TITLE OF 1 NVENTION COVPOSI TE POROUS CARBONACEQUS MEMBRANES This a :
cont i-nuation-in-part- of. application Ser. No. 07/436,566 filed Novenber 14,
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FI F_THE INVENTION

This invention pertains to the field of gas separation by porous
membranes, and in particular to adsorptive composite porous carbonaceous
membranes. - -

BACKGROUND OF THE INVENTION

Fluid mixtures can be separated by selective diffusion through
membranes under concentration or pressure gradients by utiltzing differences
in transport and thermodynémic partition or equilibrium properties of the
mixture components in the membrane materials. One widely-used type of
membrane comprises a non-porous polymer in which the mixture components
selectively dissolve and selectively permeate or diffuse in the soluble
state through the polymer to yield a permeate product enriched in the
selectively diffusing components and a non-permeate or reject product
enriched in the remaining components. A second type of membrane comprises a
porous solid in which the mixture components selectively diffuse or permeate
in the fluid state through the pores to yield a permeate product enriched in
the selectively diffusing components and a non- permeate or reject product
‘enriched in the remaining components.

There are four mechanisms by which fluid mixtures, in particular gas
mixtures, can be separated by a solid porous'membrene. The first of these
is diffusion in the gas phase through pores having diameters approaching the
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-2- nmean free path dinmensions of the nolecules in the gas m xture, which is
often ternmed Knudsen flow or Knudsen diffusion: = These pores are snall
enough, however, to preclude bulk gas flow by nol ecular diffusion.. In .
Knudsen fl ow, t he permeation rate of each conponent is inversely
_proportional to the square root of.its nol ecul ar MEIght The phenonenon of
gas di ffusion and separation by Knudsen fIOM/through porous solids is well
known, and is described in standard textbooks such-as "Mass Transfer in
Het er ogeneous Catal ysis", by C. N Sattgerfield, MT Press, 1969. A second
type of mechanismfor the separation.of gas.mxtures by porous solids.
occurs when the dianeters of the pores are larger than the |argest
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pressure conditions, certain components in the gas ‘mixture witl condense
within the pores by capillary or Kelvin condensatlon and flow through the
pores as a condensed phase under a caplllary pressure gradient across the
membrane. Condensed moletules within the pores hinder or eliminate the
diffusion of non-condensing molecules, and a selectlve separatlon between
components in the gas mixture is thus accomplished

A third type of separation mechanism occurs when the pore diameters
of the membrane are larger than the largest molecular diameter of the )
components in the gas mixture and typically smaller than about 2 to 5 times
this diameter, and thus are smaller than pores in whlch Knudsen drffu510n
dominates. These pores have typlcal dlameters of about 3 to 20 Angstroms
and are termed micropores by the classification definltlon of the .
International Union of Pure and Applied Chemistry (I.U.P.A.C.);_ In the
present disclosure, the term "pores“ will be used to denote pores of any
size, including micropores. HMWhen a gas mixture is contacted with such a
porous membrane, the separatlon mechanism deflned as selectlve surface flow
or selective surface diffusion can occur under a pressure gradlent across
the membrane. This mechanism is characterized by the selectlve adsorptlon
of certain mixture component molecules within the pores and the surface flow
of these molecules in the adsorbed phase through the pores Furthermore
the adsorbed phase’ hinders the gas- -phase diffusion.of non- adsorbed or weakly
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or sel ective surface diffusion can occur under a pressure gradrent acr oss

the menbrane. This nmechanismis characterized by .the selective adsorption " -
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Since porous solids contain a distribution of pore sizes, more than one
of these mechanisms can occur simu]taneously'depending upon the actual pore
size distribution and sizes of component molecules in the gas mixture, as
well as the pressure and.temperature. However, a single mechanism usually
dominates and the resulting mixture separation'is essentially accomplished
by means of that dominant mechanism.

U.S. Patent 5,104,425 discloses a composite semipermeable membrane
comprising porous adsorptive material supported by a porous substrate, a
series of methods for making the membrane, and a process for the separation
of multicomponent fluid mixtures utilizing the third of the four mechanisms
described above. The separation is accomplished by bringing the fluid
mixture into contact with a first surface of the membrane, wherein
significant portions of certain components are selectively adsorbed within
the pores in the adsorptive material and permeate through the pores by
surface flow in an adsorbed phase to produce a permeate product enriched in
these components. The remaining fluid mixture is withdrawn from contact
with the membrane to yield a nonpermeate fluid product enriched in the
remaining componerits. - '

The membrane is made by coating a surface of a porous substrate with a
layer of a precursor material, heating the resulting coated porous substrate
in an inert atmosphere to a temperature sufficient to convert the precursor
material into a layer of microporous adsorptive material, and cooling the

mul't7 conponent -
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n1xture into contact with a first surface of the nenbrane mhereln o
significant-portions:- of certain conponents are selectively -adsorbed within™
" the pores in the adsorptlve mat-eri al and perneate- ‘throough the pores by _
surface flow'in an adsorbed phase to produce a permeate product enriched in
t hese conponents. The renmaining fluid mxture-is-w.thdrawn fromcontact -
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substrate heat1ng the porous substrate contain1ng the precursor under
“conditions sufficient to convert the precursor to porous adsorptive material
within the pores, and cool1ng the resulting compos1te membrane to ambient
temperature. The porous adsorptive material can be activated carbon formed
by the carbonization of polymeric materials or by'the deposition of carbon
by vapor phase cracking of gaseous hydrocarbons followed by activation in an
ox1diz1ng atmosphere.

The preferred method of making these membranes utitizes a polymeric
precursor to produce carbon as the porous adsorptive material which
separates the gas mixtures of interest. These membranes are useful for
recovering hydrogen from mixtures with light hydrocarbons such as methane,
ethane, propane, and butane to yield a permeate enriched in the hydrocarbons
and a hydrogen-rich product essentially at the feed pressure.

In industrially important gas separations such as the recovery of
hydrogen, improved separation efficiency and procéss economy are desirable
when utilizing adsorptive membranes. Such improvements can be achieved by
increasing the permeability and selettivity of these membranes for
hydrocarbons by methods of the present invention as described in the .
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The permeability and selectivity of the membrane- are improved by heating the
cooled membrane to a second temperature, oxidizing the heated membrane at
this temperature in an exidizing atmosphere selected from the group
consisting of air, oxygen, carbon oxides, nitrogen oxides, steam, and
mixtures thereof, and cooling the resulting oxidized membrane to ambient
temperature. The microporous carbonaceous adsorptive material so produced.
can selectively adsorb portions of the primary components which diffuse

through the membrane by selective surface flow.

In an alternate embodiment, the invention is a densified composite
semipermeable membrane for the separation of a multicomponent fluid mixture
containing one or more primary components and one or more secondary
components and a method for making the membrane which comprises introducing
an organic precursor into the pores of an inert porous substrate, heating
the porous substrate containing the organic precursor to a first
temperature, maintaining the membrane at this temperature under conditions
sufficient to convert the precursor to microporous carbonaceous adsorptive
material within the pores, and cooling the resulting densified membrane to a
temperature below the first temperature. The permeability and selectivity
of the membrane are improved by heating the cooled membrane to a second
temperature in an oxidizing atmosphere selected from the group consisting of
air, oxygen, carbon oxides, nitrogen oxides, steam, and mixtures thereof,
and cooling the resulting oxidized membrane to ambient temperature. The
microporous carbonaceous adsorptive material so produced can selectively
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DETAILED DESCRIPTION OF THE INVENTION

The improved adsorptive carbonaceous composite porous membranes of the
present invention allow the practical application_of'the mechanism of
surface flow of adsorbed components to the separation of fluid mixtures,
particularly gas'mixtures. 'Adsorbed surface flow also is described herein
by the term selective surface flow. In order to effect gas separations by
utilizing selective surface flow, the pore size distribution_of the porous
material is critital. ~In the porous semipermeable membrane of the present
invention, the microporous adsorptive material selectively adsorbs a
significant portion of at least one of the primary components in the gas
mixture, the adsorbed components diffuse by surface flow in an adsorbed
phase through the pores due to adsorbed phase concentration gradients
created by pressure gradients across the membrane, and the diffusion product
is thus enriched in at least one of the primary'tomponents.' The presence of
adsorbed primary components in the pores hinders the diffusion of
less-strongly adsorbed or non-adsorbed secondary components, so that the
non-diffusion or reject product is enriched'in the secondary components.

