TI.,TLE OF .l NVENTI GN HYDROGEN RECOVERY BY ABSORBENT MEMBRANES Thi s
application is a continuation-in-part of US. Serial No. 436,566 filed
Noverber 14, 1989. FIELD OF THE I NVENTION This invention pertains to the
récovery of hydrogen from hydrogen- hydrocarbon m xtures, and in particul ar
. the recovery. of hydrogen from such m xtures utilizr'ggfﬁﬁg‘ or bent menbr ane
;vintegrated with a pressure sw ng adsorpt%qp proc:&& BACKEREMND OF THE

- I NVENTI ON The recovery of hydrogen from hydroge 1?ﬁ'xtures is an
|nportant gas separation in the petroleumrefi t-ggjndustries.
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FIELD OF THE INVENTION

This invention pertains to the recovery of hydrogen from hydrogen-
hydrocarbon mixtures, and in particular the recovery of hydrogen from such

mixtures utilizing an adsorbent membrane integrated with a pressure swing
adsorption process.

BACKGROUND OF THE INVENTION

The recovery of hydrogen from hydrogen-hydrocarbén mixtures is an
important gas separation in the petroleum refining and related industries.
High purity hydrogen is recovered from refinery waste streams containing
hydrogen and hydrocarbons with up to four or five carbon atoms, or
alternately from synthesis gas generated from natural gas by steam-methane
reforming or by partial oxidation of heavier hydrocarbons. Economical
recovery of hydrogen from such streams at high purity and recovery often
requires a combination of cryogenic distillation or absorption and pressure
swing adsorption (PSA), or a combination of diffusion through a polymeric
membrane and pressure swing adsorptlon (PSA). In the latter process
combination, a hydrogen-rich permeate is withdrawn from the membrane unit
at a lower pressure, is compressed to a higher pressure, and is purified by
the PSA system to yield a hydrogen product up to 99.999 vol% purity at a
pressure slightly below the higher pressure. Hydrocarbon-rich waste
streams from the membrane and PSA units often are used as fuel. U.S.



pressure slightly bel ow the higher pressure. Hydrocarbon-rich waste
streans fromthe nenbrane and PSA units often are used as fuel. U.S. -2-
Pat ents 4,398, 926, 4,690,695, and 4,701, 187 descri be various integrations
of pol yneric nenbranes and PSA systens for the recovery of hydrogen from
vari ous gas m.xtures. Prior art nenbrane-PSA systens for hydrogen recovery
are characterized by a large pressure differential across the nenbrane as
hydr ogen sel ectively diffuses, which reqgites initial conpression to
provi de a high pressure polyneric nmenbrane feed (typically greater than 200
psig) and reconpression of the hydrogen-rich pernmeate as feed to the PSA
system for final gurlflcatlon These conpression steps conprise a
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a conposite sem perneabl e menbrane conpri sing n1croporous adsorptive
mat eri al gﬂbﬂﬁﬁﬁﬁa'ﬁvtarﬁbrous substrate, and teaches the use of this
menbrane for- separation of gas m xtures |ncluding hydr ogen- hydr ocar bon
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and the rohdracterized bypa darge nmswrtmdnﬁmmemtsuaa awrnpertireatembsaneam at a
pressure i3hi-eddn ¥e Ritevety @i FARYs, which requires initial compression to
provide a high pressure polymeric membrane feed (typically greater than 200
psig) and recompression of the hydrogen-rich permeate as feed to the PSA
system for final purification. These compression steps comprise a
significant portion of the capital and operating cost of a polymeric
membrane-PSA system for hydrogen recovery.

U.S. Patent 5,104,425 discloses a composite semipermeable membrane
comprising microporous adsorptive material supported by a porous substrate,
and teaches the use of this membrane for separation of gas mixtures
including hydrogen-hydrocarbon mixtures. This membrane differs from
conventional polymeric membranes in that the hydrocarbon impurities
preferentially diffuse through the membrane and the hydrogen-rich product
is withdrawn as a nonpermeate stream at a pressure slightly below the feed
pressure.

Improved methods for hydrogen recovery will be needed as the expected
demand for hydrogen increases in the petroleum refining, transportation,
and related industries. In particular, it is desirable to reduce
compression cost and membrane module size when using integrated membrane-
PSA systems for hydrogen recovery. The present invention, which utilizes
an adsorbent membrane separator integrated with additional gas generation
and separation steps as disclosed and defined in the following
specification and claims, addresses this need for more efficient methods
for the recovery and purification of hydrogen.



pressure. | nproved nethods for hydrogen recovery will be needed as the
expected demand for hydrogen increases in the petroleumrefining,
transportation, and related industries. In particular, it is desirable to
rreduce conpression cost and nenbrane nodul e size when using integrated
menbr ane- PSA systens for hydrogen recovery. The present invention, which
utilizes an adsorbent nenbrane separator integrated with additional gas
generation and separation steps as disclsosed and defined in the follow ng
specification and cl ains, addresses this need for nore efficient nethods
for the recovery and purification of hydrogen. -3- SUWARY OF THE

| NVENTI ON The present invention is a nethod for the recovery of one or nore

primary conponents from a gasesyMyAREEF DREXLINVENTIOMPri Sing these prinary
conponents and one or nore secondary conponents, wherein the secondary
conponents are nore strongly adsorbed on an adsorbent material than the
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primary components. The method comprises passing the feed mixture into a
separator containing a composite semipermeable membrane comprising
microporous adsorbent material supported by a porous substrate and _
withdrawing from the separator a nonpermeate intermediate product stream
enriched in the primary components. The membrane has a feed side and a
permeate side, and portions of the secondary components are selectively
adsorbed by the microporous adsorbent material and diffuse from the feed
side to the permeate side as an adsorbed fluid phase. A permeate
comprising the secondary components is withdrawn from the permeate side of
the membrane. The nonpermeate intermediate product stream is separated
into a high-purity product stream comprising the primary components and a
reject stream comprising additional portions of the secondary components.
At least a portion of this reject stream is passed across the permeate side

~ of the membrane as a sweep gas and a sweep gas/permeate effluent stream is
withdrawn from the separator. The use of the reject stream, which is
relatively lean in the primary components and contains a significant amount
of the secondary components, as a membrane sweep gas increases the recovery
‘of primary components and increases the permeation rate of the secondary
components through the membrane. Preferably, the intermediate product
stream is separated by passing the stream into a pressure swing adsorption
(PSA) system in which the remaining secondary components are selectively
adsorbed, and withdrawing from the PSA system a high purity product:
comprising the primary compdnents and a reject stream comprising
additional portions of the secondary components.

