GAS SEPARATION BY MEMBRANES:

TECHNOLOGY AND BUSINESS ASSESSMENT
by

SORAB R. VATCHA

B. Tech., Indian Institute of Technology, Bombay
(1969)

SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS OF THE
DEGREE OF

MASTER OF SCIENCE

IN THE MANAGEMENT OF TECHNOLOGY
at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 1985
(© sorab R. Vatcha 1985
The author hereby grants to M.I.T. permission to reproduce and

to distribute copies of this thesis document in whole or in part.

Signature of Author - e

Department of Chemical Engineering
May 17, 1985

Certified by_

Kay Tamaribuchi
Thesis Supervisor

Certified by_

Raymond F. Baddour
Thesis Supervisor

Accepted by

William M. Deen
Chairman, Departmental Committee on Graduate Students

WNST. TECH,

WSS

JUN 17 19€8§5



GAS SEPARATION BY MEMBRANES:
TECHNOLOGY AND BUSINESS ASSESSMENT
by

SORAB R. VATCHA

Submitted to the Department of Chemical Engineering
on May 17, 1985 in partial fulfillment of the
requirements for the Degree of Master of Science in the
Management. of Technology

ABSTRACT

The separation of gases by membranes on a commercial scale has grown
rapidly, from a handful of units a decade ago to over one hundred
units worldwide by the end of 1985. This market is expected to grow
at an average annual rate of 12% over the next 15 years, from 1its
present base of about $60 million/year. The technology-push and
market-pull incentives for this industry's past, present and future
growth are discussed.

Membrane separation technology can replace or augment alternative
gas separation technologies such as cryogenic distillation, absorption
in a liquid, and adsorption on a solid. The four major applications
at present and probably over the next decade are: acid gas removal
from hydrocarbon streams and flue gases; hydrogen recovery in oil
refineries and chemical plants; air separation; and dehydration.
Monsanto is the industry leader by a wide margin, with about 89% of
the 1985 worldwide installed capacity.

The technology and economics are analyzed at five levels: the membrane
material; element; module or stage; the separation system; and the
entire process plant. There are complex trade-offs among the key
system variables, such as membrane permeability and selectivity.
Selectivity generally has greater economic value than permeability,
although both are desirable.

Facilitated transport, a significant advancement already demonstrated
on a small scale, will probably be in commercial use by 1990. Promising
directions for future R&D, and strategies for success in the membrane
separation business, are recommended.

Thesis Supervisors: Dr. Kay Tamaribuchi
Associate Director, Industrial Liaison Program

Dr. Raymond F. Baddour
Professor of Chemical Engineering
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1. INTRODUCTION

The use of membranes for gas separation on a commercial scale

has grown rapidly during the past decade. The number of commercial
units, their capacities, and the number of different applications
have all increased. Over 30 organizations, including corporations,
universities, nonprofit institutions and Government agencies, are
participating in and shaping a dynamic new industry based on gas separation
by membranes. The historical evolution, the current status and the
future prospects of this industry, and of the related markets and
technologies, form the main subjects of this thesis.

A membrane-based separation process is often just one of several
separation processes that would be technically feasible for a particular
application. Membrane-based processes may not only replace, but may
also synergistically augment, other separation processes. A new process
will displace existing processes only in the applications where it
has a relative economic advantage. Therefore, the salient aspects
of the broad field of separation technology are covered in this chapter.

The vital importance of separation technology in general, and
gas separation in particular, throughout the energy and process industries,
is indicated in Section 1.1. This section also presents three useful
taxonomies of separation technology.

The four leading commercial processes for gas separation are described
and compared in Section 1.2. These are cryogenic distillation, absorption
in a liquid, adsorption on a solid, and selective membrane permeation.
The latter's commercial applications, at present and expected in the
future, are discussed in Section 1.3.

Although the commercial use of membranes for gas separation is
relatively recent, scientific inquiries, discoveries and inventions
were being made in this field for over one century. The historical
evolution of the technology is outlined in Section 2.1, divided into
the periods 1700-1940, 1941-1960, 1961-1970 and 1971-1985. Because
of the long lead times from scientific discovery to commercial use,
the recent scientific activity provides insights into the nature and
timing of future commercial technology.

A selective review of the literature, with emphasis on recent



works, is given in Section 2,2.

The separative action of a selective membrane is based on the
differences in the rates of permeation of different species through
the membrane under identical conditions. The theory of the transport
of gases through membranes, including the dependence of the permeability
and selectivity on the membrane's structure and on the state variables,
are discussed with illustrative data in Section 2.3.

The key properties of various membrane materials, the methods
of fabrication of membrane elements, and criteria for selecting membranes
are discussed in Section 2.4,

The process engineering aspects of membrane separation systems
are covered in Chapter 3. The trade-offs among the key variables
are discussed. Economic comparisons of membrane-based and other gas
separation processes, and of different membranes in the same application,
are presented in Section 3.4. The continuous membrane column described
in Section 3.3 is a technical success that has not become a commercial
success.

The present size and projected future growth rates of the membrane
gas separation market are estimated in Section 4.1. The key contributors
to this industry are from the private sector (Section 4.2), the public
sector (Section 4.3) and the academic and nonprofit sector (Section
b4y,

Strategies for success in this industry were inferred from a
retrospective case study of Du Pont and Monsanto. Du Pcnt pioneered
the development and commercial use of hollow-fiber membranes for gas
separation in the 1960's. It withdrew from the market in the 1970's,
and is now re-entering this market. Monsanto entered the market in
the late 1970's, and is now the worldwide market leader by a wide
margin.

The principal conclusions of this thesis, and recommended directions
for future R&D in the field of membrane separations, are summarized

in Chapter 5.



1.1 Separation Technology: Significance and Structure

The need for separation and purification occurs throughout the
energy and process industries. These include o0il and gas production,
petroleum refining, synthetic fuels, petrochemicals, commodity and
specialty chemicals, food and beverage processing, pharmaceuticals,
metallurgical processing, combustion for generating heat and/or power,
nuclear fuel preparation, pollution control and waste disposal.

Separation equipment accounts for 50-90% of the capital investment
in petroleum refining and petrochemical facilities (King, 1980).
In the process industries as a whole, 40-70% of the capital costs
and the operating costs, and up tc 80% of the energy consumption,
are for separation (Membranes Simplify Catalytic Reactions, 1980;
Zanetti, 1984).

The enrichment of uranium-235 by gaseous diffusion was the key
to the Manhattan Project and to the subsequent nuclear industry.
This is a very difficult and hence expensive separation because the
two 1isotopes are so similar in their properties, and because the
concentration of uranium-235 in the raw material is so low -- around
0.7% (King, 1980). This was the first large-scale use of gas separation
by permeation through a microporous solid medium.

Separation technology will play a critical role in the solutions
to major societal problems such as environmental pollution, resource
depletion and malnutrition. New high-technology industries depend
heavily on separation technology, e.g. ultra-pure chemicals in electronic
component manufacturing, life support in spacecraft, and product recovery
in biotechnology. Thus, separation technology has great economic,
strategic and societal significance, and its impact is pervasive throughout
industry.

The historical patterns of the world's energy consumption since
1860 are shown in Fig. 1.1. The data are fitted to a simple yet accurate
substitution model, developed at the International Institute for Applied
Systems Analysis (IIASA). The assumptions and methodology of this
model are discussed by Marchetti (1982). As the energy mix evolves
to higher H/C ratios, methane or natural gas will become the dominant

fuel after the year 2000, according to this model.
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As the world's fossil fuel resources of high grade get gradually
depleted (Fig. 1.2), the remaining resources of lower grade will require
greater inputs of hydrogen to upgrade them (Fig. 1.3). Hydroprocessing
of hydrocarbons increases their H/C ratio and removes undesirable
elements such as sulfur, nitrogen and metals. These trends imply
growth in gas separation facilities.