The predominant mechanism of this separation is that of selective adsorbed
phase surface flow. o :
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-components given in Tab]e 1 which also lists the molecular diameters of the -
components. For the purposes of the present dlsclosure the molecular
diameter is defined as the kinetic diameter, o, as descr1bed in the text
“Zeolite Molecular Sieves" by D. W. Breck, Kruger Publ1sh1ng Co., 1984, pp
' 633-645, and in particular Table 8.14 at p. 636. c '

"TABLE 1

Component . lecular Diameter Angstroms
Helium 2.6
Hydrogen 2.89
Carbon Dioxide 3.3
Oxygen 3.46 -
Nitrogen -3.64
Carbon Monoxide - 3.76
Methane 3.8
Ethylene - 3.9
Propane . 4.3
n-Butane 4.3

The improved adsorptive carbonaceous composite porous membranes of the
present invention are based upon the composite semipermeable membranes of U.S.
Patent 5,104,425, the specification of which is incorporated herein by
reference.. In contrast with earlier porous materials for effecting gas
separation by selective surface flow of adsorbed components, the membranes of
U.S. Patent 5,104,425 and the improved membranes of the present invention are
thin, composite membranes suitable for use in commercial membrane modules.



i~

-non-diffusion or reject product is enriched in the secondary conponents.

- The predom nant frechani sm.of this separation is that of selective adsorbed
phase surface flow. . .-7- The substrate used for -t he nembrane shoul d have
~a distribution of pore dlaneters bet ween about 0.2 and 50 microns and is.

sel ected fromthe group consi sting of ceram c, carbonaceous, metal lic, and i

polymeric materials and conbi nations thereof. .The- substrate has-
~essentially no effect on the separation of “mixtures by the m cr.oporous.
carbonaceous adsorptive ‘material . supperted by the substrate, and the.
“substrate therefore is defiined- as inert.:Gas mxtures of particular-

int t t h .
Ier oSt TR SR AR i ORRSEPL RO RO
- typi cal | Yupdameprale ppumealii B tyoef Ithei qamgoRan ts h@re@qmcsheme@b@n@enthenmma@e 1
whi ch al Sa@fealt rs}ma ﬁhlaep@kwbarcﬁlcaﬁﬁiaﬁi& glfradufeﬁt GRIFDSERE SnemeQfeftkltﬂid is

ur poses .0 rese r e i ned as
'I[Dhepkl netnngercﬁej*&rgpor% ‘S%aeé'ter ‘bk‘é"?ﬁs Pﬁeﬁ'teei‘ft"vza]cr}ls'f*feogl\/ﬂ? Har
Si eves" matériall Bhéckis Wegknowdubh i thiei mapbEane gdOQépamyti6BFi6U6, aadddads
particul g, irr?eblfﬁctB ti’r?t ah &dﬁ?’ﬁi azﬁﬁlvge%omﬁgpagnerﬁbtmbrane modules of practical

Mol ecul ar
2.6 |4ydr<igéﬁ and membrane surface area, the.active membraneg §h iTkpesh MoE bdeqeery

3.3 OXyg&mall, for example generaHy Tess than about one dni¢PoMNivhe®GRMymeric -

3 64'(33r%%Rb$§#39X3#% used. For the porous semipermeable membranes of the present
invention, the thickness of. the active membrane layer likewise must be
minimized; the thickness of_the acti#e'1ayer of porous material in the
asymmetric or composite membranes of the present invention is less than about

20 microns. _Ear}ier porous semipermeable membranes or plugs of porous

. material for gas separation by surface;Flow comprise homogeneous porous
material many orders of magnitude thicker than that of the present invention.
Such membranes or plugs are made typically of compacted particles of materials

such as graphitized carbon black and are about 9mm thick..

It has been found that improved adsorptive carbonaceous composite porous
membranes can be made by subjecting the composite semipermeable membranes of
U.S. Patent 5,104,425 to one or more oxidation steps as described below. The
oxidation steps increase both the permeability and selectivity of the
composite membranes, particularly for the separation of hydrogen-iight
hydrocarbon mixtures. The improved composite membranes can be made in two
different configurations: (1) a composite membrane in which the porous
adsorptive material forms a very thin layer on a surface of the porous
substrate; or (2) a densified composite membrane in which the porous
adsorptive material is contained within the pores of the substrate. In
certain cases, membranes may include the physical characteristics of both (1)
and (2) wherein active adsorptive material is deposited on the surface as well
as within the pores of the membrane.

| ~ The adsorptive material and the substrate in the composite membrane can
be the same material or different materials. A composite membrane having the
same material in both the active layer and the substrate layer is also defined
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4.3 The i mpr oved adsorptlve car bonaceous. conp05|te por.ous - nenbranes of the
- .present invention are based- upon the conposi te sem.per meabl e menbr anes of o
~U.S. Patent 5,104,425, the speC|f|cat|on of whi ¢ch-is incorporated here|n by -
;reference In-contrast wth earlier porous naterlals for effecting gas =
"Separation by sel ective surface flow-of- adsorbed conmponent s, the nenbranes
~of U S. Patent 5,104,425 and the |np+o%ed menbranes ‘of the present
“invention are thin, conp05|te nenbranes. suitable for use in comercial
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t hi cknesprofertthes abtougholtyer of menbrane material; This is well known in -
the nenbrane gas separation field, and leads to the fact that .in order to
achi eve .comerci al nmenbrane nDduIes of practical size and menbr ane surface
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Earlier porous semn pernea ranes of n% % for gas
separ at i d:,grwtcsugqrge@aqqogw d'@ﬁb“l'% qfoﬁgb\@}qébggjglabﬁté or combinations

" thereof, which has a distribution of pore diameters between about 0.2 and 50
:mtcrons and which has essenttally no effect upon the diffusion and separation
of the gas mixture of interest. The substrate can be in the form of a flat
sheet or a hollow fiber or tube. The typical thickness of a flat sheet
substrate is 10 to 500 microns and the wall thickness of a hollow fiber or
tube substrate is 3 to 500 mlcrons

In a first method of making the composite membrane, the substrate is

. coated with a layer of a latex or solution containing polyvinylidene chloride,
polyvinyl chloride, polyacrylonitrile, styrene-divinyl benzene copolymer, or
mixtures thereof, or other polymers. The latex or solution can contain a
'stngle polymer or a mikthre_of polymers, and may contain small amounts of
bther compounds to control certain physical properties of the latex or
solution. The latex or solution is applied to the surface of the substrate by
a suitable method such as brushtng. spraying, or immersion, and the amount of
latex or solution applted is controlled so that a desired thickness of the
final layer of porous adsorptive is obtained. A suitable substrate for this
membrane is porous graphite having an average pore diameter between about 0.2
and 50 microns and a typical thickness of ZSO'micronS. .