In a preferred embodiment of the invention, the feed mixture contains
hydrogen as the primary component and one or more hydrocarbons as the



perneate side, and portions of the secondary conponents are selectively
adsorbed by the nicroporous adsorbent material and diffuse fromthe feed
side to the perneate side as an adsorbed fluid phase. A perneate conprising
the secondary conmponents is withdrawn fromthe perneate side of the
menbrane. The nonperneate internediate product streamis separated into a
hi gh-purity product stream conprising the prinmary conponents and a reject
stream conprising additional portions of the secondary conponents. At | east
a portion of this reject streamis pas§eﬂ across the perneate side of the
menbrane as a sweep gas and a sweep gas/perneate effluent streamis

w thdrawn fromthe separator. The use of the reject stream which is
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one or nog&  RYE QeFERAISN &% tRE PSA system.  In an additional embodiment, at
least a portion of the sweep gas/permeate effluent stream is fed to a
dephlegmator, which separates this stream into a hydrocarbon product stream
containing C5 and heavier hydrocarbons and an intermediate light
hydrocarbon stream containing components lighter than Cs. The intermediate
light hydrocarbon stream is combined with the intermediate product stream
from the membrane prior to separation in the PSA system.

In an alternate embodiment, the invention is a method for the
production of hydrogen from a methane-containing feed gas and a gas mixture
containing hydrogen and hydrocarbons. The method comprises passing the gas
mixture containing hydrogen into a separator containing a composite
semipermeable membrane comprising microporous adsorbent material supported
by a porous substrate and withdrawing from the separator an intermediate
product stream enriched in hydrogen. The membrane has a feed side and a
permeate side, and portions of the secondary components are selectively
adsorbed by the microporous adsorbent material and diffuse from the feed
side to the permeate side of the membrane as an adsorbed fluid phase. A
permeate stream comprising these portions of hydrocarbons is withdrawn from
the permeate side of the membrane. A portion of the methane-containing
feed gas is reformed in a steam-methane reformer to produce a synthesis gas
comprising hydrogen, carbon oxides, water, and unreacted methane, and this
synthesis gas is combined with the intermediate product stream. The
resulting combined stream is fed to a PSA system wherein hydroéarbons and
carbon oxides are selectively adsorbed; a high-purity hydrogen product and
a reject stream comprising hydrocarbons and carbon oxides are withdrawn



-4- secondary conponents in the gas m xture. The hydrocarbons are sel ected
from net hane, ethane, ethylene, propane, propylene, butane, isobutane,

butyl ene, isobutylene, and m xtures thereof. In a related alternate

enbodi nent, a net hane-containing feed streamis reforned in a steam net hane
reformer to produce a synthesis gas conprising hydrogen, carbon oxides,

wat er, and unreacted nethane, and the synthesis gas is conbined with the

i nt ermedi ate hydrogen product stream from the adsorbent menbrane system
prior to separation in the PSA system In an additional enbodi nent, at

| east a portion of the sweep gas/perneate effluent streamis fed to a
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adsorbent material and diffuse fromthe Tee
more separator moduies each containing the composite semipermeable membrane
comprising microporous adsorbent material supported by a porous substrate,
each membrane having a feed side and a permeate side, wherein the
adsorbent material is capable of selective adsorption and permeation of the
secondary components. The integrated separation system also includes a
pressure swing adsorption system having a plurality of adsorbent vessels
containing granular adsorbent material capable of selectively adsorbing
said secondary components, and further includes means for the following
functions: (1) introducing the gaseous feed mixture into each of the
separator modules on the feed side of the membrane; (2) removing a
nonpermeate intermediate product stream from the feed side of the membrane
from each of the separator modules; (3) introducing the intermediate
product stream into the pressure swing adsorption system; (4) removing a
high purity product stream comprising the primary components and a reject
stream comprising the secondary components from the pressure swing
adsorption system; (5) introducing at least a portion of the reject stream
into each of the separator modules and passing the portions of the reject
stream over the permeate side of each membrane as a sweep gas; and (6)
withdrawing from the separator modules a mixed sweep gas/permeate stream.

The present invention is especially useful for the recovery of
hydrogen at high purity from refinery waste gases comprising hydrogen and
hydrocarbons. The combination of the adsorbent membrane and PSA systems
for this separation is different and unique cdmpared with the prior art



side to the perneate side of the nmenbrane as an adsorbed fluid phase. A
permeat e stream conprising these portions of hydrocarbons is withdrawn from
t he perneate side of the nmenbrane. A portion of the nethane-containing feed
gas is refornmed in a steam nethane refornmer to produce a synthesis gas
conpri sing hydrogen, carbon oxides, water, and unreacted nethane, and this
synthesis gas is conbined with the internedi ate product stream The _
resulting conmbined streamis fed to a PSA_system wherein hydrocarbons and
carbon oxides are selectively adsorbed; a high-purity hydrogen product and
a reject stream conprising hydrocarbons and carbon oxi des are w t hdrawn

-5- fromthe PSA system The renaining portion of the nethane-containing
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invention because the hydrogen-rich stream from the membrane is produced at
near feed pressure.

BRIEF DESCRIPTION OF THE DRAWING

Fig. 1 is a schematic flowsheet of the present invention in which an
adsorbent membrane is integrated with a pressure swing adsorption system.

Fig. 2 is a schematic flowsheet of a second embodiment of the present
invention in which an adsorbent membrane is integrated with a pressure
swing adsorption system and a hydrocarbon reforming system.

Fig. 3 is a schematic flowsheet of a third embodiment of the present
invention in which an adsorbent membrane is integrated with a pressure
swing adsorption system and a hydrocarbon reforming system.

Fig. 4 is a schematic flowsheet of a fourth embodiment of the present
invention in which an adsorbent membrane is integrated with a pressure
swing adsorption system and a dephlegmator.

T DESCRIPTION QF TH v ON

The method of the present invention is useful for the recovery of
lighter, less strongly adsorbed components in a Qas mixture from heavier,
more strongly adsorbed components in the mixture. In the preferred
embodiment, the light component is hydrogen and the heavier components are
hydrocarbons typically includihg one or more of the saturated and



adsorbent material is capable of selective adsorption and perneation of the
secondary conmponents. The integrated separation systemal so includes a
pressure swi ng adsorption systemhaving a plurality of adsorbent vessels
contai ni ng granul ar adsorbent material capable of selectively adsorbing
sai d secondary conponents, and further includes neans for the foll ow ng
functions: (1) introducing the gaseous feed m xture into each of the
separator nodul es on the feed side of the ﬁenbrane (2) renoving a
nonperneate i nternmedi ate product stream friomthe feed side of the nenbrane
fromeach of the separator nodules; (3) introducing the internediate
product streaminto the pressure swing adsorption system (4) renoving a
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separation is different and uni que conpared with the prior art - 6-