Conventional energy sources are being supplemented with unconventional
sources, such as methane from landfills and coal deposits, as well
as enhanced oil recovery (EOR). Synthetic fuels from coal, 0il shale
or tar sands have not materialized in the U.S., nor has the hydrogen-based
economy, despite extensive R&D. If and when they emerge after a few
decades, they will require massive investments in gas separation equipment
and systems. For example, 1b—20% of the capital cost of a synthetic
fuels plant would be for oxygen generation; and 0.5 to 1 ton of oxygen
is consumed per ton of coal (Synfuels Market..., 1980; Gasification
Units..., 1980). 1In coal gasification plants, methane and carbon
dioxide are produced in roughly equal amounts, and have to be separated
and purified for sale (SNG Process..., 1982).

Some of the world’s natural resources of low grade have remained
unexploited because the necessary separations would have been
uneconomical. For example, there are large reserves of very sour
natural gas containing 15-90% hydrogen sulfide (Hyne, 1982). Some
natural gas contains significant amounts of carbon dioxide, as high
as 85% when enhanced oil recovery (EOR) by COp flooding is practiced,
Advances in gas separation technology are enabling the economical
exploitation of such resources that were heretofore marginal or
uneconomical.

The use of oxygen-enriched air or nearly pure oxygen instead
of atmospheric air can be technically advantageous in many applications.
These include combustion of fuels, incineration of wastes, sewage
treatment, metallurgical processing, gasification, aerobic fermentation,
various oxidation processes in the manufacture of chemicals, pulp
and paper, and controlled-atmosphere food packaging (Chowdhury and
Lewald, 1984). Yet the cost of producing oxygen has often been the

limiting factor in its use. The separation of air into its constituents
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Fig. 1.3

THE ELEMENTAL COMPOSITION SPECTRUM OF
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is relatively difficult because oxygen and nitrogen are quite close
in their molecular weights and boiling points, and also because there
are many trace constituents in air. Advances in air separation technology
would enable more widespread and economical use of oxygen and nitrogen
in many industrial applications.

Gas separation technology's great leverage in its effect on many
other significant technologies provides strong economic incentives
for R&D leading to innovation.

A separation process converts a feed stream into two or more
product streams that differ in composition from the feed stream and
from one another. There are numerous separation processes available
based on variocus physicochemical concepts, usually the difference
in some key property such as phase, density, boiling point, solubility,
permeability, etc. Even for a specific application, there are usually
several applicable separation processes, so the selection would be
based on economic and other considerations.

A relatively new technology, such as membrane-based gas separation,
does not completely displace the existing alternative technologies
(just as the automobile has not completely displaced the bicycle).
The new technology gradually gains market share from the competing
technologies only in those specific niches in which it has a clear
competitive advantage.

For example, membrane air separators are now being commercially
used on board ships and offshore oil platforms, for producing dry
nitrogen of 95-99% purity. In such applications, the system should
be compact, lightweight, energy-efficient, very reliable, require
low maintenance, and should be economical on a small scale. Membranes
have strong technical and economic advantages over competing air separation
systems for meeting the specific needs of this market niche (Membranes
Vie for On-Site Nitrogen Output, 1985).

Separation technologies can be competit’ve as well as complementary.
Different separation processes may sometimes be combined in a given
application, where they operate synergistically. For example, in
the separation of carbon dioxide from hydrocarbons in EOR applications,

a membrane-based separation system in combination with a conventional
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distillation or absorption system may prove more economical than either
system alone (Parro, 1984; Schendel, 1984). Thus, membrane gas separation
technology should be evaluated on a stand-alone basis as well as in
combination with other gas separation technologies for any particular
application. Also, the possibility of simultaneous chemical conversion
and product separation in the same process step should not be overlooked
(Shinnar and Feng, 1985).

The task of selecting and specifying the optimal separation system

for a given application is complex yet important, because:

- Separation costs usually dominate the total production costs.

- More than one type of separation process is usually available
for most applications.

- Combinations of different separation processes should be
considered, to exploit synergistic effects.

- The optimal sequencing or cascading of the multiple separation
units has also to be determined, especially for multicomponent,
multiproduct separations.

A systematic description and classificationof separation technologies

is useful for these purposes.

One 3-way classification scheme is (King, 1980):

- Mechanical or heterogeneous feed

v. Diffusional or homogeneous feed
(see Fig. 1.4 for a more detailed breakdown).
- Equilibration or partitioning
v. Rate-governed or nonpartitioning.
- Energy separating agent (ESA)
v. Mass separating agent (MSA).
More than one separating agent may be used simultaneously in one process.
The separation of gases by selective permeation through membranes
would be classified as diffusional, rate-governed, having an ESA (pressure
gradient) and MSA (membrane).
Another more complex 3-way classification scheme is (Lee et al.,
1977):
- Morphology of the process.

- Mechanism (driving force) of the separation.
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~ Magnitude of the molecules or particles being processed.

Separation by selective gas permeation would be classified under
this scheme as having Morphology No. 2.1, Mechanism No. 1 and Magnitude
Nos. 1 and 2 (Fig. 1.5).

A third classification scheme is: Bulk removal v. Purification.
In bulk removal, the key component is in fairly high concentrations
in the feed, and the purities of the product streams are moderate
(up to 98%). In purification, the key component is in fairly low
concentrations in the feed, and the purities of the product streams
are high (over 98%). This classific ‘on scheme is based on the inherent
tradeoff between recovery and purity in any separation scheme. Further
discussion of this tradeoff is given in Chapter 3.

Such classification schemes provide some understanding of the
essential characteristics of various separation processes and their
relative advantages. Guidelines for screening, evaluating and optimizing
separation processes for particular applications are given by Mix

(1984), King (1980) and Seader (1982).

1.2 Gas Separation Technology: A Comparative Survey

The major commercial processes for separating gases are listed
below in chronological order of first commercial use:
- Cryogenic distillation

- Absorption in a liquid

Adsorption on a solid

Selective membrane permeation

Their key principles and features are briefly reviewed, to provide
a common framework in which to compare them. Other processes such
as reversible chemical reactions (or thermochemical cycles),
chromatography, pressure diffusion (gas centrifuging), thermal diffusion
and sweep diffusion are used to a very limited extent in specialized
applications, so will not be discussed further. The reader is referred
to Perry's Handbook (1984) and other literature sources for further

information on these less common or unconventional means of separation.
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Cryogenic Distillation

Cryogenic distillation consists of liquefying the feed gas, distilling
it in one or more columns, and (optionally) vaporizing the products.
The first commercial use of cryogenic distillation was by Linde in
1902 for air separation. Nowadays, cryogenic distillation is used
extensively for making or purifying oxygen, nitrogen, hydrogen, helium,
natural gas liquids (NGL), and olefinic petrochemicals. The refrigeration
required to achieve cryogenic conditions can be accomplished by:

- Evaporation of a liquid

- Joule-Thomson expansion

- Gas expansion in a work-producing engine

(such as a turboexpander)

Despite extensive use of "cold box" equipment, the thermodynamic efficiency
of c¢ryogenic distillation is rather 1low. For example, in the case
of air separation, the thermodynamic efficiency is about 4% for the
Linde single column system and about 15-20% for most modern plants
(Perry's Handbook, 1984, pp. 4-89 to 4-91 and 12-53 to 12-55). Energy
costs make up 60-70% of the total production costs of such plants
(Scharle and Wilson, 1980).