The latex-coated substrate is then heated in an inert atmosphere such
as nitrogen at a heating rate of up to 1.0°C/min to a maximum temperature
of between 600° and 1200°C, followed by cooling to a lower temperature,
preférably ambient temperature. The cooling rate fis critical, and generally
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materi al- many orders of magni tude t hi cker than. that of t he present
i.nvention. Such nmenbranes or plugs are made typically of conpacted -

: partlcles of materials such as graphitized.carbon bl ack and are about 9nn1
thick. It has -been found t hat: i nproved adsorptive carbonaceous conposite
- porous nenbr aries can’ be’ made ' by. subj ecting the conposite.sem perneable -
menbranes of U. S Patent 5,104, 425 to one or .nore oxidation steps as
~descri bed bel ow. " The- oxi-dati on st'eps .increase both the perneability and .
selectivity of the conposite nenbraneﬁ).partrcularly for the separ ati-on of
“hydrogen-1ight hydrocarbon nixtures.. The inproved conposite nmenbranes can -
be nmade i r (%] ur | [ |ch
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asynmetri ¢ menbrane. . The term conposite nenbrane as used in the present -
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‘surface of and 9§%QC oxtdtzed at that temperature in an oxidizing atmosphere for a '

~ period of between about 0.25 and 12 hours, preferably between about 0.5 and-10
‘hours, and then cooled to a lower temperature, preferably ambient
temperature. The oxidizing atmosphere is selected from air, oxygen steam,
carbon oxides, nitrogen oxides, and mixtures thereof. It has been found that
when using air as the oxidizing gas, repeated oxtdtztng steps of relatively
short duration and moderately high temperature, For_example 0.5 hours at 400°C
followed by cooling to a lower temperature (preferably ambient temperature),
are preferred. Increased gas pérmeability through the membrane is observed
for up to four to six cycles depending on the compbnént in the gas mixture of
interest. A cycle is defined herein to include the steps of (1) heating,
preferably in an inert atmosphere, from the initial temperature to the desired
temperature of oxidation, (2) holding at this temperature in an oxidizing
atmosphere for the desired time period, and (3) cooling, preferably in an
inert atmosphere, to a lower temperature. This lower temperature is
preferably ambient temperature, but any temperatﬂre Tower than the oxidation
temperature may be used, and the temperatures between multiple oxidation steps
need not be equal temperatures. Alternately, the heating and/or cooling steps
may be carried out in a reactive atmosphere rather than an inert atmosphere.
The optimum duration of the oxidation period and number of cycles will depend
upon the temperature and the specific oxidizing atmosphere used, and various
combinations are possible to improve the separation of various gas mixtures.



-substrate is coated with an organic precursor materi al V\:hl ch- upon _ :
- appropriate heating is converted into a |ayer "of. porous adsorptlve mat er i aI o
- which pronotes the separation of ‘the gas m xture of interest. The porous
substrate can be a ceranic,’ carbonaceous, netallic, ~or. pol yheric material,

or ‘conbi nati ons thereof, V\:hl ch has a distribution of pore di aneters between L

about 0.2 and 50 nicions and which has essenti-ally no effect upon the

- di.ffusion and separation of the gas nixture of- |nterest The substrate can -
‘be in the formof a flat sheet or. a-hpilow fiber of tube. The typical,
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In separating gas mrxtures such as hydrogen—11ght hydrocarbon mixtures
using these membranes, the hydrocarbon-hydrogen selectivities also are
important parameters which describe'ﬁembrane performance. Selectivity is
“defined as ‘the ratio of a given hydrocarbon permeability to that of hydrogen
at a given set of conditions. It has been found that the selectivities for
-these component§ increase as the number of oxidation cycles increases (in
which each cycle includes 0.5 hr oxidation time), reach maxima, and then
decrease markedly above about four such cycles. Increased selectivities are
desirable to increase the purity and recovery of hydrogen product.

The most significant and_unexpected'Finding of the present invention is
that both the permeability and the selectivity for each component in a mixture
can be increased by the oxidation treatment described above, and the proper
selection of the number and duration of oxidation steps, temperature, ana
oxidizing gas yields the optimum combination of increased permeability and

~ selectivity for the membrane. This differs markedly from experience in the
polymeric membrane art, in which membrane modifications to increase
permeability generally reduce selectivity and conversely modifications to '
improve selectivity generally reduce permeability. This significant finding
is illustrated in the following Examples. - |



10 shoul d be less than 10C/ nin. The heat i ng pyrolyzes or carbonrzes
the pol ymer to yield a thin layer of porous carbon on the surface of the
substrate to forman asynnetrrc or- conposite menbrane. -~ The porous mat er i al

formed in this manner can sel ectively adsorb and separate conponents of thefef5
gas mi-xtures of interest previously described. Perfornmance optionally can =

be inproved by repeating the latex coating and carbonrzatron st eps one or
‘nore times, up to typically four or frvz tines. The adsorptrve menbr ane _

prepar ed by this procedure is then subj %ted'to an addi tional treatment or

plurality of treatnments according to the present i-nvention in which the

menbrane is heated to a tenperature- b%& bout 200 and 950C, oxidized at .

that tenperature in an oxidizing atnosp ere or a period of between about
0.25 and 12 hours, preferably between about 0.5-and 10 hours, and then -
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graphite substrate used is a commercrally—ava1lable mater1 designated as

Type DFP-1 graphite sheet manufactured by POCO Graphite Co. The average pore
diameter of this material is about 0.7 microns; the material has a porosity of
20% and a thickness of 250 microns. The polymer latex is a commercially
available aqueous dispersion of 0.1-0.14 micron polymer beads containing 55

wt% solids; the polymer is a polyvinylidene chloride-acrylate terpoiymer.

This material is sold under the trade name DARAN by W. R. Grace and Co., and
the specific type used in this example was DARAN 8600.

The resulting membrane (designated as Membrane A) was characterized by
permeation tests at 21°C and -11°C in which a feed mixture containing 20 vol%
hydrogen, 8.0 vol% ethylene, 8.3 vol% ethane, 20.2 vol% methane,14.9 vol%
ethane, and 28.6 vol% ethylene was passed over one surface of the membrane at
4.5 atm and the component permeation was measured into a helium sweep stream
‘across the other surface at 1.07 atm. The membrane was then heated to 400°C
in nitrogen, oxidized in zero grade air for 0.5 hours, and cooled to ambient
temperature in nitrogen. This defines one oxidation cycle. Component
permeabilities were again measured by the same method. The oxidation cycle
then was repeated five successive times and component permeabilities were
determined between each cycle. The pure component permeabilities in helium
were also measured_between'each cycle. |



nay be carried out i-n a reactive atnosphere rather than an inert
“atnosphere. The optlnunlduratlon of the oxidation period and number of -
cycles will depend upon the tenperature .and the specific OX|d|2|ng
-at nosphere used, and various conbinations are possrble to inprove the-
separati‘on of various gas i xtures. Signi ficantly, it has been found
that ‘in nmixtures of" hydr ogen and: | i ght hydrocarbons t he perneabllltles of
pr.opane and propyl ene through this menbrane increase narkedly as the
nmenbrane is treated by up to four cycles$3of oxidation in air at 400[err].
~whi'ch each cycle includes 0.5 hr oxidation time. .The perneabilities of

et hane and et hyl ene increase but" | ess rapidly than propane and pr.opyl ene,
~and the perneabilities.of methane and hydrogen increase but much | ess "
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present It]]us%ré%es é%at repeated oxidation increases permeabilities for all
components in the mixture, but to dlfferent degrees

The measured permeabilities were'then.used to calculate selectivities for
each component in the mixture, where selectivity is defined as the ratio
between a given component permeability and the permeability of hydrogen.
‘These selectivities are plotted in Fig. 2, which illustrates that
selectivities for all components increase with cumulative oxidation time up to
a range of about two hours, and then decrease at higher levels of oxidation to
values equivalent to or less than the unoxidized membrane selectivities. For
this membrane and gas mixture, maximum improvement'in selectivities occurs in
the range of one to two hours, which corresponds to two to four oxidation

cycles. '