The separation method of the present invention utilizes two different
adsorption-based separation steps in series in a unique process combination
of continuous diffusion through an adsorbent membrane followed by cyclic
pressure swing adsorption (PSA). For the purposes of the present
specification and claims, the term “primary components” refers to the
component or components which permeate only slightly through the membrane
or adsorb only slightly in the PSA adsorbers and which generally are
recovered as the final product. The term “secondary components" refers to
the components which selectively and preferentially permeate through the
adsorbent membrane and are selectively and preferentially adsorbed in the
PSA adsorbers. In the preferred embodiment, a feed gas mixture containing
hydrogen as the primary component and one or more hydrocarbons as the
secondary components is passed over a composite semipermeable membrane
which comprises a microporoué adsorbent material supported by an
essentially inert substrate. This membrane is generically described in the
present specification as an adsorbent membrane, and is installed in a
separator vessel or module as described below. The hydrocarbons are
selectively adsorbed and diffuse through the membrane in an adsorbed phase
to yield a permeate enriched in these components. The less-strongly-
adsorbed hydrogen is withdrawn from the membrane as a hydrogen-rich
nonpermeate stream which is further purified in a pressure swing adsorption
(PSA) system to yield a high-purity hydrogen product defined as at least
99.9% vol% hydrogen and a PSA reject stream containing essentially all of
the hydrocarbons in the PSA feed along with some hydrogen. It has been
found unexpectedly in the present invention that passing the methane-
containing PSA reject stream as a sweep stream across the permeate side of



conbi nati on of polyneric nenbrane and PSA systens, chiefly because the

net hod of the present invention recovers hydrocarbon conponents at | ow
pressure as nenbrane perneate and PSA reject while recovering hydrogen
product at relatively high pressures. The adsorbent nenbrane system can be
operated at a | ower pressure than a polyneric nmenbrane systemthus
requiring |less feed conpression; in addition, the hydrogen conpression
requi red between the nenbrane and PSA sygtens is |ower for the present

i nventi on -because the hydrogen-rich streamfromthe nmenbrane i s produced at
near feed pressure. BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 is a schematic
fl owsheet of the present invention in which an adsorbent nenbrane is
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Alternatively, other streams containing one or more of the same

secondary components présent in the membrane feed gas may be used as a .
sweep gas across the second membrane surface when no further separation of
the membrane nonpermeate stream is desired, or when the reject stream from
a PSA system treating membrane reject gas is used for another purpose. In
the separation of hydrogen-hydrocarbon mixtures, for example, such other
streams would include natural gas or certain hydrogen-hydrocarbon gas
mixtures available in a petroleum refinery. Thus an alternate embodiment
of the invention comprises the separation of a gas mixture containing
primary and secondary components by a composite adsorptive membrane as
described herein, in which the membrane is operated with a sweep gas
containing one or more of the same secondary components obtained from a
source separate from the membrane feed. The general criterion for
selecting a sweep gas other than PSA reject is the absence of the heavier
hydrécarbons in any significant amounts.

The adsorbent membrane utilized in the present invention comprises a
microporous adsorbent material supported by an essentially inert substrate,
wherein the substrate does not significantly affect the separation of the
gaseous components. The microporous adsorbent material is preferably
activated carbon, but others such as zeolite, activated alumina, and silica
gel may be deposited or formed on an appropriate substrate. An activated
carbon composite membrane for use in the present invention and methods for
making the membrare are disclosed in U.S. Patent 5,104,425, the



nmere strongly adsorbed conponents in the mixture. In the preferred

enbodi ment, the |ight conponent is hydrogen and the heavier conponents are
'hydrocarbons typically including one or nore of the saturated and -7-
unsaturated [err] hydrocarbons, although heavi er hydrocarbons, carbon

oxi des, and ot her conponents al so nmay be present in the feed m xture.

H gh-purity hydrogen can be recovered using this nethod fromgas m xtures
containing from 10 to 60 vol % hydr ogen. %Iternatively, the nethod is useful
for the recovery of heliumfromm xtures “also containing [err] hydrocarbons
and carbon oxi des. The separation nethod of the present invention utilizes
two different adsorption-based separation steps in series in a unique
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and cooling to ambient temperature at 10°C per mlnute The polymer coating

is carbonized during the heating step thereby forming an ultrathin layer of
microporous carbon on the substrate.

The adsorbent membrane and substrate can be fabricated in a tubular
configuration in which the microporous adsorbent material is deposited on
the inner and/or outer surface of a tubular porous substrate, and the
resulting tubular adsorbent membrane elements can be assembled in a shell-
and-tube configuration in an appropriate pressure vessel to form a membrane
module. A plurality of membrane modules in parallel and/or series can be
utilized when gas feed rates and separation requirements exceed the
capability of a single module of practical size. Alternatively, the
adsorbent membrane and support can be fabricated in a flat sheet
configuration which can be assembled into a module using a plate-and-frame
arrangement. Alternatively, the adsorbent membrane and support can be
fabricated in a monolith configuration to provide a high membrane surface
area per unit volume of membrane module. The monolith can be a porous
ceramic, porous glass, porous metal, or a porous carbon material. It is
also possible to use a hollow fiber configuration in which the adsorbent
membrane is supported by fine hollow fibers of the substrate material.

Pressure swing adsorption (PSA) systems for the separation of gas
mixtures are well known in the art, and are widely used for example in the
recovery and purification of hydrogen in the petroleum refining industry.
One representative type of PSA system is disclosed in U.S. Patent
4,077,779, the specification of which is incorporated herein by reference.
In a typical PSA system for the recovery of hydrogen, a mixture of hydrogen



~hydrogen as the primary conponent and one or nore hydrocarbons as the
secondary conponents is passed over a conposite sem perneabl e menbrane

whi ch conprises a m croporous adsorbent material supported by an
essentially inert substrate. This nenbrane is generically described in the
present specification as an adsorbent nenbrane, and is installed in a
separator vessel or nodul e as described below. The hydrocarbons are

sel ectively adsorbed and di ffuse through the nenbrane in an adsorbed phase
to yield a perneate enriched in these conponents. The | ess-strongly-

adsor bed hydrogen is withdrawn fromthe nenbrane as a hydrogen-rich
nonperneate streamwhich is further purified in a pressure swi ng adsorption
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hydrogen npXtBStream. A purge step with product hydrogen sweeps residual
hydrocarbons from the adsorber for recycle to feed, or an external purge
‘gas may be employed and the purge gas utilized externally. Various
pressure equalization steps between adsorbers may be employed to improve

product recovery and reduce power consumption in the process.

The basic embodiment of the present invention is illustrated in
Fig. 1. Feed stream 1 containing one or more primary components and one or
more secondary components flows to adsorptive membrane module 101, which
contains composite semipermeable membrane 103 which comprises an adsorbent
material supported by a porous substrate as earlier described. For the
purposes 6f this illustration, the primary component is hydrcgen and the
secondary components are CI-C4 hydrocarbons, although other gas mixtures
can be separated by the process as earlier described. These CI-C4
hydrocarbons preferentially adsorb and permeate through membrane 103 and
hydrogen-enriched nonpermeate stream, containing a residual concentration
of hydrocarbons, flows from membrane module 101. Feed stream 101 is
supplied at a pressure preferably between 20 and 300 psig, and nonpermeate
stream 3 is withdrawn at a slightly lower pressure due to the pressure drop
across the module of typically 2 to 5 psi. Membrane nonpermeate stream 3
is compressed if necessary in compressor 105 to between 200 and 400 psig,
and compressed stream 5 flows into PSA system 107 in which essentially all
of the residual hydrocarbons are selectively adsorbed. High purity
hydrdgen product’ stream 7 containing up to 99.999 vol% hydrogen is
withdrawn therefrom. PSA reject stream 9 is withdrawn at a pressure
typically between 2 and 50 psig and passed through the permeate side of



i-ncreased using this sweep gas. In the present invention, the PSA reject

gas is preferred over the hydrogen product as the sweep gas. This results

i n higher hydrogen recovery and a nore energy efficient separation.