Removal of certain impurities in the feed gas may require extra
processing at the front end of the cryogenic plant. The formation
of azeotropes by the feed constituents at the conditions of distillation
would 1limit the achievable product purities. In the separation of
carbon dioxide from 1light hydrocarbons, the formation of azeotropes
or a solid carbon dioxide phase is possible (Schendel, 1984; Holmes,
Ryan, Price and Styring, 1982). The carbon dioxide/ethane azeotropes
have compositions of roughly 65/35%. So extractive or azeotropic
distillation is required. The Ryan/Holmes process uses part of the
recovered NGL stream as the extracting agent, but requires 3 or U
columns as well as pretreating and sulfur recovery facilities.

A process that advantageously combines membranes and cryogenic
distillation has been developed and patented by Fluor (Schendel, 1984;
Schendel and Seymour, 1985). 1In this process (Fig. 1.6), one membrane
system at the upstream end recovers a 95% pure CO, permeate stream

from the feed containing 85% COp. The retentate stream from this
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Fig. 1.6
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system goes to a cryogenic distillation system. Another membrane
system separates the azeotropic stream, thereby avoiding the need
for azeotropic or extractive distillation. Note how membrane separation
technology combines synergistically with cryogenic distillation technology
in this application.

The refrigeration required for achieving and maintaining cryogenic
temperatures is generally an expensive utility (Mix, 1984; Steinmeyer,
1984). The largest modern refrigeration systems have efficiencies
of around 40% of the Carnot efficiency, and these actual efficiencies
have generally not increased during the past decade (Perry's Handbook,
1984, p. 12-53).

In c¢ryogenic air separation plants, special precautions must
be taken against potentially explosive conditions arising from contact
between oxygen and hydrocarbon impurities. Atmospheric pollutants
and compressor lubricating oils are potential sources of flammable
impurities. A detailed discussion of this subject, including a flow
sheet of a cryogenic air separation plant, is given by Wilson (1982).

Cryogenic gas separation processes are energy-intensive and
capital-intensive. They exhibit efficiencies of scale and economies
of scale. They are generally best suited to large-scale applications,
for bulk removal at steady throughputs. The possible occurrence of
azeotropes, solid phases, or impurities in the feed requires special

processing equipment that increases complexity and cost.

Absorption in a Liquid

The separation of gases by absorption in a liquid solvent is
based on the differences in solubilities of the various feed components
in the liquid. The solvent is regenerated by heating, flashing or
steam stripping, and recirculated. This process is widely used for
the removal of acidic gases, such as carbon dioxide and hydrogen sulfide,
from natural gas, synthesis gas, landfill gas, etc. (Table 1.1).
The recovery of carbon dioxide from boiler flue gases by this technique
has recently been commercialized (Pauley, Simiskey and Haigh, 1984).

Gas absorption is a mature technology that is about 50 years

old. Scores of different commercial processes, employing various
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TABLE 1.1

Major Industrial Processes that Need Gas Treating

Acid gases to treating Common cleanup targets (% acid gas)

CO,
CO, + H;S + COS

Process

Hydrogen manufacture
Petroleum desulfurization
Coal liquefaction
Chemicals

Ammonia manufacture
(H;/N; mixture)

Natural gas purification
Pipeline gas
LNG feedstock

Syn gas for chemicals (H,/CO)

Coal gasification
SNG (high Btu gas)
Intermediate Btu gas

<0.1% CO,
10 ppm H,S

Co,
CO, +H,S$ + COS

<16 ppm CO, + CO
0.0l ppm H,S

H,S, CO,, COS, RSH, etc. <4 ppm H,S; <1% CO,

1-2 ppm H,S; <50 ppm CO,
<500 ppm CO,; <0.01 ppm H,S

CO,, H, S8, COS 500 ppm CO,;0.01 ppm H,S

Low Btu gas

100 ppm H,S

Oil desulturization H,S 100 ppm H,S

Retinery fuel gas treating H,S, CO,, COS 100 ppm H,S

Ethylene manufacture H,S, CO, ~1 ppm H,S, | ppm CO,
(steam cracker gas treating)

Flue gas desulfurization SO, 90% removal

Utilities (electric)
Refineries, etc.

Source:

Astarita, Savage and Bisio (1983)
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solvents and operating conditions, are used in thousands of commercial
installations. The processes may be classified as follows:

- Physical solvent (e.g., methanol)

- Chemical solvent

- Organic (e.g., alkanolamines)
- Inorganic (e.g., potassium carbonate)

- Hybrid or dual solvent

Generally, the physical solvents provide greater capacity (or
loading) but lower selectivity; the chemical solvents provide greater
selectivity at lower capacity. Chemical solvents are better suited
for reducing feed impurities to very low levels (Table 1.1). However,
problems of foaming, corrosion, toxicity, insufficient selectivity,
and solvent losses are sometimes encountered. These processes are
quite energy-intensive, because of the energy consumed for feed
compression, product compression, solvent circulation and solvent
regeneration.

Membrane processes are being used in combination with absorption
processes in EOR applications (Fig. 1.7). 1In particular, the combination
of membranes upstream and chemical solvent absorption downstream can
provide capacity characteristics comparable to physical solvent absorption
without the hydrocarbon losses associated with the latter (Schendel
and Seymour, 1985).

Thus, membrane technology competes with, but also complements,
absorption technology. A more detailed discussion of the latter would
be beyond the scope.of this document. For additional information,
see Astarita, Savage and Bisio (1983), Fayed (1983), Newman (1985)
and Chem. Eng. Progress (Oct. 1984) which is a special issue on treating
acid and sour gas. The annual Gas Conditioning Conferences organized

by the University of Oklahoma are also useful sources of information.

Adsorption on a Solid

The separation of gases by adsorption is based on the selective
adsorption of the various feed components on the solid adsorbent.
The most common adsorbents are molecular sieves, whose pore sizes

can be tailored to adsorb certain molecules selectively according
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to their size and shape. The process operates in a cyclic regenerative
manner, that is, some beds are adsorbing while other beds are desorbing.
Desorption can be effected by heating, reducing the pressure, purging
with an inert gas, or some combination thereof.

The process was developed by Union Carbide and first commercialized
in 1966. It is now sold under the trade name "Polybed PSA" (PSA for
Pressure Swing Adsorption). There are several hundreds of such units
now in commercial operation. They are used for hydrogen recovery,
acid gas removal, dehydration, air separation, and the Separation
of hydrocarbon isomers. Performance can sometimes be enhanced by
parametric pumping.

Such processes are generally competitive on a medium scale, when
very high purities are desired, and/or when separation by distillation
would be impractical. 1In the manufacture of 90 wt % oxygen from air,
the PSA process consumes about 27% more energy than the cryogenic
process (Mix, 1984). Adsorption processes are generally quite simple,
rugged and reliable, and exhibit weak economies of scale due to their
modularity. In these respects, they fall between membrane processes
and the other processes discussed above.

For further information on the separation of gases by adsorption,
see Chi and Cummings (1978), Frank (1980), Mix (1984) and the numerous

references cited therein.

Selective Membrane Permeation

The separation of gases by membranes is based on the principle
that different components of the feed stream permeate through the
membrane at different rates. Unlike the aforementioned equilibration
processes, membrane separations are rate-governed processes. The
driv.ng force for transport through the membrane is the gradient of
chemical potential of each species. In the case of gases, this is
closely approximated by the gradient of partial pressure across the
membrane.

There are two product streams from one membrane permeation module.
The permeate stream, on the low pressure side of the membrane, is

enriched in the more permeable component(s). The retentate or residue



stream, on the high pressure side, is enriched in the less permeable
component(s). A sweep gas could optionally be introduced on the low
pressure side, but the resulting dilution of the permeate may be
unacceptable.