Figs. 1 and 2 illustrate the important and unexpected'finding of the -
present invention, namely, that both permeability and selectivity of the
adsorptive carbonaceous composite membrane are improved when the proper
oxidation time and number of oxidation cycles are selected. This is an
important finding, and is contrary to the known behavior of'polymeric
membranes wherein modifications which increase permeability decrease
selectivity, and modifications which improve selectivity decrease
permeability.



that both the perneability and the selectivity for each conponent in a.

m xture can be increased by the oxidation treatment described above, and.
the proper. sel ection of. the nunber and duration of oxidation steps,:

t enperature, ana OX|d|2|ng gas yields the opti.mum-conbi nati on of |ncreased
perneablllty and selectivity for the nenbrane. -Thi-s differs markedly from -
experience in the pol yrmeric menbrane art, in .which menbrane modi fications -
to i.ncrease perneablllty ‘general |y~ reduce sel ectivity and conversely '
modi fications to inprove selectivity geéeral |y reduce permeability. This

significant finding is |IIustrated in the follomnng Exanpl es. 12 EXANPLE “
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compared with the values ?or the unoxidized membrane. However, Membrane A,

which was oxidized in three cycles wherein each cyc]e includes 0.5 hr
oxidation time, exhibits increases in both. permeab111ty and selectivity for
all mixture components, which is a highly desirable result. Based on these
results, the preferred method of oxidation is a series of oxidation steps w1th_
cooling between steps rather than a single continuous oxidation step for the
same time period at the same temperature; This is confirmed by the |
permeability and selectivity results at -11°C summarized in Table 3, in which
Membrane A exhibits a smaller increase in permeability but a significant
increase in selectivity for all components but methane, while Membrane B _
exhibits slight increases in selectivities for two components but decreases
for the other components.



. 20% and a thickness of 250 nmicrons. The pol ymer latex isa conner0|al
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val ues of- about seven trnes the values for an unoxrd|zedﬂ1cﬂermr*ane"‘Th”'”"~
‘perneabllltles of -met hane and hydrogen rise sIomAy up to qﬁgg&mnnggam
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about two hours, and-;-"

re; but to different degrees.- The neasured :
‘:ﬂrsed t@ calcylatg selectivities for each corrponent'_;
l.éct,Lvrt,,y i defrged@s the ratio bet ween- a given. -
the perﬁéabrlrﬁy hydrogen ‘These .

in- Fig. 2, which |IIustrates t hat select|V|t|es

decrease at hrgher I'evel s of oxidation to values
i the uno ed ne@?rane selectivities. For’ this
nﬁergnt;ﬂpnovegpnt>rn %glectrvrtres occurs in
ich corresponds to two to four oxrdatlon
strate the- i mpor t ant and- unexpect ed findi ng of
ly, that’ both ‘permeabi ity and sel ectivity of -
s conposi te-nenbrane are inproved when the proper
of oxudakton\cyajessare selected. This is an
contreryrt o £he-knawn behavi or of polymeric
tions” whi ch |chEa§% permeabi | ity decrease
i ons mhlch i nprove selectivity decrease
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'[err] _ Substltute sheet - 10/10/98 [err]" - 16 - [err] - - 17 & '
-+ EXAMPLE 3 A carbon- menbr ane (Menbrane C) -was prepared and carboni zed by the

same procedures of Exanple 1 except ‘that after. the fifth carbonization _
" step the menbrane was cooled to 400C and oxidi zed?f.or 1.5 hours in zero_'f'
‘grade air follomed by coollng in nrtrogen t'o anbi ent tenperature ~ The sane
gperneatron tests of- Exanpl es’ 1 and 2 were perforned except that permeance -
~(PI'1). was deternrned rat-her. .t-han: perneablllty {P).ssi nce the. carbon | ayer
't hi ckness of :Menbrane G coutd not belfeasured before oxi dation. .  These:

results are conpared wi't h t he ‘data -of - Exanple 1 for Membrane A (expressed'ﬁ“' :

as pernmeance) -iln Table 4, and rndrcaHﬁAHh@H3perneance and. sel ectivity.are .
significantly" hi gher. for. the C3 hydr.ocarbons: wi.t h Menbr ane- A than: anbrane

C.  For the other nmxture components, Menbrane A i's . equival ent to or-: L
slightly bet AefarbaMemRraneafiembranen ek eias cangbaredcant icarhonfized bhietheusangle

cycle: OXIpdaéeldebsWBf f'E?rdmplfe Exaémb@c Jehiri.s al?’Et.f‘rf 8hé ?ﬁ'fﬂp cﬁi‘ﬂ&?ﬁﬁaﬂfont@&ps 'tﬁ‘éJ| e -
_cycﬂ € ‘”“mQSEHaRQ JI%tég% gd(%o Eaﬁigpand oxrdrzed for l 5 hours in. zero. grade air.
: :followed_by cOollng in nitrogen to amb1ent_temperature.' The "same :permeation
- tests.of Examples 1 and 2 were performed, except that permeance (P/1) was
'determined rather than. permeabrlrty (P) ‘since the carbon layer thrckness of
~ Membrane C could not be measured.before oxidation. These results are compared _
- with the data of Example 1 for Membrane_A_(expressed as:permeance)_rn.Table 4,
~ and indicate that permeance and selectivity are sjgnificant]y'higher for the -
C3 hydrocarbons with Membrane A than Membrane C. ' For the other mixture
-‘components, Membrane A is equivalent to or slightly better than Membrane C.
These results confirm that the multiplé-cycle oxidation method of Exampie T is
preferred to either of the single cycIe'oxidation methods of Examples 2 and
3. Note that at 21°C Membrane C has significantly'bettér selectivity fof'all
 mixture components than Membrane B (see Table 2), and at -11°C Membrane. C is ’
' signrficantly better than Membrane B for the C4 hydrocarbons



3. Note that at- 21[err] Menbrane C has significantly better selectrvrty for
al-l mxture conponents ‘t han’ anbrane B- (see ‘Tabl e 2), “and.at -11C anbrane
Cis significantly better than Merbr.ane B for the - €3 hydrocarbons [err]
19 - Conposite nmenbranes ‘wi-th ‘m cropor.ous carbon ‘as the active nenbr ane
I'ayer .al S0 can be prepared by “control | ed carbonrzatron of comercially
“avai |l abl'e asymmetric pol yneric nenbranes Far exanple, .a connercrally
avai | abl e asymretri c . nenbriane :conpri sing- ponacronnrtrrIe and

pol yvi nylidene chloride can be, carbonized: and lEonverted to an: asynnetrrc
adsor ptive. nmenbrane by . eagkp at” controlled tenperatures under an inert-

at mosphere. .The resul ti ng *argon menbr ane can be activated by further
heating in an oxi di zi ng |atm3zsgher e ¢®ntrai neng “hi ty.ogen or carbon -oxi des, .
oxygen,. air,- steam .or 5 TheXof~by~t h& mig hods descri bed above.
Conposi te senlperneaﬁf nes of the present invention also-can. be
prepared by formng: n+ gpomous adsorptrve naterlal wi thin the por es of ‘a’
porous substrate. This gpewof| ag adsor ptive menmbrane is ‘defined herein as-
a densified conposite - , t-o dicst i‘aguieshei t fromthe- conposrte
menbrane earlier descri @d= 3 offe eMrbadi nent = p@ ous carbon is formed.
wi thin the pores of an pp?oprrate substrate by introducing a polyner,'

sol ution i-nto the pores'ard heating the substrate to evaporate the sol vent
and deposit “pol yrer mntmrn t hg{ pores. . The pol ymer i's then car boni'zed under -

