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TITLE
COMPOSITE CARBON FLUID SEPARATION MEMBRANES
FIELD OF THE INVENTION
The invention relates to novel carbon fluid separation membranes
5 and a process for the separation of fluids, particularly gases. In particular,

the invention provides composite membranes for use in fluid separations,
which are treated with a coating that provides a protective barrier which
significantly reduces the adverse effects on the performance of the
membrane cause by high humidity or other impurities in the fluid to be

10 treated.

BACKGR D OF THE INVENTION

The use of membranes for separation processes is well known.

+ Certain carbon membranes are particularly useful for the separation of
fluids, especially gases such as oxygen and nitrogen.

15 The membranes may be fabricated in various geometrical
configurations, such as sheet formed membranes and hollow fibers. The
membranes may be symmetrical, asymmetrical, single-component or
composite.

Carbon membranes have superior selectivities and productivities for

20  many separations. However, a major problem with these membranes has
been their vulnerability to the effects of water vapor and other condensible
agents and impurities such as oils or other hydrocarbon compounds. For
example, humidity levels well below 100% relative humidity are sufficient to
significantly impair the performance of the carbon membrane. Small

25  amounts of oil or other hydrocarbons can also significantly impair the
performance of the membrane. -

In order to reduce the humidity of the fluid to be permeated, the fluid
may be treated with dehumidifying agents. This typically involves the use of
large, expensive equipment. Such equipment is also prone to failure. In

30 addition, other condensible agents and impurities may be removed from the
fluid to be permeated by various filtration, separation or extraction
techniques. These measures may also involve the use of large, expensive
equipment and are often not successful.
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It is known to prepare composite membranes and Jor post treat
membranes with materials that seal or heal defects or improve the stability
of the membrane. For example, U.S. Patent No. 3,616,607 and 3,775,303
exemplify gas separation membranes having superimposed membranes on a
porous support.

U.S. Patent No. 4,230,463 deals broadly with the post treatment of
fluid separation membranes. It describes a wide variety of membranes for
liquid and gas separations, particularly a multicomponent membrane where
the separation properties of the membrane are principally determined by the
porous separation membrane as opposed to the material of the coating. The
coating cures defects in the surface of the membrane. U.S. Patent No.
4,767,422 also discloses a method of posttreating composite membranes to
cure defects in the thin separation layer. U.S. Patent No. 4,728,345 describes
a multicomponent membrane for gas separation having a polyphosphazene
coating in occluding contact with a porous separation membrane for the
purpose of improving stability of the membrane when exposed to aromatic
and aliphatic hydrocarbons contained in a gaseous mixture.

EPO Patent Application 0,337,499 discloses a gas separation
membrane with a covering layer formed from a selective film. The covering
layer is made from a polymer having a critical surface tension not larger than
30 dynes/cm, such as poly-4-methylpentene-1, fluorinated alkyl methacrylate
and polymethyl fluorinated alkyl siloxane.

U.S. Reissue Patent No. 33,273 describes a method of improving the
characteristics of separatory membranes by the deposition of a fluorinated
amphiphilic compound in an oriented layer on the surface of the membrane
so as to increase membrane selectivity and counteract membrane surface
properties leading to fouling caused by colloidal materials.

The prior art references do not, however, teach a polymeric
membrane treatment for reducing the adverse effects of impurities on the
performance of carbon membranes. A carbon membrane is, therefore,
needed with good permeation properties and significant resistance to the
effects of water vapor and other condensible agents and impurities. The
inventive fluid separation membrane is a composite carbon membrane