Since the extent of separation achievable in a single membrane
unit, no matter how large, is limited, cascading in multiple stages
with or without recycle is commonly practiced (Fig. 1.8). Cascading
imparts great flexibility to membrane systems, with respect to changes
in the flow rates or compositions of the feed and product streams.
However, the costs of compression and piping in multistage cascades
can be comparable to, or even greater than, the costs of the membrane
modules themselves (Section 3.4; Schell, 1983, 1985).

Membrane-based gas separation technology is the most recent of
the major gas separation technologies. Although a few units were
placed in service during the late 1960's, this technology was not
fully commercialized until the late 1970's, when Monsanto offered
its Prism product on the market.

Membrane systems have many advantageous characteristics. They
are very simple, rugged and reliable, with few moving parts, hence
they are easy to maintain, operate, start up and shut down. Their
modular structure imparts considerable flexibility with respect to
variations in the feed composition, throughput, or operating conditions.
They are compact and light in weight. They can be shop-fabricated
and skid-mounted, thus enabling rapid delivery and installation.
Pilot plants mounted on truck trailers can be easily transported from
one site to another.

The membrane elements can be replaced in the field, without shutting
down the entire plant in the case of multiple units. Polymeric membranes
have demonstrated useful lives of 3-6 years, depending on the type
of service. The systems can be easily upgraded as new improved membranes
become available.

Membrane systems operate at near ambient temperature. About
the only energy required is for compression, and this varies widely
by the type of application. Membrane systems are safe and nontoxic.

The commonly used polymeric membranes block the passage of bacteria
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and particulates, so the permeate is extremely clean. This property
is useful in biological, medical and life support applications.

Membrane systems are relatively easy to scale up from pilot plant
data to commercial designs, with the aid of computer simulation models.
Good agreement between predicted and actual operating data has been
reported.

Membrane systems' weak economies of scale beyond the scale of
a single module is advantageous in small-scale applications (Section
3.4).

The pressure Jrop between the feed and retentate streams is low,
typically 5-10 psi per module. So the only significant source of
resistance to gas flow is the membrane element itself.

Water vapor permeates most polymeric membranes more rapidly than
the permanent gases and organic gases. So some dehydration occurs
along with the primary separation. This feature is advantageous when
the retentate product must be dry (e.g. pipeline-grade natural gas),
and/or when the permeate product must be humidifiec (e.g. oxygen-enriched
air for respiration).

Membrane systems also have some drawbacks. Since high pressure
drops are necessary for achieving economical throughputs, the feed
streams to each unit in a cascade generally require compression
(Fig. 1.8). The continuous membrane column does not require multiple
compressors, but this does not necessarily make it more economical
than cascades (Section 3.3).

A suitable membrane, with the requisite combination of selectivity,
permeability, durability and other desirable properties, may not always
be available for a particular application. Certain species may interact
adversely with the membrane and hence may be unacceptable in the feed.
Since condensation in the membrane module must be avoided, the feed
stream's dewpoint must be well below the operating temperature, allowing
for the cooling effect resulting from the irreversible expansion of
the gas across the membrane. Thus, some feed pretreatment is often
required, but this is also generally the case for other separation
processes.

Polymeric membranes are limited in the temperatures they can
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withstand. This is disadvantageous if the feed gas has to be cooled
for separation, and if one or more of the product streams have to
be heated. Ceramic or metallic membranes can be used in high temperature
applications, but they are less favorable than polymeric membranes
in other respects.

Membrane separations are generally better suited for bulk removal
rather than for purification to a high degree, 1i.e. to the
parts-per-million impurity levels that are required in some applications
(Table 1.1).

Perhaps the greatest disadvantage of membrane technology is its
novelty. Its installed capacity, its data base of commercial operation,
the number of products and vendors in the market, and the number of
engineers with expertise in the subject, are much smaller than for
the older, well established technologies. This creates a perception
of high risk that any new entrant in a competitive market faces and

has to overcome.

1.3 Commercial Applications of Membrane Gas Separation

The essential characteristiecs, strengths and weaknesses of the
four major gas separation technologies discussed above suggest the
conditions under which membranes are likely to be competitive. These
conditions, listed in Table 1.2, delineate the application niches
for which membrane separation should be evaluated, per se and in
combination with other separation technologies.

Applications for which membrane gas separation is currently feasible,
and for which it is expected to become feasible in the future, are
listed in Table 1.3. Membranes are currently being used commercially
for gas separation in ammonia plants, chemical plants, oil refineries,
natural gas processing plants, COp—-EOR facilities, biogas (landfill
gas), air separation plants, and in medical oxygen enrichment devices.

The largest commercial application of membrane gas separation
to date has been for the separation of hydrogen in ammonia plants,
chemical plants and in oil refineries. Hydrogen separation was also
the first commercial application of Monsanto's Prism separation system.

The high permeability of hydrogen relative to the other gases was
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the main reason why membrane gas separation became economically competitive
in these applications.

The largest future application of membrane separation after 1990
will most probably be for acid gas removal from hydrocarbon streams
and flue gases (Table 1.1). This is because of the expected growth
of natural gas, unconventional gas, synthetic fuels, enhanced oil
recovery, and the abatement of emissions that contribute to 'acid
rain" (Section 1.1).

The dehydration of gases and vapors is another significant future
application of membranes. The use of membranes in an energy-efficient
drying process is described by Akin, King et al. (1984). Monsanto
offers a commercial Prism system that makes anhydrous (99.5%) ethanol
from a 90% aqueous ethanol solution {(Monsanto Tests Separators for
Dehydration, 1985). Such a process may be simpler and more efficient
than the conventional azeotropic or extractive distillation.

This chapter provided a framework for positioning membrane technology
relative to other separation technologies, and for identifying applications

that match its characteristics.



29

Table 1.2

CONDITIONS FAVORABLE FOR
THE APPLICATION OF MEMBRANES

When a membrane material having the necessary selectivity,
permeability, durability and other appropriate characteristics
is commercially available.

For small to medium scale applications, in which compactness,
portability and light weight are desirable.

For bulk removal or composition adjustment rather than for final
purification to high purity products.

When high reliability, simplicity of operation, safety and low
maintenance are essential, as in remote, unattended installations
and medical systems.

When the feed stream is available at a high pressure and moderate
temperature.

When the composition and/or flow rate of the feed is variable.

When a high partial pressure difference for the component(s)
desired in the permeate stream can be maintained.
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TABLE 1.3 Gas separations potentially feasible
with membranes

Current technology Future technology
H,Cy- H, CO,
H, CO H.S CO,
He/'C, - NH, H,
H,O(v)iCy - NH,C, -
H.S/C, NH. N,
CO,/Cy- SO C,
CO.N, SO, CO,
CO,COo NO.C.-
NO..CO N, C:
NO.- Nz C! CZ
Og"Nz A Air
CO,Air Organic vapors

Source: Schell (1983)

Note: Include H2/N2 under current technology.
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2. MEMBRANE TECHNOLOGY

2.1 Progress in Membrane Technology

Key trends and milestones of past progress and innovation in
membrane science and technology are outlined chronologically in this
section. This information is relevant to the prognostication of future
technological trends in this field. The six principal membrane-based

separation processes are shown in Fig. 2.1.

1700-1940

The earliest known experiments on membranes were carried out
in Europe during the 18th century, on membranes of animal origin.
The phenomena of dialysis, osmosis and gas permeability across membranes
of natural rubber, animay organs and collodion, were systematically
studied during the 19th century. The permeation rates of ten different
gases through rubber balloons were reported Dy Mitchell (1831), a
lecturer at the Philadelphia Medical Institute. These rates spanned
a 100-fold range. Large differences in permeation rates form the
basis of a viable separation process. Fick's law, Graham's law, Darcy's
law, Henry's law, and the solution-diffusion model of mass transport,
which together form the foundation of modern theories of mass transport
in membranes, had been formulated and published by 1880.