Al ternatively, other streans containing one or nore of the sanme secondary
conponents present in the nenbrane feed gas may be used as a sweep gas
across the second nenbrane surface when no further separation of the
menbrane nonperneate streamis desired, or when the reject streamfroma
PSA system treating nenbrane reject gaslﬂs used for another purpose. In the
separation of hydrogen-hydrocarbon m xtures, for exanple, such other
streans woul d include natural gas or certain hydr ogen- hydr ocar bon gas
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subambient temperature.

The present invention as illustrated by Fig. 1 is characterized by
the unique feature that the hydrocarbon impurities are recovered from feed
stream 1 in membrane module 101 and PSA system 107 at low pressure, while
hydrogen product stream 7 and membrane nonpermeate product stream 3 are
recovered from the respective process steps at much higher pressures.
Typically module 101 can be operated at a somewhat lower pressure than PSA
system 107 because of the high hydrocarbon permeability of adsorbent
membranes. This unique feature is in direct contrast with a typical prior
art membrane-PSA combination system which utilizes a polymeric membrane
because the hydrogen selectively permeates through the polymeric membrane
‘and is withdrawn from the membrane module on the low pressure side. This
requires significant recompression of the hydrogen-rich polymeric membrane
permeate stream prior to feeding to the PSA system when compared to the
present invention. In addition, feed compression is required for polymeric
membranes because of their low absolute permeabilities but is usually not
required for adsorbent membranes which have high permeabilities. The
method of the present invention as illustrated in Fig. 1 therefore allows
recovery of hydrogen product stream 7 with a much lower power consumption
than a corresponding membrane-PSA combination system which uses a polymeric
membrane. Module 101 and PSA system 107 can be operated at similar
pressures if desired, which would eliminate the need for compressor 105.



carbon conposite nenbrane for use in the present invention and nethods for
maki ng the nenbrane are disclosed in U S. Patent 5,104,425, the -9-
specification of which is incorporated herein by reference. One type of
menbrane for use in the present invention is nmade by coating a porous
graphite substrate wwth a thin filmof an aqueous suspension (| atex)
containing a polyvinylidine chloride-acrylate terpolyner, drying the coated
substrate at [err] for five mnutes, heating the substrate in nitrogen to
[err] at a rate of [err] per mnute, holdEng at tenperature for three
hours, and cooling to anbient tenperature at [err] per m nute. The pol yner
coating is carboni zed during the heating step thereby formng an ultrathin

| ayer of m croporous carbon on the substrate. The adsorben&ﬁvegbr&gg and
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fabricat eqopfrésskloff $BEEIsary to between 200 and 1000 psig by compressor 109 to
yield reformer feed stream 13. A portion of methane-containing feedstream
12 is utilized as reformer fuel stream 15. In reformer system 111,
utilizing methods well-known in the art, feed stream 13 is combined with
steam (not shown) and reacted catalytically at an elevated temperature to
form a raw synthesis gas comprising hydrogen, carbon monoxide, carbon
dioxide, water, and unreacted methane. Carbon monoxide is shifted (not
shown) to form additional hydrogen and carbon dioxide, yielding raw
hydrogen product stream 19. The required elevated temperature is provided
by combustion of reformer fuel stream 15 in a reformer furnace (not shown)
which yields flue gas 21. Raw hydrogen product stream 19, typically
containing 15-20 vol% carbon dioxide, 0-4 vol% carbon monoxide, 0-5 vol%
water, and 0-4 vol% methane, is purified in PSA system 107 to vield high

" purity hydrogen product 7 for use in hydrotreating and other applications.

Feed stream 1 in this embodiment is a refinery waste stream typically
containing 5-60 vol% hydrogen and the remainder hydrocarbons. Such streams
are typically used as fuel rather than for hydrogen recovery. Membrane
module 101 is operated as described earlier. In the present embodiment,
compressed membrane nonpermeate pfoduct stream 5 is combined with raw
hydrogen product stream 19, and-combined stream 22 is passed to PSA system
107. In the PSA system, residual hydrocarbons, carbon monoxide, carbon
dioxide, and water are removed by selective adsorption to yield high purity
hydrogen product stream 7. Methane-containifig PSA reject stream 23, which
differs in compdsition from PSA reject stream 9 of Fig. 1, is utilized as a
sweep gas in membrane module 101: combined sweep gas/permeate effluent
stream 25, containing essentially all hydrocarbon impurities in feed stream



configuration which can be assenbled into a nodul e using a pl ate-and-frane
arrangenment. Alternatively,. the adsorbent menbrane and support can be
fabricated in a nmonolith configuration to provide a high nenbrane surface
area per unit volune of nenbrane nodule. The nonolith can be a porous
ceram c, porous glass, porous netal, or a porous carbon material. It is
al so possible to use a hollow fiber configuration in which the adsorbent
menbrane i s supported by fine hollom/fipﬁgs_of the substrate material .
Pressure sw ng adsorption (PSA) systens r the separation of gas m xtures
are well known in the art, and are widely used for exanple in the recovery
and purification of hydrogen in the petroleumrefining industry. One
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feed gas flows to anot her adsorber vessel. The isolated vessel is
depressuri zed t1818cEathCHAsoenhod MM be ASBHKk asvhirehrafis t4 @AddEWE 1A om t he

adsorber aaffndr§l PéforREr system 111 and PSA system 107 by installing membrane
module 101 to recover additional hydrogen from waste stream 1. The
operating capacity of PSA system 107 would be expanded to accommodate
additional stream 5, and thus a larger volume of hydrogen product 7 would
be available. This retrofit would eliminate the need for installation of
another reformer system otherwise required to increase hydrogen production
capacity.