‘which retains high selectivities for fluid separations and is significantly more
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resistant to the adverse affects commonly observed in environments having
high humidity or other impurities.
SUMMARY OF THE INVENTION
This invention relates to novel fluid separation membranes and a
5  process for the separation of fluids. A carbon membrane is coated with a
thin layer of polymeric material that offers resistance to water vapor
permeation. Preferably, the coating does not significantly inhibit
permeationv of the fluids to be separated, does not significantly lower the
membrane's selectivity, is chemically resistant to the fluids to be separated
10 and does not decompose at high temperatures. Suitable coatings include
hydrocarbon polymers such as poly(4-methyl-1-pentene), polymers having an
aliphatic ring structure containing fluorine, preferably amorphous polymers
of perfluoro-2,2-dimethyl-1,3-dioxole and silicone-containing polymers such
as polysiloxanes and poly(1-trimethylsilyl) propyne. The resulting carbon
15 membranes retain high selectivities for fluid separations and are also
significantly more resistant to the adverse affects observed in environments
having high humidity or having other condensible agents or impurities such
as oil or other hydrocarbons. These composite membranes are widely useful
in producing nitrogen enriched air for applications such as nitrogen
20  blanketing for food, pharmaceutical uses and fuel storage applications.
These composite membranes are also effective in the separation of other
gases including carbon dioxide/methane, hydrogen/nitrogen and
hydrogen/methane.
DETAILED DESCRIPTION OF THE INVENTION
25 Fluid separation membranes are well known in the art. Preferably,
the membranes have pores of a predetermined narrow range of size. The
size can be varied at will within certain limits, and for the separation of
gaseous mixtures membranes advantageously have a pore size of definite
value, which can be varied in membranes for various purposes from about
30 2.5 Angstrom to about 10 Angstrom, preferably 3 to S Angstrom.
Membranes of flat configuration (in sheet form) are generally of a
thickness of from about 1xm to about 50 m, although for different purposes
different thicknesses can be used. With asymmetrical flat membranes the
thickness of the effective separating layer of the membrane can be even
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thinner than lum. When the membrane is used in the from of hollow fibers,
the diameter will generally vary between Sum and 1mm, preferably 50 to
1000« m with a wall thickness of from about 1xm to about 300u m, preferably
about 10um - 100u m according to the diameter.

For purposes of this invention, the fluid separation membranes are
carbon membranes.

U.S. Patent No. 4,685,940 teaches carbon membranes for use in
separation processes. Carbon membranes have a predetermined pore size
and function as molecular sieves. Carbon membranes function well even at
elevated temperatures, Carbon membranes used in the present invention
are produced by the controlled pyrolysis of a suitable polymeric material
under conditions which retain the basic integrity of the original geometry.
Suitable materials include polyimides, polyamides, cellulose and derivatives
thereof, thermosetting polymers, acrylics, pitch-tar mesophase, and the like.
These materials are not limiting, as other materials may be useful for
fabricating carbon membranes. Selection of the polymeric material for the
carbon membrane for fluid separations may be made on the basis of the heat
resistance, solvent resistance, and mechanical strength of the porous
separation membrane, as well as other factors dictated by the operating
conditions for selective permeation.

The pyrolysis can be generally effected in a wide range of
temperatures, between the decomposition temperature of the carbonaceous
material and the graphitization temperature (about 3000° C). Generally,
pyrolysis will be effected in the range of from 250° C to 2500° C, a preferred
range being about 450° C to about 800°C.

The carbon membranes contain pores larger than the
ultramicropores required for the molecular sieving process. These larger
pores connect the ultramicropores that perform the molecular sieving
process and allow for high productivities in the dry membrane state.
Generally, the higher the final temperature used for the pyrolysis of the
polymer, the smaller are the pores of the product, and thus the smaller the
molecules which could permeate through such membranes,

One of the primary advantages of carbon membranes is their ability
to effect gaseous separations at high temperatures. The separation can be
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effected at any desired temperature, up to temperatures where carbon
membranes begin to deteriorate. For nonoxidizing gases, this temperature
may be as high as about 1000° C.

The pyrolysis of suitable precursors, generally under conditions
conventionally used for the production of carbon fibers, results in a product
which has a certain microporosity of molecular dimensions which is
responsible for the molecular sieve properties of the carbons.

During the pyrolysis process, the heating is preferably effected under
an inert atmosphere such as nitrogen or noble gas which aids in controlling
oxidation. Controlled oxidation results in a pore opening, and thus
predetermined pore-size ranges can be obtained, suitable for the intended
separation process. Suitable oxidizing agents include oxygen, steam, carbon
dioxide, nitrogen oxides and chlorine oxides, solutions of nitric acid, sulfuric
acid, chromic acid and peroxide solutions. After oxidation treatment the
membrane should be degassed at elevated temperatures. Asymmetrical
membranes can be prepared by the controlled pyrolysis of conventional
asymmetrical organic membranes having the required structure. Such
membranes can also be produced by the deposition of a thin permselective
carbon layer on a porous support by methods known in the art.

