig. 35. The pervaporation separation of acetone–water mixtures achieved with a
water-selective PVA membrane and with an acetone-selective silicone rubber membrane.
The PVA membrane is best suited to removing small amounts of water from a concen-
trated acetone solution, whereas the silicone rubber membrane is best suited to removing
small amounts of acetone from a dilute acetone stream. Reprinted from Ref. 1986 by cour-
tesy of Marcel Dekker, Inc.
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Fig. 36. Integrated distillation/pervaporation plant for ethanol recovery from fermen-
tors. The distillation columns concentrate the ethanol/water mixture from 5 to 80%.
The pervaporation membrane produces a 99.5% ethanol product stream and a 40–50%
ethanol stream that is sent back to the distillation column.
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Fig. 37. Schematic of a hollow fiber artificial kidney dialyser used to remove urea and
other toxic metabolites from blood. Several million of these devices are used every year.
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Fig. 38. Schematic examples of facilitated transport of gases and metal ions. The gas-
transport example shows the transport of oxygen across a membrane using hemoglobin
(HEM) as the carrier agent. The ion-transport example shows the transport of copper
ions across the membrane using a liquid ion-exchange reagent as the carrier agent.
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Fig. 39. Flow schematic of a membrane blood oxygenator. The device is designed to de-
liver about 250 cm3(STP)/min of oxygen to the blood and remove about 200 cm3(STP)/min
of carbon dioxide from the blood.

Vol. 15 MEMBRANE TECHNOLOGY 61



Adhesive

Foil backing Dry reservoir

Membrane

Body

Fig. 40. Schematic of transdermal patch in which the rate of delivery of drug to the body
is controlled by a polymer membrane. Such patches are used to deliver many drugs includ-
ing nitroglycerine, estradiol and nicotine.
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Table 1. Less Widely Used Membrane Preparation Techniques

Preparation technique Membrane characteristics References

plasma
polymerization

monomer is plasma polymerized onto the surface of
a support film; resulting chemistry is complex

(38–41)

reactive surface
treatment

an existingmembrane is treatedwith a reactive gas
of monomer to form an ultrathin surface layer

(42–44)

dynamically formed
membranes

a colloidal material is added to the feed solution of
an ultrafiltration membrane; a gel forms on the
membrane surface and enhances the membrane
selectivity

(45,46)

molecular sieve
membranes

an ultrafinemicroporousmembrane is formed from
a dense, hollow-fiber poly-meric membrane by
carbonizing or from a glass hollow fiber by
chemical leaching; pores in the range 0.5–2 nm
are claimed

(47–50)

microporous metal
membranes by
electrochemical
etching

aluminum metal, for example, is electro-
chemically etched to form a porous aluminum
oxide film; membranes are brittle but uniform
with small pore size 0.02–2.0 mm

(51,52)
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Table 2. Characteristics of Module Designs

Property
Hollow-fine

fibers
Capillary
fibers

Spiral-
wound

Plate and
frame Tubular

manufacturing
cost, $/m2

5–20 20–100 30–100 100–200 50–200

resistance to fouling very poor good moderate good very good
parasitic pressure
drop

high moderate moderate low low

suitability for high
pressure
operation

yes no yes can be done
with

difficulty

can be done
with

difficulty
limitation to
specific types of
membrane

yes yes no no no
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Table 3. Various Membrane Separation Technologies

Process Status

developed
technologies

microfiltration ultrafiltration
reverse osmosis electrodialysis

well-established unit processes; no
major breakthroughs seem
imminent

developing
technologies

gas separation pervaporation a number of plants have been
installed; market size and
number of applications served
are expanding rapidly

to-be-developed
technologies

facilitated transport major problems remain to be
solved before industrial systems
will be installed on a large scale
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Table 4. Status of Membrane Gas Separation Processesa

Process Application Comments

Established processes
oxygen/nitrogen nitrogen from air processes are all well

developed, only incremental
improvements in
performance expected

hydrogen/methane;
hydrogen/nitrogen;
hydrogen/carbon
monoxide

hydrogen recovery; ammonia
plants and refineries

water/air drying compressed air

Developing processes
VOC/air air pollution control

applications
several applications being
developed, significant
growth expected as the
process becomes accepted

light hydrocarbons from
nitrogen or hydrogen

reactor purge gas,
petrochemical process
streams, refinery waste gas

application is expanding
rapidly

carbon dioxide/methane carbon dioxide from natural
gas

many plants installed but
better membranes are
required to change market
economics significantly

To-be-developed processes
C3þ hydrocarbons/
methane

NGL recovery from natural
gas

field trails and demonstration
system tests under way,
potential market is large

hydrogen sulfide,
water/methane

natural gas treatment niche applications, difficult for
membranes to compete with
existing technology

oxygen/nitrogen oxygen enriched air requires better membranes to
become commercial, size of
ultimatemarketwill depend
on properties of membranes
developed, could be very
large

organic vapor mixtures separation of organic
mixtures in refineries and
petrochemical plants

requires better membranes
and modules, potential size
of application is large

aFrom Ref. 68.
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