An alternate but related embodiment is illustrated in Fig. 3 in which
an adsorptive membrane module, a PSA system, and a steam-methane reformer
are integrated in a manner different from that of Fig. 2. In the present
embodiment of Fig. 3, methane-contaihing PSA reject stream 23 is utilized
as fuel in reformer system 111, a portion 29 of reformer feed stream 12 is
optionally reduced in pressure across valve 113, and stream 31 is utilized
for sweep of the permeate side of membrane 103 in module 101. Combined
sweep gas/permeate effluent stream 33, containing essentially all
hydrocarbon impurities in feed stream 1, is withdrawn from membrane module
101 at between 2 and 50 psig and is compressed to 200-500 psig in
compressor 115. [t has been unexpectedly found that sweep with methane
improves hydrogen recovery and increases the hydrocarbon permeation rate
through the membrane, and is preferred over hydrogen as a sweep gas.
Compressed sweep gas/permeate effluent stream 37 or a portion thereof is
utilized as additional feed for reformer system 111. Alternatively,
portion 39 of stream 37 can be utilized in reformer system 111 as fuel.



waste stream A purge step with product hydrogen sweeps residual

hydr ocarbons fromthe adsorber for recycle to feed, or an external purge
gas may be enployed and the purge gas utilized externally. Various pressure
equal i zati-on steps between adsorbers may be enployed to inprove product
recovery and reduce power consunption in the process. The basic enbodi nent
of the present invention is illustrated in Fig. 1. Feed stream 1 contai ning
one or nore primry conmponents and one or nore secondary conponents fl ows
to adsorptive nenbrane nodul e 101, whi chltontains conposite seniperneabl e
menbrane 103 which conprises an adsorbent material supported by a porous
substrate as earlier described. For the purposes of this illustration, the
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Wi thdrawncal afd ALt Stream 49 containing C, and heavier hydrocarbons. The use
of a dephlegmator for separating hydrocarbons is known in the art, and is
disclosed for example in U.S. Patent 4,002,042 the specification of which
is incorporated herein by reference. A dephlegmator is essentially a
vertical heat exchanger having passages in which an upward-flowing
feedstream is COoled by indirect refrigeration, thereby condensing some of
the heavier mixture components which flow downward on the walls of the
passages forming a reflux liquid. The liquid flows from the bottom of the
dephlegmator as the heavier product stream; the uncondensed components are

withdrawn overhead as the light product.

Stream 49 is essentially liquified petroleum gas (LPG) which is a
widely marketable fuel; alternatively stream 49 can be separated further
into valuable petrochemical feedstocks. Stream 47 is combined with
compressed membrane nonpermeate gas 5 and the combined stream 51 provides
feed to PSA system 107; this further processing of stream 47 maximizes the
recovery of hydrogen product 7 and LPG product 49. Using the membrane to
recover hydrocarbons from feed stream 1 increases the partial pressure of
hydrocarbons to the dephlegmator, which allows bperation of the
dephlegmator at a higher temperature, which in turn requires less
refrigeration duty. Also, use of the membrame decreases fiow to the
dephlegmator which reduces the size of the dephlegmator and compressor 117.
Thus this embodiment is a new and useful integration of an adsorptive
membrane module, a PSA system, and a dephlegmator for recovering high



typically between 2 and 50 psig and passed through the perneate side of
nmenbrane nodul e 101 to sweep nenbrane 103. Conbi ned sweep gas/ perneate

ef fl uent stream 11, containing essentially all hydrocarbon inpurities in
feed stream 1, is withdrawn from nenbrane nodule 101 at between 1 and 45
psig. It has been unexpectedly found that sweeping the perneate side of the
menbrane with the nethane-containing PSA reject inproves hydrogen recovery
and i ncreases the hydrocarbon perneatiog rate through the menbrane conpared
with the use of hydrogen as the sweep ¢ g,'and is thus preferred over
hydrogen as a sweep gas. Menbrane nodul e 101 and PSA system 107 typically
operate in a near-anbient tenperature range between 60 and [err], although
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char act ePRzeRdhgitard fiSgderslddi V8l {Pnval ¥ 8Ly ocarbon inpurities are
recovered fromfeed stream 1l in nmenbrane nodul e 101 and PSA system 107 at

| ow pressure, while hydrogen product stream 7 and menbrane nonper neate
product stream 3 are recovered fromthe respective process steps at much
hi gher pressures. Typically nodul e 1EXAMEBE lbe operated at a sonewhat | ower
pressure than PSA system 107 because of the high hydrocarbon perneability
of adsorbent nenbranes. This unique feature is in direct contrast with a
typi cal prior MaphramesinergenddsAby cradt hng ipenousy {0 shmiarah pare |di aeeter)

pol ynmer i gragiRead\bstrate discs 4.5 inches in diameter with a thin film of an
aqueous suspension (latex) containing a polyvinylidine chloride-acrylate
terpoiymer, drying the coated discs at 150°C for five minutes, heating the
discs in nitrogen to 1000°C at a rate of 1°C per minute, holding at
temperature for three hours, and cooling to ambient temperature at 10°C per
minute. The polymer coating is carbonized during the heating step thereby
forming an ultrathin layer of microporous carbon on the substrate discs.
A laboratory plate-and-frame membrane module was constructed using five of
these discs having a total membrane area of 0.385 sq ft. A feed gas
centaining 40 vol% hydrogen, 20 vol% methane, 10 vol% ethane, and 10 vol%
propane at 262°K and 50 psig was passed through the feed side of the
membrane at a flow rate of 6.74 «x 1073 gmol/sec. Hydrogen with a purity of
99.995 vol% was passed at the same temperature and 1 psig as a sweep gas
through the permeate side of the membrane at three different flow rates
corresponding to sweep:feed ratios of 0.053, 0.079, and 0.155. Composition
and flow rates were determined for the membrane nonpermeate stream and the
combined permeate/sweep effluent stream; hydrocarbon rejection and hydrogen
recovery were calculated by material balance for each sweep:feed ratio.
Hydrocarbon rejection is defined for each component as the percentage of
each individual hydrocarbon in the membrane module feed which is withdrawn
from the membrane module in the combined permeate/sweep effluent stream.
The hydrogen recovery is defined as the difference between the hydrogen
flow rate in the high préssure membrane product (i.e. stream 3 in Fig. 1)
and the hydrogen sweep flow rate, divided by the flow rate of hydrogen in -
the membrane feed (i.e. stream 1 in Fig. 1. The procedures were repeated
using methane (99.7 vol% purity) as the sweep gas. The results are



because the hydrogen sel ectively perneates through the polyneric nmenbrane
and is withdrawmn fromthe nenbrane nodule on the | ow pressure side. This
requires significant reconpression of the hydrogen-rich polymeric nenbrane
perneate streamprior to feeding to the PSA system when conpared to the
present invention. |In addition, feed conpression is required for polyneric
menbr anes because of their | ow absolute perneabilities but is usually not
required for adsorbent nenbranes which haye high perneabilities. The

met hod of the present invention as illustrated in Fig. 1 therefore allows
recovery of hydrogen product stream7 with a nuch | ower power consunption
than a correspondi ng nenbrane- PSA conbi nati on system whi ch uses a polyneric
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al ternate enbodi nrent of the present invention shown in Fig. 2. 1In this
embodi ment, a steam nethane reformer for the production of hydrogen is
integrated with the enbodinment of Fig. 1. A portion of nethane-containing
feed stream 12, typically natural gas or a refinery offgas stream is
conpressed if necessary to between ZO,BﬁPd 1000 psig by conpressor 109 to
yield reforner feed stream 13. A porti L&l et hane- cont ai ni ng feedstream
12 is utilized as refornmer fuel stream 15. In refornmer system 111,