For the intended use, it is advantageous to obtain fluid separation
membranes having pore size and a pore size distribution that effectively
separate specific mixtures of fluids. Generally, a pore size of 3-10 Angstrom
is suitable and 3-5 Angstroms is preferable for gas separations.

By depositing a layer or coating of certain protective or barrier
materials on surface of the polymer or carbon separation membrane, the
adverse effects of humidity or other impurities on the performance of the
membranes may be minimized. Suitable materials must offer some
resistance to the permeability of water vapor or other condensible agents or
impurities while not prohibitively inhibiting the permeability of the fluids to
be separated. Preferably, the protective or barrier coating is easily
solubilized so that it may be coated on the surface of the membrane. In
addition, the protective or barrier coating is preferably chemically inert and
resistant to decomposition at elevated temperatures.
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6

Suitable coatings include polymers having an aliphatic ring structure
containing fluorine, for example an amorphous polymer of
perfluoro-2,2-dimethyl-1,3-dioxole. In embodiments, the polymer is a
homopolymer of perfluoro-2,2-dimethyl-1,3-dioxole. In other embodiments,
the polymer is a copolymer of perfluoro-2,2-dimethyl-1,3-dioxole, including
copolymers having a complementary amount of at least one monomer
selected from the group consisting of tetrafluoroethylene, perfluoromethyl
vinyl ether, vinylidene fluoride and chlorotrifluoroethylene. In preferred
embodiments, the polymer is a dipolymer of
perfluoro-2,2-dimethyl-1,3-dioxole and a complementary amount of
tetrafluoroethylene, especially such a polymer containing 65-99 mole % of
perfluoro-2,2-dimethyl-1,3-dioxole. The amorphous polymer preferably has
a glass transition temperature of at least 140°C, and more preferably at least
180°C. Glass transition temperature (Tg) is known in the art and is the
temperature at which the polymer changes from a brittle, vitreous or glassy
state to a rubbery or plastic state. Examples of dipolymers are described in
further detail in U.S. Patent No. 4,754,009 and U.S. Patent No. 4,935,477,
both of E. N. Squire. The polymer may, for example, be an amorphous
copolymer of perfluoro(2,2-dimethyl-1,3-dioxole) with a complementary
amount of at least one other comonomer, said copolymer being selected
from the group consisting of dipolymers with perfluoro(butenyl vinyl ether)
and terpolymers with perfluoro(butenyl vinyl ether) and with a third
comonomer, wherein the third comonomer can be (a) a perhaloolefin in
which halogen is fluorine or chlorine, or (b) a perfluoro(alkyl vinyl ether);
the amount of the third comonomer, when present, preferably being at most
40 mole % of the total composition. Polymerization is performed by
methods known in the art.

Other suitable polymers having an aliphatic ring structure containing
fluorine are described in U.S. Patent No. 4,897,457 of Nakamura et al. and
Japanese Published Patent Application Kokai 4-198918 of Nakayama et al;
e.g., a fluorine-containing thermoplastic resinous polymer consisting of a
group of repeating units to be represented by the following general formula:
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CF,
—-(cpz—c{ ’CF-)- and/or —(-CF2-CI:F-CI:F—CF2-)—
O—tCF,) 0—~(CF,) .

(where: nis an integer of 1 or 2); and copolymers thereof.

The glass transition temperature of the amorphous polymer will vary
with the actual polymer of the membrane, especially the amount of
tetrafluoroethylene or other comonomer that may be present. Examples of
Tg are shown in Figure 1 of the aforementioned U.S. Patent No. 4,754,009 of
E. N. Squire as ranging from about 260°C for dipolymers with
tetrafluoroethylene having low amounts of tetrafluoroethylene comonomer
down to less than 100°C for the dipolymers containing at least 60 mole % of
tetrafluoroethylene.