conditions simlar to those rI|er di scussed to yreld a porous carbon
structur-e. 'Furt her . n.ow MmN : :
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" controlled heating in an oxidizing atnosphere by the nethods described
above can be utilized to inpart i-nproved porosity and adsorptive properties
to thée carbonized material. Polyners sel ected from pol yvinylidene chloride,
pol'yvinyl chloride, polyacrylonitrile, and styrene-divinylbenzene

copol yners, or mxtures of these or other polyners, can be used for
fabricating these densified conp05|te menbr anes. Suitable solvents such as
t ol uene, tetrahydrofuran, -di methyl formam de, di nethyl sulfoxide, acetone,
and benzene and its derivatives can be ¢8ed to dissolve the polyner(s) for

i ntroduction into the pores of the porous substrate. The dep05|t|on of

porous carbon es.of the porous_ substr al.so ca

acconpl i shed Cﬂpggi) hégﬁorﬁgé ngrhth‘Foq%ﬁ%usngg%oﬁt % %8&9%?‘:8 Wm{?ﬁ%r 1b¥eise
t her mal c3¥'d€ksaybefprephras: by Clwtimidad bransonizahian oheopueresal ty depblsibie

car bon thﬁymm@tnlh&ﬂ@m@mr ﬁi@@drlaﬁéks CASH RRampTh e S’mﬂerﬁ’mﬁ%ré\}aglﬁb?d"d

branched chai n alkan kenes, aronmfl cs an ar o derivatives, or
m xtures THEPRYHC W@F?‘H&ﬁ CQ'EHdei%HQEVBGFéH{‘ﬂﬁ@’ 161 anch @e by isteae eHer ide -
20 - genetal by caakws zpd and adnveetgletatanr esymnetvieesd YVPE Brer hembrdn® Q] err].
The car bo, t 4N r by..th th of t

enbodi mnﬁbaﬁ?%gv@stm# Qd tén{agr%%ggytﬁlln\ﬁ/gp%oﬂteﬁl%ts F@h g?f egr?'e ressu tmg
separ at i offTB9 t"ﬁ@b’fﬁé‘@h%ﬂ §Pn %ﬁt’%ﬂeécw \féf'ﬂl?lrf %&aémq dw. an I°P<1té‘lj-’dhg pxtopephdres

are not an:dmtei/lﬁdghjﬁttrb@en Bi- t darbofl @ROGd L, | XYgRh, GAFDUtealh NRrdfNGuFé £ahereor

conposi t a ther -treated by heatlng I n an oxidi zing
atm)spheretJ as 2§ﬁ§s§%g§3é9£ap8 npart | mproved m croporosity, surface

pol arity, and adsorptlve properties to the carbon within the substrate

pores. Ina L%H@beftegggﬂ%gwﬁd}tglgﬁmgg&%n@ & the ! @X?éﬂt' mengg@?gﬁ &.&dcan e
adggr[nl e aredagy forming mi roporous adsorpt1ve material w1th1n the pores of a

porous substrate. This type of an adsorptive membrane is defined herein as a
densified composite membrane to distinguish it from the composite membrane
earlier described. In one embodiment, porous carbon is formed within the
pores of an appropriate substrate by introducing a polymer solution into the
pores and heating the substrate to evaporate the solvent and deposit polymer
within the pores. The polymer is then carbonized under conditions similar to
those earlier discussed to yield a porous carbon structure. Further
controlled heating in an oxidizing atmosphere by the methods described above
can be utilized to impart improved porosity and adsorptive properties to the
carbonized material. Polymers selected from polyvinylidene chloride,
polyvinyl chloride, polyacrylonitrile, and styrene-divinylbenzene copolymers,
or mixtures of these or other polymers, can be used for fabricating these |
densified composite membranes. Suitable solvents such as toluene,
tetrahydrofuran, dimethyl formamide, dimethyl sulfoxide, acetone, and benzene
and its derivatives can be used to dissolve the polymer(s) for introduction
into the pores of the porous substrate. |

The deposition of porous carbon within the pores of the porous substrate
also can be accomplished in another embodiment of the present invention by
vapor-phase thermal cracking of selected hydrocarbons within the pores to
deposit carbon therein. These hydrocarbons can be selected from straight and
branched chain alkanes and alkenes, aromatics and aromatic derivatives, or
mixtures thereof. Thermal vapor phase cracking of these hydrocarbons



carbonaceous” particles into the pores of the porous substrate. The
suspension can be an aqueous or organic suspension, and the particles can -
be introduced into the pores.of the substrate by imersion or surface
application of the suspension followed by capillary uptake into the pores.

Al ternatively, the suspension can be forced into the pores by neans of a
suitabl e pressure differential established by pressurization or vacuum
After the porous particles have been introduced.into the pores of the
substrate, the support is heated i 2R rnert at nosphere to renove the

sol vent and deposit the particles with the pores of the substrate. Typical

t enper at gurnesm@qmweedptafeerﬂmy] etraeur%ldsmwsemgobﬂ QHY hobrom trhe c%u&?ﬁrt
pores ra ram err ensifie ran us
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non- sel e%wlve g en or. ecu fusion occur can sea
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di scusseﬁ‘eeéiﬂbpér"” tivhe thet subdtosteppensari ng the conposite adsor pt ive
menbrane, in partlcular t he anDunt of precursor applied to the porous

substrate, foulg Qﬁ E y, g caontrol |l ed tor&ﬁeld a final conposite
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substrat e cannot determ ne
can be an aqueous or organic suspenswn and the particles can be introduced

into the pores of the substrate by immersion or surface application of the
suspension followed by capillary uptake into the pores. Alternatively, the
suspension can be forced into the pores by means of a suitable pressure
differentiallestab]ished,by pressurization or vacuum. After the porous
particles have been introduced into the pores of the substrate, the support is
heated in an inert atmosphere to remove the solvent and deposit the particles
with the pores of the substrate. Typical temperatures required to remove the
suspension liquid from the support pores range from 50 to 250°C. The
densified composite membrane thus produced can be treated further to modify
the porosity or adsorptive properties of the adsorptive material by oxidation
as described above. Any imperfections which may remain in the membrane and
through which non-selective Knudsen or molecular diffusion could occur caa be
sealed by coating the support material with a thin layer less than about

1 micron thick of a high-permeability, low-selectivity polymeric material such
as a silicon-containing polymer.

The active membrane thickness is a critical factor in the commercial
application of these composite membranes as discussed earlier. The method of
preparing the composite adsorptive membrane, in particular the amount of
precursor applied to the porous substrate, should be carefully controlled to
yield a final composite membrane having a layer of porous adsorptive material
which is less than 20 migrons thick. For the densified composite membrane,



precursor or adsorptive material introduced into the pores of the substrate
shoul d be controlled carefully to yield a nenbrane with perneabilities
simlar to those of :the conposite menbrane. - The densified conposite. .
menbrane has a total thickness about 'the sane as that of the initial
substrate, and this thickness is generally | ess than 3mm The nenbranes of
the present invention can be utilized to separate a w de variety of gas
~mxtures in additi-on to the hydrogen-cog ai ning mxtures described in the