EFFECT OF SWEEP GAS COMPOSITION ON MEMBRANE PERFORMANCE

S/F = 0.053 S/F = 0.097 S/F = 0.155
SWEEP  SWEEP SWEEP SWEEP SWEEP  SWEEP
Hydrogen Récovery
in Module, % 68.9 71.0 57.0 70.0 47.8 70.0
Hydrogen Product .
Purity, Mol % 50.0 51.5 50.9 52.4 52.3 53.2
Hydrocarbon
Rejection, % _
Butane 86.6 95.4 92.2 97.6 98.3 100.0_
Propane 60.6 69.8 66.0 - 76.3 75.2 82.4
Ethane , 34.5 46.8 37.6- 51.9 23.0 56.4

Methane 20.7 29.0 8.3 29.0 23.0 27.7



utilizing methods well-known in the art, feed stream 13 is conbined with
st eam (not shown) and reacted catalytlcally at an el evated tenperature to
forma raw synthesis gas conprising hydrogen, carbon nonoxi de, carbon

di oxi de, water, and unreacted nethane. Carbon nonoxide is shifted (not
shown) to form additional hydrogen and carbon di oxide, yielding raw
hydrogen .product stream 19. The required el evated tenperature is provided
by conbustion of reformer fuel streaml n a reforner furnace (not shown)
whi ch yields flue gas 21. Raw hydrogen product stream 19, typically
cont ai ni ng 15-20 vol % carbon di oxi de, 0-4 vol % carbon nonoxi de, 0-5 vol %
water, and 0-4 vol % nethane, is purified in PSA system 107 to yield high
purity hydrogen product 7 for use in gyasppt reati ng and ot her applications.
Feed stream 1 in this enbodinent is a refinery waste streamtypically
cont ai ni ng 5-60 vol % hydrogen and the renai nder hydrocarbons. Such streans
are typical l'y Theedats off uBlampdé Hewetdraised oto by trudged thecenpecyed igenboamace
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Petrochemical Engineers, Feb. 26, 1976. At a PSA feed concentrat1on of
about 51 vol% hydrogen (which is a typical membrane product purity as shown
in Table 1) the PSA system operates at a hydrogen recovery of 60%. The
overall hydrogen recovery from the combined membrane-PSA system was
calculated by material balance for two cases: (1) membrane sweep provided
by part of the PSA hydrogen product and (2) membrane sweep provided by
methane-containing PSA reject gas. The effects of sweep gas on membrane
performance were based on the data of Example 1. The results of the
calculations for three different sweep-to-feed ratios are given in Table 2
and illustrate that the use of PSA reject as the sweep gas allows
significantly higher hydrogen recovery than the use of product hydrogen as
the sweep gas.

Table 2
Overall % Hydrogen Recovery for Membrane-PSA System
% Hydrogen Recovery

Sweep/Feed Ratio Hydrogen Sweep PSA Reject Sweep
0.053 37.3 42.6
0.097 23.9 42.0

0.155 ' 13.8 . 42.0

These results in combination with Example 1 illustrate that the PSA
reject stream is the preferred sweep gas because (1) the methane-containing



--13 - 1 and inpurities in raw hydrogen product stream 19, is w thdrawn
from menbrane nodul e 101 at between 2 and 50 psig. The use of nethane-
contai ni ng sweep gas inproves hydrogen recovery and increases perneation
rrates through nenbrane 103. Optionally, a portion 27 of conbi ned sweep

gas/ pernmeate effluent stream 25 is used as fuel in reforner system 111.
This particular enbodinent is useful as a retrofit to an existing refinery
reformer system 111 and PSA systenL107_b%3Lnstalling menbrane nodul e 101 to
recover additional hydrogen fromwaste stream 1. The operating capacity of
PSA system 107 woul d be expanded to accomodate additional stream5, and
thus a larger volune of hydrogen product 7 would be avail able. This

retrof it whehdgsd ik Addsest it RESELHION diMAYGROLAHAY Aid IOREGEs Iefedr Mer
system ot her wi se regﬁired to |Hcrease hy rogen proaéftlon cagaC|ty. An
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adsor pt i vieydregén areovargube, the Eswbiayd memranedrsh syseam.net hane reforner are
integrated in a manner different fromthat of Fig. 2. In the present
enbodi mrent of Fig. 3, methane-containing PSA reject stream 23 is utilized
as fuel in reformer system 111, a porEXAMALRS of refornmer feed stream 12 is
optionally reduced in pressure across valve 113, and stream 31 is utilized
for sweep of the perneate side of nenbrane 103 in nodule 101. Conbi ned
sweep gas/ per meldeemenbmane modyd ¢ cafnfxampleohwas nised e separatiel ¢ gasl stream

with a composition of 20 vol% hydrogen, 20 vol% methane, 16 vol% ethane +
ethylene, and 44 vol% propane + propylene, which is a typical composition
of a certain type of petroleum refinery waste gas stream. This gas was fed
to the membrane module at 100 psig, 80°F, and a flow rate of 3.3 x 1074
gmol/sec; the permeate side of the membrane was purged with a methane-rich
sweep gas at 1 psig and 80°F with a sweep:feed ratio of 0.2. This sweep gas
contained 29.6 vol% hydrogen, 10.3 vol% ethane, and 60.1 vol% methane,
which is the approximate composition of the PSA reject stream 9 of Fig. 1.
56% of the hydrogen in the feed was recovered in the membrane nonpermeate
at 95 psig and 80°F at a flow rate 0.3 times the feed rate. The
sweep/permeate effluent was withdrawn at 1 psig, 80°F, and a flow rate of
0.9 times that of the feed rate. Hydrocarbon recoveries in this stream
were 45.4% for methane, 75.0% for ethane + ethylene, and 98.0% for propane
plus propylene. Thus the bulk of the heavier hydrocarbons permeated across
the membrane while a high hydrogen recovery was achieved.