The first patent on the separation of gases by membrane permeation
was issued in Germany to Margis (1881). It described a method for
making rubber membranes, and an apparatus for enriching air to 40%,
60%, 80%, and 95% oxygen in the first, second, third and fourth stages,
respectively.

The first two U.S. patents on the separation of gases by membrane
permeation were issued to Herzog (1884a and 1884b). The first patent
describes an apparatus for making oxygen or oxygen-enriched air in
a series of chambers containing colloid or rubber membranes. The
second patent describes the use of oxygen-enriched air together with
a hydrocarbon, tomake illuminating gas. The earliest inventors recognized
the need for multiple stages to achieve high degrees of separation

of air.
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Fig. 2.1

Membrane separation processes

Process/Concept Materials passed Driving force Material retained
Microfiltration Water and Pressure Suspended material (silica,
dissoived difference, bacteria, etc.). Variable
species typically 10 particle-size cutoffs
psi
Feed —»{—]
- 0—e water
Microporous membrane
Dialysis lons and low- Concentration Dissolved and suspended
Puritied molecular- difference materniai with molecular
ight > 1000
Feed —»{] —}— stream weight weight
organics
—C / (urea, etc.)
Impurities Dialysate teed
Dialysis membrane
Electrodialysis lons Voltage, All nontonic and macro-
typically 1 molecular species
Concentrate to 2V/cell
pair
I—-——i—-———» Product
B Gty
® -— ®i g
@ o
(217
4
Feed
Reverse osmosis Water Pressure Virtually all suspended and
ditference, dissoived material
Saline water Concentrate typically 1.00
feed mmpr—] —— to 800 psi
7 [——» Water
Semipermeable membrane
Ultrafiltration Water and salts Pressure Biologicals, colloids, and
difference, macromolecules. Variable
Concentrate typicaily 10 molecular weight cutoffs
Feed —+{] F— to 100 psi
/ s Water
UF membrane
Gas separation Gases and Pressure Membrane-impermeable
Lean vapors difference, 1 gases and vapors
Feed —»{—] —— gas to 100 atm

/

Semipermeable membrane

Concentrated
gas

Source: Fox (1982)
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Considerable data on the permeabilities of various fluids through
membranes of various materials, including the effects of temperature
and pressure, had been accumulated by 1940. Experiments involving
microfiltration, ultrafiltration, reverse osmosis, electrodialysis
and hemodialysis, mostly on cellulose membranes, had been performed
by 1940. Membranes were being used in the laboratory, but not on

a large scale, up to 1940.

1941-1960

The first large-scale system for separating gases by membranes
was the gaseous diffusion plant for separating the isotopes of wranium,
as part of the Manhattan Project during World War II. Porous sintered
metal membranes were used in a cascade of about 3,000 stages with
high recycle rates, to accomplish this very difficult and expensive
separation. This Government-owned wartime project was not subject
to the same economic criteria as a peacetime commercial venture.
It was the source of significant theoretical developments in the design
and optimization of membrane cascades with recycle, although the
information was kept classified for several years.

The 1950's marked an important turning point, from the era of
membrane science to the era of membrane science and technology. The
emergence of synthetic polymers, whose properties could be controlled
according to the method of formulation, greatly increased the number
and variety of candidate membrane materials. The formation of small
companies specializing in membrane-based products and services marked
the beginning of the membrane industry. For example, the Millipore
Filter Co. was founded in 1954 (it adopted its present name of Millipore
Corp. in 1966).

Mathematical models for designing membrane systems for gas separation,
and for determining the effects of gas flow pattern on system performance,
were derived and applied in the classic papers by Weller and Steiner
(1950a, 1950b). They worked out designs for air separation, helium
recovery from hatural gas, and hydrogen recovery from coke-oven gas
and petroleum refinery gases. Membrane technology was not competitive

with the alternative commerbial technologies for these applications
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at that time. The requisite membrane surface area and the energy
consumption were prohibitively large. For example, a plant to make
120,000 SCFH oxygen-enriched air using a 0.001 inch thick ethyl cellulose
membrane, and a feed/product pressure ratio of 8, would have had the

following design (Stern, 1966):

Product Purity (% 0p) 32.6 91.1
No. of Stages 1 5

Membrane Area (107 f£t2) 1.15 13.3
Power (MW) 0.1 4.8

In those days, polymeric membranes were avallable only in sheet
or film form, and membrane modules were of the plate-and-frame
configuration. The membrane areas required, as calculated above,
are a few orders of magnitude greater than the area of a football
field. Scientific and technical breakthroughs, not mere incremental
improvements, were needed to make membrane separation technology
competitive. Fortunately, the needed breakthroughs were not long
in coming.

Cellulose acetate (CA) membranes for the desalination of seawater
by reverse osmosis (RO) had been developed by Reid and Breton at the
University of Florida, and by Mahon of Dow Chemical Co., during the
1950's. The asymmetric CA membranes developed at UCLA by Loeb and
Sourirajan (1960, 1963, 1964, 1965) represented a breakthrough. Such
membranes exhibited high flux, high selectivity, and the ability to
withstand high pressures, in an unprecedented combination. This technology
was the basis of the RO industry, which now exceeds $100 million/year

(Lonsdale, 1982b).

1961-1970

The next breakthrough occurred in the 1960's, when Du Pont and
Dow Chemical developed hollow fiber polymeric membranes. Hollow fibers
provide surface area/module volume ratios one or two orders of magnitude
greater than the previous conventional membrane modules. A module
typically contains millions of these hair-thin fibers, whose wall

thicknesses are comparable to their internal diameters, so0 they can
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withstand high pressures and high pressure differentials without collapsing
or bursting (Paul and Morel, 1981).

Another configuration, the spiral-wound membrane module, was
invented by the General Atomic Co. and patented in 1968. The hollow-fiber
and the spiral-wound configurations have remained the dominant commercial
designs for membrane equipment until the present time.

A few commercial-scale gas separation plants were.placed in service
during the late 1960's and early 1970's. Du Pont built two plants
using hollow fibers of homogeneous Dacron polyester membranes. One
was for recovering hydrogen from refinery gases, and the other was
for reccvering 85-90% pure CO from a 50/50 Hp/CO feed. Du Pont later
developed asymmetric, aromatic polyamide (Aramid) membranes which
were far superior to the homogeneous Dacron membranes for gas separation
(Hoehn, 1985). Union Carbide operated a small plant to recover helium
from natural gas at Shiprock, New Mexico. This natural gas contained
5-6% helium and 87% nitrogen, which is a rare composition. An asymmetric
cellulose acetate membrane in flat sheet form was used (Kammermeyer,
1976) .

Hydrogen recovery by means of palladium-silver alloy membranes
was commercially practiced by Union Carbide and the Humble 0il & Refining
Co. (now part of Exxon Corp.) in their petrochemical facilities.
Such metallic membranes are highly selective for hydrogen, so a permeate
product of over 99% hydrogen purity can be achieved in a single stage.
However, such membranes require operation at high temperatures (over
300°C) and high feed pressures (500-600 psi). Their permeabilities
for hydrogen are lower than modern polymeric membranes and they cannot
be fabricated in configurations of very high surface area per unit
module volume. Furthermore, palladium-silver alloys are expensive,
and are subject to contamination by carbon monoxide, hydrogen sulfide,
ethylene, etc. (Kammermeyer, 1976). Thus, metallic membranes are
not competitivé with modern polymeric membranes in most situations.