In preferred embodiments of the membranes and methods of the
present invention, the polymer is a copolymer of
perfluoro-2,2-dimethyl-1,3-dioxole, especially a copolymer having a
complementary amount of at least one monomer selected from the group of
tetrafluoroethylene, perfluoromethyl vinyl ether, vinylidene fluoride and
chlorotrifluoroethylene.

In other embodiments, the polymer is a homopolymer of
perfluoro-2,2-dimethyl-1,3-dioxole.

In further embodiment, the polymer is a dipolymer of
perfluoro-2,2-dimethyl-1,3-dioxole and a complementary amount of
tetrafluoroethylene.

Suitable coatings also include poly(4-methyl-1-pentene), and
silicon-containing polymers such as polysiloxanes and poly(1-trimethyl silyl)
propyne. The preferred coating is TEFLON® AF (commercially available
from E. 1. du Pont de Nemours and Company) which is a dipolymer of
perfluoro-2,2-dimethyl-1,3-dioxole and tetrafluroroethylene.

While any suitable method can be employed, the method by which
the coating is applied can have some bearing on the overall performance of
the composite membranes. The membranes according to the invention can

‘be prepared for instance, by coating a membrane with a substance
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containing the material of the coating such that the coating has a resistance
to fluid flow which is low in comparison to the total resistance of the
multicomponent membrane. The coating may be applied in any suitable
manner; e.g., by a coating operation such as spraying, brushing, immersion in
an essentially liquid substance comprising the material of the coating or the
like. The material of the coating is preferably contained in an essentially
liquid substance when applied and may be in a dispersion or solution using a
dispersion or solvent for the material of the coating which is substantially a

‘nonsolvent for the material of the membrane. Advantageously, the

substance containing the material of the coating is applied to one surface of
the separation membrane, and the other side of the separation membrane is
subjected to a lower absolute pressure. However, the invention itself is not
limited by the particular method by which the material of the coating is
applied.

Particularly advantageous materials for the coating have relatively
high permeability constants for fluids such that the presence of a coating
does not unduly reduce the permeation rate of the multicomponent
membrane for desired components. The added resistance to fluid flow of
the coating is preferably relatively small in comparison to the resistance of
the membrane but high with respect to water or other condensible agents or
impurities.

Based on estimates of the average pore diameter of the membrane,
materials for the coating of appropriate molecular size can be chosen. If the
molecular size of the material of the coating is too large to be
accommodated by the pores of the membrane, the material may not be
useful. If, on the other hand, the molecular size of the material for the
coating is too small, it may be drawn through the pores of the membrane
during coating and/or separation operations. Thus, with membranes having
larger pores, it may be desirable to employ materials for coating having
larger molecular sizes. When the pores are in a wide variety of sizes, it may
be desirable to employ a polymerizable material for the coating material
which is polymerized after application to the membrane, or to employ two or
more coating materials of different molecular sizes; e.g., by applying the
materials of the coating in order of their increasing molecular sizes.
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Coated polymer membranes were evaluated for resistance to the
effects of water in the fluids to be separated. Coated carbon membranes
were evaluated at humidity levels ranging from 23% to 85% relative
humidity. The performance of the membranes is characterized in terms of
membrane productivity and selectivity. The Examples demonstrate a
correlation between the level of relative humidity and the loss in membrane
performance, with the most severe occurring at the highest relative humidity
levels. At relatively low relative humidity levels, the coated carbon '
membranes retain the pre-exposure selectivity and a significant degree of
the pre-exposure productivity. Thus, it is believed the coating ameliorates
the humidity effects on the membranes. By depositing a layer of the coating
on the membrane, it is believed that the thermodynamic activity of water at
the surface of the membrane is reduced by reducing the flux of water
relative to that of the fluid to be separated through the coating.

This advantageously enables coated membranes to be exposed to
higher levels of relative humidity or other condensible agents or impurities
while maintaining the performance levels seen at lower levels of relative
humidity or other condensible agents or impurities levels.

The pressure normalized flux of gases through membranes can be
defined as:

106 cm3 (STP)
1GPU = R —
cm?2 x sec. x cm Hg

wherein cm3 (STP)/ sec is the flux (flow rate) in units volume per seconds of
permeated gas at standard temperatures and pressure, cm? is the area of
film, and cm Hg is the pressure (or driving force).