EXAMPLE 4

The experimental data of Example 3 were used to calculate the
expected performance of the membrane module operating in series with a
pressure swing adsorption (PSA) system in which the adsorbent membrane
nonpermeate stream provides feed to the PSA system and the methane-
containing PSA rejecf stream provides sweep gas to the membrane module.
The feed stream of Example 3 cannot be separated using a PSA system alone
because hydrogen recovery would be uneconomically low. The use of a '



hydrocarbon inpurities in feed stream 1, is w thdrawn from nenbrane nodul e
101 at between 2 and 50 psig and is conpressed to 200-500 psig in
conpressor 115. It has been unexpectedly found that sweep wth nethane
i-nmproves hydrogen recovery and increases the hydrocarbon perneation rate

t hrough the nenbrane, and is. preferred over hydrogen as a sweep gas.
Conpressed sweep gas/perneate effluent stream 37 or a portion thereof is
utilized as additional feed for reformer system 111. Alternatively, portion
39 of stream 37 can be utilized in reforf¥er system 111 as fuel. - 14 -
An alternate enbodinent is illustrated in Fig. 4 in which nenbrane nodul e
101 and PSA system 107 are operated in a manner simlar to the enbodi nent

of Fig. 1. AIn this Itern te e ort n 41.of ~met hane- cont ai ni ng
PSa 1 o] ectolyBrtth, Pemirant s ctr S6e P8, aushel o) 8 ehlink anE dloathe 101 to
yi el d swemesgase pecanszt of stheebow hidrofer conmenitrabtprpontihenfdd gas PSA rej ect
stream 9 is renpved as purge and is typically used as fuel. Stream 11 is

conpressed to 100-300 psig in conBressor 117 and conpressed
hydr ocar bon-ri tt¢ perkoamea® p§ thedPYh syetam epgnatdng pmothenpdsarbsepaieabeane

stream 45ndnﬂéﬁne%ttées9tmeéﬁ vﬁ%“&@ld&ﬂ&‘ﬂed ubHdr @ﬁ@%‘@@ﬁh%rh' ddvligh ndtApdL<3. and
pr oduct ream 49 cont ai ni 9 Ed heavier ﬁ%droc ons The use of a
Sy &

dephl eg e(§Fr1= B¢ dar Le8 A BRATEECI& 80k GIRd ¢ H¥IEREeN and i s
di scl osecPuroficatdoplby Preddube FahemdsdrtidnO42oh hchespedriofer Slympesiaf whi ch

the French Association of Petrochemical Engineers, Feb. 26, 1976. The
energy consumption for this membrane-PSA system at a hydrogen production
rate of one million standard cubic feet per day were calculated and
compared with known information for the production of hydrogen by the
conventional route of steam-methane reforming (SMR) with product recovery
by PSA. The calculations were based on a hydrogen product purity of 99.999
vol% at a pressure of 200 psig. Net energy consumption for operating the
membrane-PSA system was calculated as the energy (fuel) content of the
waste gas feed minus the'energy (fuel) content of the combined -
sweep/permeate stream plus the compression energy for operation of the
membrane-PSA system. The net energy consumption for the SMR-PSA system was
calculated as the energy (fuel) content of the methane feed plus the
compression energy for operation of the SMR-PSA system minus the energy
content of export steam from the SMR; the PSA rejéct stream was used as
fuel in the SMR as commonly practiced. Capital costs were calculated for
the membrane-PSA system and the SMR-PSA system using known commercial SMR
and PSA costs and engineering estimates of the adsorbent membrane module
cost. Table 3 summarizes the results of the calculations in terms of
relative capital cost, hydrogen product cost, and energy consumption for
the two production methods. The results indicate that recovery of hydrogen
from waste gas containing hydrogen and hydrocarbons using the membrane-PSA
system of the present invention is less energy-intensive and more cost-
effective than the production of hydrogen from methane via steam-methane
reforming when compared on the basis of standalone membrane-PSA and SMR-PSA
systems. ' '



i s’incorporated herein by reference. A dephlegmator is essentially a
vertical heat exchanger having passages in which an upward-fl ow ng
feedstreamis cooled by indirect refrigeration, thereby condensing sone of
t he heavier m xture conponents which fl ow dowmmward on the walls of the
passages formng a reflux liquid. The liquid flows fromthe bottom of the
dephl egmat or as the heavi er product stream the uncondensed conponents are
wi t hdrawn overhead as the |ight product. éytean149 is essentially liquified
petrol eum gas (LPG which is a widely nmarketable fuel; alternatively stream
49 can be separated further into valuable petrochem cal feedstocks. Stream
47 is conbined with conpressed nmenbrane nonperneate gas 5 and the conbi ned
stream 51 provides feed to PSA system IQBletshis further processing of
stream 47 maxi m zes the recovery of hydrogen product 7 and LPG product 49.

part al pr essur SRt HeuFER ons tearRRe ABmhr et and REFA syBheR e " 1"
operation of the dephl egmat or at a higher tenperature, which in turn.
requires less refrigerati Al's t he ases fl ow
to the dephl egmat or mhlcﬁggﬁggﬁ§§§% gﬂ%%ﬁﬁgﬁﬁﬁ N RGefeeE

conpr essoryembfanel BUps4d hi s enmpogy nent i s g mew and usef up. ggnt egration of an
adsorptive nmenbrane nodul e, a PSA system and a dephl egmator for recovering

hi gh 15MR + PSA 1.00 . 1.00 1.00

In addition, a material balance was prepared for the key streams in
the membrane-PSA system in accordance with the stream number designations
of Fig. 1, and a summary of stream flow rates, compositions,_and pfessures
are given in Table 4.



purity hydrogen and LPG froma refinery waste stream which ot herw se woul d
be used directly as a relatively | owvalue fuel. EXAVMPLE 1 Menbranes were
made by coating porous (0.7 mcron pore diameter) graphite substrate discs
4.5 inches in dianeter with a thin filmof an aqueous suspension (| atex)
containing a polyvinylidine chloride-acrylate terpolynmer, drying the coated
discs at [err] for five mnutes, heatimglthe discs in nitrogen to [err] at
arate of [err] per mnute, holding TMBLEesperature for three hours, and
cooling to anbient tenperature at [err] per mnute. The polyner coating is
carboni zed during the lFREAMFEOBPRATES AND COMAROPTEONSIl trathin | ayer of

m croporous carbon on the substr &R ¢XaMPLEA | abor at ory pl at e- and-frane
menbr ane nodul e was constructed using five of these discs having a total
menbrane area of 0.385 sq {$TREANMSEIMBERSEROMIMGNY 40 vol % hydrogen, 20
vol % met hane, 10 vol % et hane, and 10 vol % propane at [err] and 50 psig was
passed through the feed side of the nenbrane at a flowrate of 6.74 x 10-5
gnol / sec.gyldygy ogen with a pujity of_#$9.995 vel % was_passed ap the samai
tenperature and 1 psig as a sweep gas through the perneate side of the
menbr ane pdwrafy fAMSCEDHeEr ent 1l ow rat esq correspapndi ng 1.0 sweeps.heed rasitos
of 0.053, 0.079, and 0.155. Conposition and flow rates were determ ned for

the menbrape [apevsBat e stream and the conbi ned perneate/ sweep eff | uent
stream hydrocarbon rejection and hydrogen recovery were cal cul ated by

mat eri al for each sgeep: feeg {atio.4flydrocasden rejggbion igas
g-w ea@ﬁ

defined f conponent as the percentage of each individual hydrocarbon

in the menprane nodul e feed gghf ch i 49 t hdr aydg 00 525 217
Ethylene 8.4 8.1 8.1 . 0.0 10.5 9.0
Ethane | - 7.6 6.7 6.7 | 0.0 8.7 8.1
Propylene 28.5 1.7 1.7 0.0 2.1 30.4
Propane 15.0 1.8 1.8 0.0 2.3 16.0