The status of the membrane industry and technology around 1968
was summarized by Pattison (1968).

Research and development related to all aspects of membrane science

and technology continued at a rapid pace throughout the 1960's. Novel
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concepts such as pervaporation, liquid membranes, facilitated transport,
and the continuous membrane column were conceived and developed.
In pervaporation, the feed is in the liquid phase, and the permeate
is in the vapor phase (Sanders and Choo, 1960). The incentive was
for pervaporation to substitute for distillation in separating
close~-bolling or azeotropic mixtures.

Liquid membranes are of two types: supported or immobilized
liquid membranes (ILM), and emulsion or 1liquid surfactant membranes
(ELM). The former (ILM) was developed at General Electric, and the
latter (ELM) was developed at Exxon Research and Engineering. Both
these efforts were terminated in 1978 and 1980 respectively, although
R&D continues elsewhere (Parkinson, 1983; Flynn and Way, 1982).

In facilitated transport, the membrane plays an active rather
than passive role, by reversibly forming chemical complexes with the
species desired in the permeate. 1In principle, facilitated transport
should provide a very favorable combination of high permeability and
high selectivity. Potential applications in hydrometallurgy, waste
water treatment, air separation, and acid gas removal (COp, HpS and
S0,) have been extensively investigated.

A significant novel membrane module configuration, invented around
1960, is descrited in a patent issued to Pfefferle (1964). It is
a continuous membrane column, consisting of an enriching section and
a stripping section, with a compressor and provision for reflux.
In principle, it could effect a separation comparable to a cascade
of conventional membrane modules, yet it is much simpler. This concept
was later developed and refined by researchers at the Universities
of Iowa, Cincinnati and Dortmund (W. Germany).

None of these four novel and pfomising concepts -- pervaporation,
liquid membranes, facilitated transport, and the continuous membrane
column =-- has yet been implemented commercially, even after 15-25

years of research and development.
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1971-1985

During this latest period, membrane-based separation became an
established, commercially proven process. It formed the basis of
an entire new industry, consisting of dozené of large and small companies,
engaged in R&D, manufacturing, business/market research, consulting,
etc. all related to membranes. Several universities established research
programs or centers specializing in membrane related topics.

The rapidly growing body of information on the subject of membranes
was being disseminated by means of Specialized journals, newsletters,
books and conferences.

The emergence of a full-fledged membrane-based industry was a
result of both endogenous and exogenous factors. The latter are discussed
first. The energy crisis, with its sharp increase in the cost of
energy and raw materials, spurred the search for more energy~efficient
processes, enhanced oil recovery, synthetic fuels, nonfossil energy
sources, etc. Compliance with more stringent environmental regulations
required improved pollution control, water purification, waste treatment
and resource recovery technologies. The nigh-technology industries
based on electronics, biotechnology and health care, advanced rapidly
and posed challenging separation problems. The U.S. chemical industry
shifted its emphasis from commodity products to specialty products
and services. Meanwhile, the OPEC nations invested heavily in large
petrochemical and desalination facilities as they built up their economic
infrastructure. All these major trends are expected to continue for
at least the next decade. They created a "market-pull" demand for
improved separation technology, in which membranes played a prominent
role.

The main endogenous factor was the "technology-push" arising
from the stepped-up R&D activity in the disciplines underlying membrane
technology, especially in polymer science. Technical milestones in
the development of membranes for gas separation since 1970 are listed
in Table 2.1. The development of thin-film composite (TFC) membranes
by Monsanto, UOP and GE represented another breakthrough in this field.
These were implemented commercially in the late 1970's in a variety

of applications.
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Another endogenous factor was the operating experience gained
from the first generation of commercial membrane-based gas separation
plants that were installed in the late 1960's and early 1970's. These
early installations were essentially in-house demonstration plants,
used to prove feasibility. They facilitated the sale of the next
generation of systems, starting in the late 1970's, to various customers
who would buy only a reliable, field-proven system.

Thus, both market-pull and technology~push factors have contributed
to the establishment of a distinct high-technology industry centered
on membrane technology.

The time lag from scientific discovery or invention to commercial
implementation in this field has been of the order of decades, up
to about one century. Perhaps this time lag will shorten as the pace
of advancement quickens. Reduction of this time lag in the innovation
cycle should be an objective of high priority for industrial, academic

and governmental organizations concerned with membrane technology.

2.2 VLiterature Review

The literature pertaining to membrane technology is very extensive,
partly because it spans two centuries, and partly because of the wide
range of applications, disciplines, and organizations involved. The
emphasis of this review is on the recent literature (since 1970) relating
to gas separations, in the English language.

"Membrane Gas Separation" is a bibliography published and regularly
updated by the National Technical Information Service (NTIS) in three
versions, based on the NTIS, DOE, and Engineering Index databases,
which can also be searched on line.

The books by Hwang and Kammermeyer (1975), Meares (1976), Sourirajan
(1977) and Cooper (1982), cover all aspects of membrane science and
technology, including gas separation. Historical reviews of the field
are given by Edwards (1971, 1972), Michaels (1976), Stannett (1978),
and Lonsdale (1982b).

Current reviews of membrane separation technology are written
by Stannett et al. (1979), Paul and Morel (1981), Strathmann (1981),
Lonsdale (1982a, 1982b), Flynn and Way (1982), Hwang and Kammermeyer
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(1982), Rain (1983) and Leeper et al. (1984). Reviews dealing exclusively
with membrane technology for gas separation are written by Matson,
Lopez and Quinn (1983), Kulkarni et al. (1983), Schell (1983, 1985),
Henis and Tripodi (1983), Egli et al. (1984) and Saltonstall (1985).

There are numerous publications covering the more theoretical
aspects of transport across membranes, relationships between the
preparation methods, structures and properties of membranes, and
compilations of permeability data. See for example, Crank and Park
(1968), Hopfenberg (1974), Stern and Frisch (1981), Frisch and Stern
(1983), Pusch and Walch (1982a, 1982b) and Lloyd (1985).

Business and market information on the membrane industry has
been reported by Pattison (1968), Fox (1982), Hughey (1983), Crull
(1983, 1984), Parkinson (1984), Brooks (1985a,b), and Saltonstall
(1985), as well as the publications listed in Table 2.2.

Membrane-related papers have appeared in many journals, due to
the interdisciplinary nature of the subject as well as the international
scope of the R&D activities. '"Desalination," the "Journal of Membrane
Science," and "Membrane and Separation Technology News" are specialized
journals devoted to the subject.

There have also been many conferences and symposia on the themes
of gas separation technology and/or membrane separation technology.
The U.S. Department of Energy (DOE) holds annual Membrane Technology
R&D Workshops at--which its contractor organizations report on their
current projects. The latest workshop was held at Clemson, SC in
October, 1984. Annual Membrane Conferences are organized by Business
Communications Co., a business and market consulting firm that also
publishes several membrane-related items (see Table 2.2). The following
proceedings of recent American Chemical Society (ACS) symposia are

good sources of current information:

- Synthetic Membranes (2 volumes), 1981
- Industrial Gas Separations, 1983

- Materials Science of Synthetic Membranes, 1985.

Other pertinent conferences held regularly are:

- The International Gas Research Conferences (annual).
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~ The Gas Conditioning Conferences (annual).
- The Gas Processors Association's Annual Conventions
and Regional Conventions.

- The Gas Research Institute's Gas Separation Workshops.

Patents constitute a rich source of technical information spanning
over one century, especially on membrane materials, membrane fabrication
methods, module designs, system designs, permeability measurement
apparatus and data, and performance data in specific applications.
Patents are also useful for strategic competitive analysis of firms
in the membrane industry.