The selectivity of a membrane in separating a 50/50 mixture of a two-
component fluid is defined as the ratio of the rate of passage of the more
readily passed component to the rate of passage of the less readily passed
component. Selectivity may be obtained directly by contacting a membrane
with a known mixture of fluids and analyzing the permeate. Alternatively, a
first approximation of the selectivity is obtained by calculating the ratio of
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the rates of passage of the two components determined separately on the
same membrane under equivalent driving pressure differences. Rates of
passage may be expressed in GPU units. As an example of selectivity, a
0,/N, = 10 indicates that the subject membrane allows oxygen gas to pass
through at a rate 10 times that of nitrogen for a 50/50 feed mixture.

Relative Humidity is defined as the ratio of the partial pressure of the
water vapor to the vapor pressurebf the liquid at a given temperature.

The invention as described herein is useful for the separation of, for
example, oxygen from nitrogen; hydrogen from at least one of carbon
monoxide, carbon dioxide, helium, nitrogen, oxygen, argon, hydrogen sulfide,
nitrous oxide, ammonia, and hydrocarbon of 1 to about 5 carbon atoms,
especially methane, ethane and ethylene; ammonia from at least one of
hydrogen, nitrogen, argon, and hydrocarbon of 1 to about 5 carbon atoms,
e.g., methane; carbon dioxide from at least one of carbon monoxide and
hydrocarbon of 1 to about 5 carbon atoms, e.g., methane; hydrogen sulfide
from hydrocarbon of 1 to about S carbon atoms, for instance, methane,
ethane, or ethylene; and carbon monoxide from at least one of hydrogen,
helium, nitrogen, and hydrocarbon of 1 to about S carbon atoms. It is
emphasized that the invention is also useful for liquid separations and is not
restricted to these particular separation applications or gases nor the specific
multicomponent membranes in the examples.

EXAMPLES

The invention will now be further illustrated by way of the following
Examples, which are considered to be illustrative only, and nonlimiting. The
coatings and types of membranes examined are described in the Glossary.
The process for formation, coating and testing of the membranes is
described below:

A. Formation of Carbon Membranes

The carbon membranes were produced by pyrolyzing hollow fiber
polymeric materials in a tube furnace as follows:

Individual fibers (8-10 inches long) are placed on piece of stainless
steel mesh (about 1.5-2" x 12") and held in place by wrapping a length of bus
wire around the mesh and fibers. The mesh support and fibers are then
placed in a quartz tube of 2" diameter which sits in a 24" Thermocraft tube
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furnace. The tube is centered so that the entire fiber length is within the
effective heating zone. A pinch of polysulfone (about 0.04 gm) is spread
along a 4" strip of aluminum foil and placed beneath the mesh support. The
system is evacuated until the pressure is 0.15 mmHg or lower as determined
by a mercury manometer. At this point liquid nitrogen is added to a cold
trap to prevent back diffusion of oil vapors from the vacuum pump, and then
the heating cycle is initiated.

Two different heating protocols are used depending on whether a
tighter or more open pore network is desired. The tighter pore network is
produced with the higher temperature (550° C) protocol. The temperature is
controlled by an Omega temperature controller. The two heating profiles
are as follows:

500° C protocol 350°C protocol

SPg- 50°C SPp- 50°C  SP=set point

Ty- 0:15 T1- 0:15 T = time(hrs:min)
SPq- 250°C SP1- 250°C

Tz2- 1:00 Tp- 1:14

SPy- 485°C SPp - 535°C

T3- 1:00 T3- 1:00

SP3 - 500°C SP3- 550°C

Tg4- 2:00 : T4- 2:00

SP4 - 500°C SP4- 550°C

After the heating cycle is complete, the system is allowed to cool under
vacuum. The carbon membranes are not removed from the furnace until the
system temperature drops below 40°C.