Exanpl es. Any gas m xture which contai'nS' primary and secondary conponents
that are adsorbed to differing degrees by the m croporous adsorptive

material hanadi@appatiiaaq- of the aQrt%éf%ﬁsén%t‘r‘ﬁefpg%oufsoﬁw%tep?& WQtnid Th ﬁa%r%? ’

t he separation o gas m xture Iovvm
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and hydr qoecurasr 2ors edsorgat ye mﬂmqrawintrs«ﬁrcbem :ﬂboeﬂedsor@@domtﬁlé Os@ﬁatrmr bon

d d t
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present itdeentthekress tAbadlt the LdndNEE ¢RRL QFULRY ﬂeﬁmts@@men@ ehid
m xture, Jfor exanﬁl e _car t?ﬁégdglﬁg I de and |1 ght hydrocarbons use chh

nor e reaoﬁhllflk"teﬁf Aeqsia P 3AP- | ower nol ecul ar wei ght conponents
such as hydrogen. Th|s differs fromthe separation of such m xtures by

ol yneric me [ A I t hat
Ps yI ower mr@% rrwa%}g tq‘lar%oﬁsgh sﬁ(s'%ﬁ]gﬁ%ﬁ %ggﬁgéglé£§8®§g§éﬁffuse
through tide r?’éﬁf)?%Yne VARSI E”W”g?fer’"niﬁdé@mfhrtov@ﬁgwdféqﬂﬂpéWWQ‘uuclhx'as’elsl ght
hyd{ ocar lessribee Beltﬁé:tax\mﬁbésr ejpagt@ai mﬁtﬁ@rbaﬁhlﬁlﬁ?ftt%’cﬁhso;tﬁﬁ%ﬁy \when suchf
m Xt ures [Lous ra ch, utilize the principle o
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t he menbradsewptare tmagepiadsean be mﬁepat‘atad alThewsrochss parusefohtfioon boft aswpor t ant
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conpared with the usefo meric
onte or more paraffinic, oleflmc or aromatfc hydrocarbons as primary

components and hydrogen as a secondary component; carbon dioxide and hydrogen;

carbon monoxide and hydrogen; carbon monoxide and methane; carbon dioxide and
methane; and nitrogen and oxygen.

An important and distinguishing feature of the improved adsorptive
carbonaceous composite porous membrane of the present invention is that the
higher molecular weight components of a mixture, for example carbon dioxide
and light hydrocarbons, diffuse much more readily through the membrane than
lower molecular weight components such as hydrogen. This differs from the
separation of such mixtures by polymeric membranes, in which the reverse
behavior generally occurs, that is, lower molecular weight components such as
hydrogen selectively diffuse through the membrane while higher molecular
weight components such as light hydrocarbons are selectively rejected.

Similar behavior occurs when such mixtures are separated by porous membranes
which utilize the principle of size exclusion or molecular sieving as earlier
discussed. This feature of the membranes of the present invention allows the
purification of important low molecular weight gases such as hydrogen at
potentially lower cost when compared with the use of polymeric membranes,
which recover the low molecular weight gas product as a permeate stream at low
pressure. The membranes of the present invention recover the low molecular
weight product as a non-permeate or reject stream at a high pressure, and thus



whi ch recover the | ow nol ecul ar wei ght gas product as a perneate stream at
lkow pressure. The nenbranes of the present -invention recover the low =~ -
mol ecul ar wei ght product as.a non-perneate or reject streamat a high
pressure, and thus - 23-"We claim 1. A-nethod for nmaking a conposite
sem permeabl e nenbrane for the separation of a nulticonponent fluid m xture
containing one or nore prinmary conponents and- one or nore secondary .
-conponents conprising the steps of: (a) coating a surface of an inert
porous subtrate with a layer of an orgdRit precursor material; (b) heating
the resulting coated porous substrate in an inert atnosphere to an el evated

t t ' b t  thi {4 t - Tl :
suf F1 ot etfé 18P APRRUPE A ATRRES 3B MRapbanearhieh EF b T M Gieopor ous
car bonacB¥ibsangss bf pviovdedyat Amathér adedntageldfngotdue compas ittenad soeppoi te

nb 3 i=d,, 8l : . [ th
menbr anemérbrand s FBe Rk Lﬁlﬁl??&a‘%‘(f)‘%ﬁ%‘ﬁ \é@gﬁyﬁ} G ?rfé"f’?&ﬁﬁp Weﬁ%réﬂ ?ﬁg&\ﬁtﬁ%{ gl%:h €

menbr ane t% g tenperatuge gf to, err]; (e) oxidiz .
menbr aneat"YEEE"t Bhh8R HZ6P &R Bso I ARIrestAedr 935 FentannbrdRHivady adospher e
sel ect edconcentitatéony ofithighesindl éqig apfwedght cON¥:GRAantEAr ihen OXipdEgmerict  0geEN
oxi des, giRRMhe 20didy X t.hereof f).c00l1i the resulti oxi di zed
nmenbrane to a te?rperat%lr{éggéltlggv fsaog'i %P‘%é ]%rr z"a'ﬂﬁ?'g %?0%26 pFE)mqjggfe P,ugténd
(g) repehis APERBPs 3pd) theomegmby andsyufseorreaoi s tbne degetmiged by the required
product flow rate. When an equivalent amount of this low molecular weight
product is purified using the porous adsorptive membranes of the present
invention, however, the required membrane surface area and/or feed pressure
can be reduced significantly since only the much smaller volume of higher
molecular weight components permeates through the membrane. The separatidn
thus can be accomplished at a potentially lower cost with the membranes of the
present invention than with polymeric membranes.

The membrane of the present invention has several other advantages over
polymeric membranes for the separation of fluid mixtures. First, much higher
permeation rates are possible while retaining satisfactory selectivity between
the components to be separated, and this can reduce substantially the membrane
surface area needed for the separation. Second, the membranes of the present
invention can operate at lower pressure differentials than polymeric membranes

in general, which can reduce compression costs and simplify membrane module
construction.

The separation characteristics of the composite porous membranes
disclosed in U.S. Patent 5,104,425 thus can be improved by the selective
application of the methods of the present invention. Proper oxidation steps
can improve both the permeability and the selectivity of these earlier
membranes for the separation of hydrogen-hydrocarbon mixtures, and the
improved membranes are useful for other separations as well.

The essential characteristics of the present invention are described
completely in the foreg_oing disclosure. One skilled in the art can understand
the invention and make various modifications thereto without departing from
the basic spirit thereof, and without departing from the scope and range of
equivalents of the claims which follow.
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cycl e; wher-ei n -sghid Shee ( car bonaceous adsorptive material can

‘sel ectively adsorb \\‘ ﬁﬁ Mhe primary conponents which diffuse through
t he nenbrane by se flow. 2. The nmethod of Claim21 further
conprising repeating steps (a) through (c) at |east Tu"mw"ﬂm”mum hod of
G aim1l wherein steps (d) through (f) are repeated t# ur
cycles, and wherein the tenperature of step (f) is anbi ént" " -34 *
temperature in the last cycle. 4. The method of Claim1 wherei n said
organi c precursor material is selected fromthe group consisting of
polyvinylwgegﬁv@hloride, pol yvi nyl chloride, polyacrylonitrile, '
styrene-divi nyl benzene copol ynmers, and m xtures thereof. 5. The nethod of
Claim1l wherein the thickness of said |ayer of porous adsorptive material .

i's | ess than ahoutA ARLHIACFEr WekTMSa Gmpddi®e RAHmels 1€ M- dndr8F eira said
por ous suQ%P%gﬁﬁ pg& gnglftrlbutlgnfot pqrs di aneters between about 0.2 and
50 micro-mettes and' | & F Lomagnen oMU A MY FY B CUBALT LW PP BF LR oRY i@ary

car bonacedsasponestailangd cgneaoid mooé \sreondar pedomporeings anadprciahig rtag | oeps tdter eof .