Most of the pertinent patents are in the following classes:
U.S. Patent Classes:

- 55-16: Processes of gas separation by gas diffusion
into a solid barrier.

- 55-158: Barrier for selective diffusion of gases.
International Patent Classes:
- BO1D 13/00: Processes of separation employing semipermeable
membranes.
- BO1D 13/04: Special methods for the production of semi-
permeable membranes.
- BO1D 53/22: Separation of gases or vapors by diffusion,
or recovering vapors of volatile solvents
from gases by diffusion.
Convenient compilations of patents, indexed for retrieval by
multiple keys, are contained in some publications listed in Table

2.2.
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Table 2.2

BUSINESS/MARKET/PATENT REPORTS

RELATED TO GAS SEPARATION BY MEMBRANES

Title

Business Opportunities in Membrane Separations
(1984; Quarterly, Client Private Reports)

Business Opportunities in Membrane Technology
(1982)

Emerging Membrane Separation Technologies (1984)

Hollow Fibers: Manufacture and Application
(1981)
Membrane and Ultrafiltration Technology:

Developments Since 1981 (1984)

Industrial Membrane Systems, 1982-1990 (1982)

Membrane & Separation Technology Directory (1985)
Membrane & Separation Technology News (Monthly)
Membrane Conference Proceedings (Annually)
Membrane Technology Patent Sourcebook (1983)
Membranes in Separations and as Supports (1983)

Membrane Separation Processes (Annually)

Publisher

SRI Inter-
national

Menlo Park
CA 94025

Battelle
Columbus
Laboratories
Columbus
OH 43201

International
Resource
Development
Inc.

Norwalk

CT 06855

Noyes Data
Corp.

Park Ridge
NJ 06855

T.A. Sheets
Co.
Cleveland
Heights

OH 44118

Business
Communications
Co. (BCC)
Stamford

CT 06906

Lexington Data
Inc.

Ashland

MA 01721
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2.3 Transport of Gases Through Membranes

The transport of gases through membranes is a complex phenomenon

that depends on:

- The properties of all the gases present.
- The membrane's composition, structure and dimensions.

- The operating conditions.

The differences in permeation rates of two or more components
through the membrane form the basis of the separation. The transport
of a molecule from the upstream side to the downstream side can be

modeled in many cases as a sequence of five steps:

1. Diffusion from the bulk of the feed stream to the upstream
surface of the membrane.

2. Sorption or solution of th2 gas molecule into the membrane
phase.

3. Diffusion of the molecule within the membrane to the down-
stream surface.

4, Desorption from the downstream membrane surface into the
gas phase.

5. Diffusion from the downstream membrane surface into the bulk

of the permeate stream.

The net overall rate of transport at steady state is the rate of the
slowest or rate-limiting step, since these steps are in series. The
third step is generally rate limiting, and concentration polarization
is insignificant in gas separation (MacLean, Stookey and Metzger,
1983). In facilitated transport, however, steps (2) through (4) are
speeded up considerably by a reversible chemical reaction.

The five-step solution~diffusion model is a simple, classical
model that was first proposed by Graham in 1866. It adequately describes
the permeation of simple gases above their critical temperatures through
homogeneous, nonporous films of }ubbery polymers. More complex models
are needed for other cases.

Many common transport phenomena are modeled by equations of the

form:
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Flux = (Driving Force)/(Resistance) (2.3.1)

Fick's law of diffusion, Fourier's law of heat conduction, and
Ohm's law of electricity are well known equations of this form. For
transport mechanisms involving multiple steps, the overall resiétance
is a simple combination of the individual resistances in series and/or
in parallel. ThisconceptwassuccessfullyappliedbyMonsantoresearchers
in the development of their Resistance Model (RM) composite membranes
(Henis and Tripodi, 1981, 1982).

The driving force for transport across a membrane is the net
gradient of chemical potential. For gas transport through polymeric
membranes, this is well approximated by the gradient of partial pressure
across the membrane. However, for gas transport through metallic
membranes by atomic diffusion, the gradient of the square root of
partial pressure is the driving force (Kammermeyer, 1976).

The resistance depends on the transport mechanism. The dominant
mechanism is determined by the relative dimensions of the mean free
path (1) of the gas molecules and the mean pore radius (rp) of the
membrane. The permeability coefficient is the reciprocal of the
resistanée. The net flux is the algebraic sum of the flux contributions
by the various transport mechanisms, although in practice one mechanism
is usually dominant. The transport equations for the various mechani sms
are summarized in Table 2.3.

The mean free paths of the common light gases at ambient conditions
are in the range 0.05-0.15 microns. Numerical data on mean free paths
are given by Sourirajan (1977, Chap. 26).

According to the solution-diffusion model, the permeability of
a component is the product of its diffusivity and its solubility:

Pi = DjS; (2.3.2)
Dj and S; are each assumed to depend only on temperature, and not

on the partial pressures of component i or the other components.

Since diffusivity increases with temperature, while solubility decreases
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with temperature, both in Arrhenius law form, the permeability's dependence
on temperature may be positive or negative according to which effect

predominates (Perry's Handbook, 1984, p. 17-15):

[ E
Di
Dy Dioexp_ =T ] (2.3.3)
[ AH
si
S1 = Sioexp- BT ] (2.3.4)
- e i
Pi’= Pioexp-f mr (2.3.5)
where
Pio = Diosio (2.3.6)
and
Epi = EDi + AHSi (2.3.7)

Thus, according to this model, for a given gas and membrane material:

- A plot of log (permeability) v. 1/T, or log (permeability)
v. log (vapor pressure of a reference substance), should be
linear (Othmer and Frohlich, 1955).

- Permeability should be independent of the other components
and all the operating variables except temperature.

- Permeability should equal the product of diffusivity and
solubility.

The solution-diffusion model has been found to correlate a
considerable amuunt of permeability data, especially for simple gases
above their critical temperatures permeating through homogeneous,

nonporous films of rubbery polymers. Advantages of this model are:

- It is simple, having just two parameters, Pj, and Epi.
- If Dj and S; have been measured separately, Pj can be readily

obtained as their product. It is sometimes impractical to
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measure P; directly by experiment.

The permeability of hydrogen through various polymers as a function
of temperature is shown in Fig. 2.2. The permeability values span
a range of six orders of magnitude, from Silastic 500-1 at the low
end to polyvinyl alcohol (PVA) at the high end. The temperature
sensitivies also vary widely being lowest for polystyrene and highest
for PVA and Saran 925. Since the lines in this Arrhenius plot are
straight, the solution;diffusion model appears to describe adequately
these data for hydrogen permeability in the temperature range 0-50°C.

It is also of interest to consider data on the permeabilities
of several gases through the same membrane. Permeation data for nitrogen,
hydrogen, sulfur dioxide and carbon dioxide, through a membrane of
polyvinylidene fluoride (Kynar) containing 18 wt % sulfolene, reported
by Zavaleta and McCandless (1976), are shown in Figs. 2.3-2.6.

The permeability of nitrogen is independent of pressure drop,
and has an Arrhenius dependence on temperature (Figs. 2.3, 2.4).
The permeability of hydrogen increases 1linearly with pressure but
the effect of pressure is not strong (Fig. 2.5). The permeability
exhibits Arrhenius temperature dependence (Fig. 2.65. The permeability
of sulfur dioxide increases steeply with pressure (Fig. 2.7), and
decreases with temperature, in a non-Arrhenius manner'(Fig. 2.8).
For carbon dioxide, the permeability increases strongly with pressure
(Fig. 2.9) and it may increase or decrease with temperature, depending
on the'pressure (Fig. 2.10). Also, nitrogen and hydrogen are much
less permeable than suifuf dioxide and carbon dioxide.