B. Single Fiber Module Construction,

The characterization work was performed with single fiber test
modules shown in Figure 1. The module is constructed from 1/4” stainless
steel tubing 12 and Swagelok 1/4" tees 14. A small length of tubing 12 is
attached to each arm of the tee 14 to form a housing as shown in Figure 1A.
The hollow fiber carbon membrane 16 is threaded through the housing 10 so
that a length of carbon fiber extends on each end. Five minute epoxy is used
to plug the ends of the tubing 18, as shown in Figure 1B and the ends of the
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carbon membrane are snapped off after the epoxy hardens as shown in
Figure 1C.
C. Coating the Membrane

The coating process takes place after the carbon membrane has been
mounted in a module. Coating solutions were made by dissolving the
appropriate polymeric material in the appropriate solvent so that the
polymer concentration is generally in the 0.5 to 1.5% range. Because bore
side feed method of operation was used our test system, the coating was
applied to the bore side of the hollow fiber membrane. The solution was
introduced at one end of the hollow fiber membrane, where it flowed down
the length of the fiber and out the other end. A helium pressure head was
used to force the flow and while the amount of coating solution fed through
varied, it was generally in the range of 0.5 to 1.0 cc. During this process,
vacuum was being pulled on the shell side of the membrane. This procedure
provided enough coating solution on the membrane wall to make a layer in
the 0.5 - 5.0um thickness range when the solvent evaporated. Dry air was
fed through the bore until solvent removal is complete.

D. Membrane Test System

A diagram of the membrane test system is shown in Figure 2. The
membrane module was attached in a bore feed method of operation and
feed was supplied from compressed gas cylinders. The feed gas could either
be used dry or passed through a humidity chamber prior to the membrane
module. The humidity chamber consisted of a stainless steel cannister in
which different saturated salt solutions were used to control the relative
humidity level. The relative humidity was also independently verified with
an RH meter at an exit port.

Permeate from the shell side of the hollow fiber membrane was
pulled by vacuum first through a sample volume and then through a gas
chromatograph ("GC") sample loop. The sample volume was connected to
a Baratron pressure transducer and total flux measurements were made by
closing the valve to vacuum and measuring the pressure increase with time.
Composition of the permeate was determined by GC and then the flux of
each individual species was calculated.
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E. Glossary
Coating A means TEFLON® AF 1600 (commercially available from

E. 1. du Pont de Nemours and Company) which is a copolymer of
perfluoro-2,2-dimethyl-1,3-dioxole and tetrafluoroethylene having a Tg of
about 160°C.

Coating B means TEFLON® AF 2400 (commercially available from

E. 1. du Pont de Nemours and Company which is a copolymer of
perfluoro-2,2-dimethyl-1,3-dioxole and tetrafluoroethylene having a Tg of
about 240°C.

Carbon membrane (1) means a membrane fabricated from a polyimide
which is derived from a reaction of 2,4,6-trimethyl-1,3-phenylene diamine,
5,5-[2,2,2-trifluoro-1-(trifluoromethyl)ethylidene]-1,3-isobenzofurandion and
3,3',4,4'-biphenyl tetra carboyxlic acid dianhydride, pyrolyzed according to
the 500° pyrolysis procedure described above. The membrane is
commercially available from E. 1. du Pont de Nemours and Company.
Carbon membrane (2) means a membrane described above pyrolyzed
according to the 550° pryolysis procedure described above.

Tables 1 and 2 compare the performance of coated and uncoated
carbon membranes, respectively, which are exposed to humidity for 18-52
hours. After exposure to 62-65% Relative Humidity, the coated membranes
have a negligible change in O»/N> selectivity and a moderate loss in
productivity. After exposure to 44-70% Relative Humidity, the uncoated
membranes have a negligible change in Oy/N» selectivity with a more
significant loss in productivity.

Tables 3 and 4 compare the performance of coated and uncoated
carbon membranes, respectively, which are exposed to 83-85% Relative
Humidity for 24 hours. The coated membranes have a negligible change or
an increase in O2/N> selectivity with a small to moderate loss in
productivity. The uncoated membranes exhibit a much greater loss in
productivity.

Table 5 compares the performance of coated and uncoated carbon
membranes which are exposed to 83-85% Relative Humidity for 22-24
hours. The coated membrane shows a slight loss in Hp/CHy4 selectivity with
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a small loss in productivity. The uncoated membrane exhibits a very large
loss in selectivity and a very large loss in productivity.