7. The nethod of Claim1l wherein said coated porous substrate is heated in
said inert atnosphere to said el evated tenperature of between about 600 and
1200[ err] at a heafng9R&i%e af syjfaes ofpyud nartopeous swstrataLwidht » Koermafai d
| ayer of m cr gpoodanicprbongeemetepdgorptive material. 8. A nethod for
maki ng a densified conposite sem perneabl e nenbrane for the separation of a

mul ticonponent fluid mxture containing one or nore prinary
(b) heating the resulting coated porous substrate in an inert

atmosphere to a first temperature and holding the membrane at this first
temperature for a time sufficient to convert said precursor material into
a layer of microporous carbonaceous adsorptive material;

(c)> cooling the resuiting composite membrahe to a temperature below
said first temperature:

(d> heating the membrane to a second temperature;

(e) oxidizing the heated membrane at said second temperature in an
oxidizing atmosphere selected from the group consisting of air, oxygen,
carbon oxides, nitrogen oxides, steam, and mixtures thereof: and

(f) cooling the resulting oxidized membrane to a temperature below
said second temperature;

wherein said microporous carbonaceous adsorptive material can selectively
adsorb portions of the primary components which diffuse through the membrane
by selective surface flow.

2. The method of Claim 1 further comprising repeating steps (a) through ()
at least once. ' '



N

conponents and one or nore secondary conponents conprising the steps of (a)
i~nt roduci ng an organi'c precursor into the pores of an inert porous
substrate; (b) heating said porous 'substrate cont al ni ng sard orgamtc
precursor to an el evated tenperature and nai ntai ni
Substitute sheet - .10/10/98 -24a - tenperature for ﬂl,mmi "l&m ”e to .
convert the precursor t o microporous carbonaceous adsontuva
wi thin said pores; (c) cooling the resu{%rng conposi te nenbrane to a -
tenperature bel ow said el evated tenperature; (d) heating the nmenbrane to a
tenperature of 200 to 950[err]. (e) oxidizing the heated menbrane at said
tenperat uy.e Ofhe2Mdthod 09’5@fé91rmr] vthEh 3Fu9?ﬁdrogorﬁbfr19esz$e5é%t3r@? qubss ('d'?ygfﬂ*ough

oxi di zin t nosphere sel ected fromthe oug consj| st |ng

carbon oxi de¥'® Rf tNO0G e €055 quleredp ot t%[‘ﬁ’&" ture ofs step fﬁr’ésa["Wér"éof (f)
cool i ng tteeperasutd iingthexiaitzegcivenbrane to a tenperature bel ow said
tenperature of 200 to 950[err]; and (g).repeating steps (d) to (f) through
one or nore cycles wherein the tenperature of step (f) is anbient
tenperature in the | ast cycle;

4. The method of Claim 3 wherein the duration of step (e) is between about
0.25 and 12 hours.

5. The method_of Claim 3 wherein steps (d) through (f) are repeated through
two to four cycles, and wherein the temperature of step (f) is ambient
temperature in the last cycle.

6. The method of Claim 3 wherein step (e) is carried out at a temperature of
between about 200°C and 950°C.

7.  The method of Claim 1 wherein said organic precursor material is selected
from the group consisting of polyvinylidene chloride, polyvinyl chloride,
polyacrylonitrile, styrene-divinylbenzene copolymers, and mixtures thereof.

8. The method of Claim 1 wherein the thickness of said layer of porous
adsorptive material is less than about 20 microns.

9. The method of Claim 1 wherein said porous substrate has a distribution of
pore diameters between about 0.2 and 50 microns and is selected from the group
consisting of ceramic, carbonaceous, metallic, and polymeric materials and
combinations thereof.
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wher ei n sai.d m croporous carbonaceous adsorptive material can selectively:

oM cgmponent s whi ch di ffuse .t hrough the :
ﬂmﬁeow 9. The method of O ai m 8 Wherein said

- absorb portions Tafs ShddeuRBEOH,
menbrane by sel ect
~organic pr ecursor”,MﬂMﬂ of a polyner in a,}' ] : ' , ~and
wherei n said heati sai d sol vent 't husmugm’mmmgu ol yrer
S

within.said pores and carboni zes the polynmer to yieéld¢satd mm or opor ou

car bonaceous adsorptive material. 10. The nethod of Claim9 wherein said
polyner is selected fromthe group coﬁé#%fing of pol yvi nylidene chloride,
pol yvinyl chloride, polyacrylonitrile, styrene-divinylbenzene copol yners,
and m Xtupes thashRAbd oFlerathe TRLAAR Of: dt81 Ty %ath! Sulfald AOhUERlq L3
sel ected fromthe group consisting of "tol uéne, tetrahydrofuran, dinethyl
f or mani déaigitferhy “‘%’iﬂh%@(itGe'%aidcgtréﬁete"ﬁﬁﬁﬁtlﬂéﬁﬁnbefé{ﬁaﬂ 13bouE A0y Rt 3Ndes .

12. The mabblaefa GhetinySraveeseiup Elabodd YAUPCCpd AEAUTROES IfdrA faidr POARRben
fluid, and wherein said_heatin Pranot%g vapor phase thermal cracking of
hydr ocar tS“dﬁ‘”‘%P&ﬁg‘b%éﬁﬂ’s°"Fﬁe°§’éi #ﬁyﬁ'f]g@a'l’ §h'$1ui d, -whereby carbon is
deposited within said pores of said porous substrate. 13. The nethod of
Claim 12 wherein said hydrocarbon fluid conprises one or nore hydrocarbons
sel ected fromthe %[oup consistinqnof al kanes, al kenes, benzene, benzene

derivati Vds, AGeMeskie seuinenmeabde memrang, fondhp @Paratdpaidh 8 MH EPTPosan
porous sufiatd atietdrascentdisitngi e bomork Pramerydicamghenis bed waenoramoné 0.2 and

50 mcro- ' I f h | St ceram c,

car bonacdseendaky Miporent (ERETEs b7 Rk MR eBbF MR RTAE hE R Bhs ST cor

15. The method of Claim8 further conprising repeating steps (a) - 26-
(a) coating a surface of an inert porous substrate with a layer of

an organic precursor material;

(b) ‘heating the resulting coated porous substrate 1n'an inert
atmosphere to a first temperature and holding the membrane at this
temperature for a time sufficient to convert said precursor material into
a layer of microporous carbonaceous adsorptive material;

(¢) cooling the resulting composite membrane to a temperature below
said first temperature;

(d) heating the membrane to a second temperature;

(e) oxidizing the heated membrane at said second temperature in an
oxidizing atmosphere selected from the group consisting of air, oxygen,
carbon oxides, nitrogen oxides, steam, and mixtures thereof; and

(f) cooling the resulting oxidized membrane to a temperature below
said second temperature;

wherein said microporous carbonaceous adsorptive material can selectively
adsorb portions of the primary components which diffuse through the membrane
- by selective surface flow.



t hrough (c) at least once. 16. The method of Claim 8 wherein steps (d)
tarough (f) are repeated through two to four cycles, and wherein the o
tmmmauueofsum(f)|saMantmmmaunelfﬂTﬁHﬁ~a@£W~‘-26~

12. A method for neking a densified conposite sen1 menbr ane for
the separation of a multiconponent fluid mixture c !m Wﬂ m ,[ro
h

primary conponents and one or nore secondary componen
steps of: (a) introducing an organic pggcursor into the pores of an inert
porous substrate; (b) heating said porols substrate containing said organic
precursor to a first tenperature and naintaining this first tenperature for

a sufficient A Immnécp FOPMARN hg aNBerdh @FaY %&ﬁpots@ténsﬁrﬁ%%é&&?re(?@ermb%}?éc@@lusche
adsor ptive mat t he resultln%ﬁém% 05|te

oy e SepTekfignar & B comone RO iitd hEtturErpatathibd one ot ke

menbr ane tampaneygsoardi beenoer mdner e¢cohdaryoxombonemg témprieihige dherabysané: at sai d
second tenperature in an oxidizing atnmosphere selected fromthe group
consisting of air, oxygen, carbon oxides, nitrogen oxides, steam and

m xtures t her eof ; {®hd 1O IHIG Al OrBaniCeBIACUT SRS BRYQIthE RORRSTOF adte nerta

t enperature bﬁh@mm&ﬁkdtﬁﬂﬁ@nd t enperature; wherein said mcroporous
carbonaceous adsorptive material can selectively adsorb portions of the
pri mary conponents which diffuse through the nenbrane by sel ective surface
flow. 13. The net pd beatdingi said2panieus eiubs braitd condainiog maddwrgenid pracursor

sol ution of atg 3 first temperature and maintaining this first temperature for a
sufficient time to convert the precursor to microporous carbonaceous
adsorptive material within said pores;