For this particular membrane, nitrogen behaves ideally, hydrogen
behaves nearly ideally, sulfur dioxide behaves nonideally, and carbon
dioxide behaves highly nonideally. The latter two substances interact
strongly with the membrane. Thus, the simple solution-diffusion model
summarized by squations (2.3 - 2.7) can adequately predict the transport
behavior of nitrogen and hydrogen, but not sulfur dioxide and carbon
dioxide, under this set of conditions. For additional data and
explanations of these phenomena, see the paper by Zavaleta and McCandless
(1976), and other publications by the latter author.

The solution-diffusion model has a limited range of applicability.
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Fig, 2.2
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Other more complex models are needed to explain and correlate permeation
data when the solution-diffusion model does not apply.

The "concentration-dependent" model is an extension of the classical
solution-diffusion model that allows the diffusivity and solubility
coefficients to depend on concentration as well as temperature. Thus,

in one such model,

P1 = Disi (2.3.2)
[ By

D1 = 010[1 + fD(c)]exp_- T (2.3.8)
AHSi

Si = 310[1 + fs(c)}exp_— o (2.3.9)

This model reduces to the solution-diffusion model as the limiting
case as the functions fp(c) and fg(e) tend to zero.
Another concentration-dependent model is based on the relationship

(Perry's Handbook, 1984, p. 17-15):

P, = P, e (2.3.10)

where the parameter A may be positive or negative. Then the flux

of component i is given by:

1
P, Ap. Ap.
io i1 i2
Ni =11 (e e ) (2.3.11)

The permeation behavior depends strongly on whether the polymer
is in the rubbery state (T>Tg) or in the glassy state (T<Tg). Polymers
in the rubbery state generally exhibit higher permeabilities but lower
selectivities than those in the glassy state (Stannett et al., 1979).

Data on the glass transition temperatures (Tg) of various natural
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and synthetic polymers are reported in the Polymer Handbook (Brandrup,
Immergut and McDowell, 1975). Because of these strong structural
effects, different transport models have been used for rubbery and
glassy polymers.

Experimental data on the permeability of gases through rubbery
polymers show the general pattern depicted in Fig. 2.11. In this
figure, the temperature increases from Ty to Tyg. Below temperature
T*, the permeability increases with temperature, at a constant pressure.
Hence, at a given pressure, the permeability is minimum at T*. The
pressure dependence of permeability is nonnegative, being greatest
at low temperatures and small or nil at high temperatures. The behavior
also depends on whether the gas is above or below its critical temperature,
Te. The permeation behavior of rubbery polymers has been explained
by the "free volume" model (Stern and Frisch, 1981; Matson, Lopez
and Quinn, 1983; Stern, Mauze and Sampat, 1984).

Experimental data on the permeability of gases through glassy
polymers show a different pattern. For example, the permeability
of carbon dioxide decreases with pressure initially, then levels out
to become independent of pressure; except that its permeability in
cellulose acetate increases monotonically with pressure (Fig. 2.12).
The positive pressure dependence of the permeability is because carbon
dioxide plasticizes the cellulose acetate, thereby making it more
rubber-like and increasing its diffusivity.

The "dual-mode sorption" model has been used to correlate and
explain the permeability data for glassy polymers. The model's basic
premise is that the sorption occurs by two indebendent but additive
modes -- a Henry's law mode and a Langmuir law mode. The two diffusion
coefficients have different but constant values,-that is, they are
not concentration-dependent. This model adequately correlates data
for carbon dioxide and 1light hydrocarbons through glassy polymers.
It reduces to the solution-diffusion model as the limiting case as
the Langmuir term tends to zero. ‘ Further details on the dual-mode
sorption model are given by Vieth, Howell and Hsieh (1976), Stannett
et al. (1979), Matson, Lopez and Quinn (1983), Chern et al. (1983)
and Chern et al. (1985).



Fig. 2.11
Generalized dependence of mean permeability

coefficients on pressure and temperature.
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The transport models discussed above originated in the 1950's.
They have been refined and extended over the years, but they are still
inadequate in some cases and some of their basic assumptions are not
supported by recent experimental evidence.

A generalized transport model that combines the free-~volume and
dual-mode sorption concepts, and is applicable to both rubbery and
glassy polymers, was formulated by Stern, Mauze and Sampat (1984).

The molecular diffusion model of Pace and Datyner, and the
"gas-polymer-matrix" model of Raucher and Sefcik are more advanced
contemporary models. They are both discussed by Raucher and Sefcik
(1983).

The state of the art of interpreting and explaining the phenomena
of gas transport through membranes will undoubtedly continue to advance
in the future. It would be highly desirable to be able predict the
permeabilities of a gas-solid system from the other known properties
of the gases, the solid, and the operating conditions. A reliable,
universal theory of permeation would save considerable expense and
time needed for gathering experimental data, and it would facilitate
the design and selection of membranes for specific applications.
Despite great progress over the past thirty years, no such universal
theory of permeation exists today.

Many different correlatiohs have been reported between the
permeabilities (or the diffusivities and solubilities individually)
of gases and other physical properties. For example, a plot of log
(diffusivity) vs. log (molecular weight) for various gases is roughly
linear for a giveh polymer. The slopes are -3 to -2 for rubbery polymers,
and -6 to -5 for glassy polymers (Lonsdale, 1982a). Correlations
of log (diffusivity) vs. van der Waals volume and kinetic diameter,
and of 1log (solubility) vs. critical temperature, were presented by
Chern et 9_1_‘:_ (1985). '

Correlations of the transport properties of common gases with
their boiling points were reported by Stannett (1978) and by Andrews
(1984).

The permeability of a component in the presence of other gases,
sometimes known as pseudo-permeability, is usually greater than its
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permeability as a pure component, at the same partial pressures and
temperature. Components having high solubilities in the peclymer,
such as poiar gases, tend to have a strong positive effect on the
permeabilities of other components (MacLean, Stookey and Metzger,
1983; Stern Mauze and Sampat, 1984). This synergistic effect in
multicomponent permeation tends to suppress selectivity in gas separation.
It is generally attributed to plasticization of the polymer. However,
in the absence of plasticization and at low concentrations, the effect
may be opposite (Chern et al., 1983).

The variation of gas permeability with the properties of solid
polymer can be qualitatively characterized as follows. Permeability
generally increases with increasing plasticizer content (Zavaleta
and McCandless, 1976), and with increasing moisture content. Permeability
generally decreases with increasing density, crystallinity, crosslinking,
molecular orientation and filler content (Hwang and Kammermeyer, 1975,
Table 5.3; Yasuda and Stannett, 1975).

Thé trends in selectivities and permeabilities are generally
in opposite directions, as illustrated by the data for air separation
in Fig. 2.13, and the data compiled by Stern (1966).

The permeability of a composite or multilayered membrane can
be estimated from the permeabilities of the individual layers by the
"resistance model" method. Thus, when permeability is independent
of concentration, the overall permeability Pp of n layers in series,

each of permeability P; and thickness L;, is given by:

n
P, = 9.n/‘2 (2,7P)) (2.3.12)
i=1
where
n
an =.z Zi (2-3013)
i=1
The resistance model concept was successfully applied by Monsanto

in the design of membranes for their Prism separation systems (Henis

and Tripodi, 1980a,b, 1981 and 1982). More complex models of transport
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Fig. 2.13
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through asymmetric membranes were developed by Sirkar (1977, 1978).
The effective permeability in facilitated transport may be expressed

as:

Pi = DiSi(1+F1) (2.3.14)

where Fj 1is the facilitation factor, which depends on the species
concentrations and other parameters (Matson, Lopez and Quinn, 1983).
The transport of multiple gas<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>