PCT/US94/03397

WO 94/22561

15

snoy g 5uljeod umry
%9t 88 €8 402 892 Gee 2§ 10] [3im pajeod (T) £
%C9-29 | eueIquUIsUI UOqIR)
sanoy y gutyeod uiy g
%ot 8'6 96 486~ v'ie G¥e ¢ 10§ )im payeod (f) ¢
%C9-29 | aurIqUIAW UOqUIe)
, (ouajuad- [ -[Ayjout
sdnoy -p)Kjod Wt ¢j o
%t 142 &4 AN An 9°¢€l 6'€c 81 o] [)m pajeod () !
%69-29 | suviqUIdW U0GIR)
aInsodxy
Iaye fyanpageg | £anoafes aunsodxg (nd9)
fuanoaps | 2/ 2N/20 yy x| (dD) X0l | xnpp 2y | ainsodxy
ut afuey) | ainsodxa ansodxa ur afuey) | 2o ainsodxa | aunsodxa | Aypruny uor}isodio)
38RU3II8] -1s04 -aId 38v)UadIa -1s04 -alg aAlje[Ry auRIqUIBJ “urexy




PCT/US94/03397

WO 94/22561

16

sInoy
AR A 69 £6 496~ ! G'Ge LI Joj | Buneod ou yjm (1) g
%0L-29 | aueiquawr uogque)
%0 96 96 A A 6°¢I ¢'Ge snoy g | 8urjeod ou yim (1) ¥
1o} 9y | suelquisw uoque)
alnsodxy
Iayje fyanpageg | £31anoafag ainsodxy (nd9)
fyanpapg | 2N/ 2N/ x| (Nd9) X0l [ xnjp2y | sunsodxy
ur asguey) | aunsodxs aInsodxa ut afueyy | ¢g ainsodxa | ainsodxa | £yipruny uorjisoduro)) “wexy
afeUa0Iy -1504 -ald adejuadlay -1504 -ald aAIjR[RY auR.IqUId duo))
U0 I3] 3UBIqUIB[ PATeodu]]




- PCT/US94/03397

WO 94/22561

17

sinoy g surjeod whre?
%9+ L3l gl A4 961 8'Le ¥¢ 10§ )M payeod (2) 9
ycg-0Q | oUeIqUIBUI UOQIR)
sinoy {q surjeod wi j
id%s 96 Ve 4lv- 1’61 £t ¥¢ 10] )M pajeod (1) L
ycg-¢g | auelquIaUl U0qIe)
sInoy y durjeod wirge
%l- Lk 8L 4ll- 992 6°6¢ ¢ 10§ )M pajeod (1) 9
yeg-¢g | ouelquidul uoqre)
alnsodxyq
e £yanoapag | £yianoafag amsodxy (ndo)
fnoepg | 2N/20 2N/20 yy x| (0d9) Xold | xnjp gy | ainsodxy
ut a3uey) | ainsodxa aInsodxa ur a8ueyy | ¢p aunsodxa | aunsodxs | Aypruing uoryisodwio)
EYALERNER -1804 -314 EY Al ERNEN| -1s0d -ald aAlje[aY aueRIqUIAN “wexy




PCT/US94/03397

WO 94/22561

18

snoy
A 8¢l vel 406~ 96l I'ie pg doj | Burjeod ou i (2) 0l
ycg-¢g | auelquidw uoqre)
sInoy
%at L0l G0l 46G- 92l 406 p2 Joj | Buneod ou [y (1) 6
ycg-£9 | oueIqUIBUI UOQ.IR)
alnsodxq
Iayje £yanoageg | £YAndR[eg aansodxq (ndo)
fanoaps | 2N/ 2N/ oy xny | (Ad9) X0ld | xnp 2p | aunsodxy
ut aueyy) | aansodxa a1nsodxa ut afuey) | <o, ainsodxa | ainsodxa | Ajpruiny uoryisoduro) "wrexy
e AliEhNER| -1504 -ald afejUadIad -1s04 -3y aANR[Y auRIqUIAN duo))