(c) cooling the resulting composite membrane to a temperature below
said first temperature; '

(d> heating the membrane to a second temperature;

(e) oxidizing the heated membrane at said second temperature in an
oxidizing atmosphere selected from the group consisting of air, oxygen,
carbon oxides, nitrogen oxides, steam, and mixtures thereof; and

(f) cooling the resulting oxidized membrane to a temperature below
said second temperature; '

wherein said microporéus carbonaceous adsorptive material can selectively
adsorb portions of the primary components which diffuse through the membrane
by selective surface flow.

13. The method of Claim 12 wherein said organic precursor is a solution of a
polymer in a suitable solvent, and wherein said heating evaporates said
solvent thus depositing the polymer within said pores and carbonizes the
polymer to yield said microporous carbonaceous adsorptive material.

-
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pol yner ina sui'tabl e sol vent, and wherein said heating evaporates sald
sol vent thus depositing the. polyner W t hin sa_,_pQLes—and—carbU”zes t he:

pol ymer to yield said microporous carbonaceous adsor Vi . Thi s
Sheet . Has Been Repl aced: 27 - 14. The net hodmﬂﬂ ‘G\M ein said
polymer is selected from the. group consisting o e chloride,
pol yvinyl chloride, polyacrylonitrile, styrene- d|V|nyI enzene copolyners
and m xtures thereof. 15. The net hod of Cl-aim 13 wherein said solvent.

sel ected fromthe group consisting of2fofuene, "tetrahydrofuran, dlnethyl

formami de, di met hyl sul foxi de, acetone, and benzene and its derivatives: :
16. The it hddie gtetopdiof G inhis shersiai shidr palymer prseeu’ramed ifsom thedgosgr bon
fluid, a S S e f
Lt oca fan RS BeaRgy AT IR BRAITLES PRy BB HIC B EleN 86 2!
deposi ted?t Wec“ﬁng 1vd By thepgenss C69°‘§8¢‘6F péfﬂ%ﬂléxt‘ln%tﬂ'@f@f 17. The method of
Claim 16 wherein said hydrocarbon fluid conprises one or nore hydrocarbons
sel ected fromthe group consisting of al kanes, al kenes, benzene, benzene
derivatives, and m xtures thereof. 18. The nethod of Caim 12 wherein said
por ous suBst rTae enethed #FdEktimi BLwhere iof sqidr eoldieatrdises sl eoéedveFeom almaugrcmpz and

50 ni CrOf&Sn@f’stgS oseﬁcﬁ@bﬁéi fté%yé\%fgf‘ﬂypdmgﬁtﬁopﬁanﬂfd C&fipt

car bonaceorid ge éﬂ E‘? zéma“ c naterl al |nat| 0 s t her eof .
19. The 8 F¥A9o a@f Ny 1a2‘df B @dniisi demiyatBissat i ng steps (a) through
(c) at |east once. 20. The nethod of O aim 12 which further conpri ses
repeating steps (d) through (f) one or nore cycles, wherein the tenperature

of step (f) i_s ambi ent
. The method of Claim 12 wherein said organic precursor is a hydrocarbon

fluid, and wherein said heating promotes vapor phase thermal cracking of
hydrocarbon components in said hydrocarbon fluid, whereby carbon is deposited
within said pores of said porous substrate.

17. The method of Claim 16 wherein said hydrocarbon fluid comprises one or
more hydrocarbons selected from the group consisting of alkanes, alkenes,
benzene, benzene derivatives, and mixtures thereof.

18. The method of Claim 12 wherein said porous substrate has a distribution
of pore diameters between about 0.2 and 50 microns and is selected from the

group cpnsisting of ceramic, carbonaceous, metallic, and polymeric materials
and combinations thereof.

19. The method of Claim 12 further comprising repeating steps (a) through (c)
at least once.

20. The method of Claim 12 which further comprises repeating steps (d)
throqgh (f) one or more cycles, wherein the temperature of step (f) is ambient
temperature in the last cycle.
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tenperature in the |last cycle. -28 - 21. The nethod of Caim 20 wherein
the duration of step (e) is between about. 0.25_and 12 hours. 22. . ‘The-
- met hod of O aim 20 wherein steps (d) through (f) ar ated through two -
to four cycles, and wherein the tenperature of I s ambi-ent
tenperature in the last cycle. 23. The nmethod o @g&ﬁ n step (e)
is carried out at a tenperature of between about* _4. A
densified conposite sem perneabl e nenbrane for the: separétlon a
mul ti conponent fluid mxture cont ai ni ng*®ne or nore primary conponent s and
one or nore secondary conponents prepared by a method conprising the steps

of : (a) 'zwtm@u%mo&rbfowﬁw 5o RRECHTSEHe WDEAIDASPOESS (of 1amdeh ARAUS

substrate; o7 ous SuUbS contai ni ani c

pr ecur sor? 12 adr |4 §9u‘f5errper ature and nai nt aining this f| rst tenperature for
a sufficient tinme to convert the precursor to m croporous carbonaceous
adsorptive material within said pores; (c) cooling the resulting conposite
menbrane to a tenperature below said first tenperature; (d) heating the _
menbr ane 220 alheenathdd tafnfba fa 20 erhe(&i)n obdpdi ¢d)nghtdugh héat ek mepdatadettatoughi d

second { oCES Flir cym&n ad dh éﬁ@?&ﬁré%@%gﬁ éH oD hi e@toup

consi sting air, OXyge carégn oxl d nitrogen steam and
m xt ur es EeﬂB?Q%5Fre dAgthe Tast cycle

23. The method of Claim 20 wheréin step (e) is carried out at a temperature
of between about 200 and 950°C.

24. A densified composite semipermeable membrane for the separation of a
multicomponent fluid mixture containing one or more primary components and one
or more secondary components prepared by a method comprising the steps of:

(a) introducing an organic precursor into the pores of an inert
porous substrate; '

(b) heating said porous substrate containing said organic precursor
to a first temperature and maintaining this first temperature for a
sufficient time to convert the precursor to microporous carbonaceous
'adsorptive material within said pores;

(c) cooling the resulting composite membrane to a temperature below
said first temperature;

(d) heating the membrane to a second temperature;
(e} oxidizing the heated membrane at said second temperature in. an

oxidizing atmosphere selected from the group consisting of air, oxygen,
carbon oxides, nitrogen oxides, steam, and mixtures thereof; and
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- 29 - (f) cooling the resulting oxidized menbrane to a tenperature below .
sai d second tenperature; wherein said mcroporous carbonaceous adsorptive
mat eri al. can sel-ectively adsorb portions of the—priary—eonponrents which

djffuse t hrough the nenbrane by selectiye sur ow. - 417JNVF
e e T S i i
. ‘. o .* H s *
| . _ _-29 _ S o

(f) cooling the resulting oxidized membrane to a temperature below
s;id second temperature;

wherein said microporous carbonaceous adsorptive material can selectively

adsorb portions of the primary components which diffuse through the membrane
by selective surface flow. '
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