PCT/US94/03397

WO 94/22561

19

sinof[ | surjeod ou yym 2l
%08~ 901 026 %48~ L3l g'L6 ¢ 10} (2) euequiour | urexy
%58-¢€8 uoqre)y § duwioh
00914Y
uofja, witf g2
snoy )M pajeod
A 961 90¢ %yl- 6°L6 gell ¥e 10§ (2) suelquw H
%58-€8 uoqley | uexg
ansodxy
RESE fyanoagpg | LYANRIRS | aunsodxy | (nd)
fyanosps | To/RH YHo/2H gy xngg | (0d9) X0l | xnpg @y | sunsodxg
ut aguey) | aunsodxa aInsodxa ut afuey) | Cf ainsodxa | ainsodxa | Kyprumy uoryisoduro)
Y3l e VER -1804 -3l ade|UdI -1s04 -3l aAlje[Ry auRIqUIa| “urexy




WO 94/22561 PCT/US94/03397

20
CLAIMS

1. A membrane for the separation of fluids comprising a carbon

membrane coated with a coating that reduces the partial pressure of water

5  or other condensible agents or impurities relative to the other permeable
components and having resistance to the permeation of water or other
impurities without causing significant losses to the selectivity or productivity
of the membrane.

2. A membrane of claim 1 wherein the coating is selected from the

10  group of poly(4-methyl-1-pentene), polyethylene and silicon-containing
polymers.

3. A membrane of claim 2 wherein the coating is polysiloxane or
poly(1-trimethyl silyl) propyne.

4. A membrane of claim 1, wherein the carbon membrane is in sheet

15  form having a thickness from about lum to about 300um.

5. A membrane of claim 1, wherein the carbon membrane is in the
form of hollow fibers, having a diameter from about SG:m to about 1000xm
diameter and with a wall thickness of about 10um to about 300 m.

6. A membrane of claim 1, wherein the carbon membrane is of

20  asymmetrical construction.

7. A membrane of claim 1, wherein the carbon membrane is the
product of pyrolysis of a carbon-containing precursor at at temperature of
about 250° C to about 2500° C.

8. A membrane for the separation of fluids comprising a carbon

25 membrane coated with a coating of a polymer having an aliphatic ring
structure containing fluorine.

9. A membrane of claim 8 wherein the polymer comprises the group
of repeating units represented by the following general formula:

CF,
O—CF,)
2)n 0—CF,) ,

where n is an integer of 1 or 2, or copolymers thereof.

30
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10. A membrane of claim 8 wherein the polymer is an amorphous
polymer of perfluoro-2,2,-dimethyl-1,3-dioxole.

11. The membrane of claim 10 in which the polymer is a copolymer
of perfluoro-2,2-dimethyl-1,3-dioxole.

12. The membrane of claim 11 in which the polymer is a copolymer
of perfluoro-2,2-dimethyl-1,3-dioxole and a complementary amount of at
least one monomer selected from the group consisting of
tetrafluoroethylene, perfluoromethyl vinyl ether, vinylidene fluoride and
chlorotrifluoroethylene.

13. The membrane of claim 10 in which the polymer is a
homopolymer of perfluoro-2,2-dimethyl-1,3-dioxole.

14. The membrane of claim 10 in which the polymer is a dipolymer
of perfluoro-2,2-dimethyl-1,3-dioxole and a complementary amount of
tetrafluoroethylene.

15. The membrane of claim 14 in which the polymer is a dipolymer
containing 65-99 mole % of perfluoro-2,2-dimethyl-1,3-dioxole and having a
glass transition temperature of at least 140°C.

16. A membrane of claim 8, wherein the carbon membrane is in
sheet form having a thickness from about 1xm to about 300u m.

17. A membrane of claim 8, wherein the carbon membrane is in the
form of hollow fibers, having a diameter from about S0xm to about 1000xm
diameter and with a wall thickness of about 10um to about 300um.

18. A membrane of claim 8, wherein the carbon membrane is of
asymmetrical construction.

19. A membrane of claim 8, wherein the carbon membrane is the
product of pyrolysis of a carbon-containing precursor at temperature of
about 250° C to about 2500°C.,

20. A separation module of the shell and tube type comprising a
plurality of hollow membranes as described in claim 5 or 17.

21. A process for separating fluids comprising passing a mixture of
fluids through the membrane described in claims 1-19.
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