Pressure. psig : 100 95 205 200 5 2.



f.rom the menbrane nodule in the conbined perneate/ sweep effluent stream
The hydrogen recovery is defined as the difference betmeen t he hydrogen
flowrate in the high pressure menbrane product (i.e. stream3 in Fig. 1)
~and the hydrogen sweep flow rate, divided by the flom1rate of hydrogen in
the nmenbrane feed (i.e. stream1 in Fig. 1. The procedures were repeated
usi ng nethane (99.7 vol % purity) as the sweep gas. The results are - 16
- summarized in Table 1 and clearly show that the use of nethane as a sweep
gas yi el ds hi gher hydrogen recovery and-HZgher hydrocarbon rejection than
the use of hydrogen as a sweep gas. TABLE 1 EFFECT OF SWEEP GAS COVPOSI TI ON

ON MENMBRANE PERFCRNKNCE S/F 0. 053 SIF = 0.097 SIF =
0. 155 [err] SWEEP SVEEP SWEEP SWEEP SWEEP

Hydr ogen RecoveF"iP‘?—n”’ I\)ddHF’érat% the use of RpAgreject as the sweep 9a§7’OW?‘

gg g comb4ed adsorbédt OnenpdamgPoA Féry@dmbfPng tl( Vhé d$e of the edbir@

methgr(l)e 9mch PSAS%eJélect stream S'):’as the sweep ga ragt?e%‘r QRQn Rebgrq’ct1'o?1nof
high purity hydrogen product stream 7, is preferred because the recovery of
hydrogen is maximized. Hydrogen recovery using the PSA reject as sweep is
30.9%. A comparison of the pressures of membrane feed stream 1 and
membrane nonpermeate stream 3 illustrates that significant hydrogen
enrichment is achieved with minimum pressure drop, which is fundamentally
different than the operation of a polymeric membrane in which hydrogen
enrichment by permeation through the polymeric membrane is achieved with a
much larger pressure drop. The high'rejection of propane and propylene in
the permeate from the adsorbent membrane is clearly illustrated by a
comparison of the compositions of streams 1 and 3.

The present invention thus enables the improved operation of an
adsorbent membrane which comprises a microporous adsorbent material
supported by an essentially inert substrate. By using a sweep gas other
than high purity product gas, product recovery is increased and membrane
performance is enhanced by the increased permeation rates of the
contaminants in the membrane feed. In the recovery of hydrogen from
hydrogen-hydrocarbon mixtures, in particular when a PSA system is operated
in series with the membrane, it has been found unexpectedly that the
methane-containing reject stream from the PSA system is a more effective
sweep gas than hydrogen product for increasing the permeation rate of the
C2 and especially C3 hydrocarbons. This is desirable because hydrogen
recovery is significantly higher when a portion of hydrogen product is not
used for sweep, and further because the use of the preferred sweep gas
reduces the membrane area required to prdcess a given gas feed rate.
Methane is a particularly effective and economical sweep gas for an
adsorptive membrane system integrated with & steam-methane reformer, since
a portion of the reformer methane feed can be used for sweep with the
permeate;sweep effluent gas returned to the reformer as feed or fuel.



But ane 86.6 - 95.4 92.2 97.6 98. 3

100. 0 Propane 60. 6 69. 8 66. 0 76.3 75.2
82.4 Et hane 34.5 46. 8 37.6 51.9 23.0
56. 4 Met hane 20. 7 29.0 8.3 29.0 23.0
27.7 - 17 - EXAMPLE 2 The data of Exanple 1 were used to calculate the

expect ed performance of the nmenbrane nodul e operating in series with a
pressure swi ng adsorption (PSA) system.iss which the menbrane nonperneate
stream provides feed to the PSA systemas shown in Fig. 1. The performance
of the PSA systemwith this feed gas was cal cul ated using the standard

desi gn net hods described by L. Lancelin et al in an.article entitled
"Hydrogen Purifiecattantiby daeastardsSidsngf Atheoppdsent” i fveati dharklydsagebed

Synposi um of Fr. Lati Petr en g eb. 26,
1876 At SRR AT OB ERRRE P 3y P, " 350U T s PSR e e
typi cal nenderatandpthbelloveptiont ndagakdhoanidus Madi fd cayiansetiretoyeithout

oper at es I r e from
he. com; SepgPtINETFRAE TR SFAE, Spfhie Hired aﬂ“?‘ﬂ“*’umﬁ’”ﬁ’wafﬁﬁ'ﬁﬁﬁi—‘or two
cases: (15@?6%%"%@/\/@@&%‘&9'%@ of/ tﬁﬁr‘t‘adﬂ‘st"ﬂ‘éCP’SCN HP¥r ogen product and
(2) nenbrane sweep provi ded by nethane-containing PSA reject gas. The
effects of sweep gas on nenbrane perfornance wer e based on the data of
Exanple 1. The results of the



cal culations for three different sweep-to-feed ratios are given in Table 2
and illustrate that the use of PSA reject as the sweep gas allows

significantly higher hydrogen recovery than the use of product hydrogen as
the sweep gas. TFabte2-OreralH--%Hydrogen Recovery for Menbrane-PSA System

% Hydr ogen Recove =y I 0 Hydr ogen Sweep PSA
Rej ect Sweep 0.0SF"" m I 37.3 _ 42.6 0.097
23.9 » ¢ 42, ;

. ' 13.8
42.0 These results in conbination mﬁth'EQ%ﬁple 1 illustrate that the PSA
reject streamis the preferred sweep gas because (1) the nethane-containing
-18- sweep gas increases the rejection of hydrocarbons and increases the
recovery pf djy¢pogen in the nenbrane nodule, and (2) increases the overal
hydrogen recovery of the conbi ned nmenbrane- PSA system EXAMPLE 3 The
menbrane nodul e of Exanple 1 was used to separate a gas streamwth a

C?Epfsition gf 20 val fedhudr rgethe 2acovrio oiohars nike peiféryt bawpenents

ethytene, f%]m a43'asve%|usA) &regpn?{]xei\:u?e pcro%8¥1] se%rr]ag’sa\qﬁa' Sr%'a?y %oW@He%L &ABRSY on
more secondary components, wherein said secondary components are more
strongly adsorbed on an adsorbent material than said primary components,
said method comprising:

(a) passing said feed mixture into a separator containing a
'composite semipermeable membrane comprising microporous
adsorbent material supported by a porous substrate, said
membrane having a feed side and a permeate side, and
withdrawing from said separator a nonpermeate intermediate
product stream enriched in said primary components, wherein
portions of said secondary components are selectively adsorbed
by said microporous adsorbent material and diffuse from the
feed side to the permeate side of said membrane as an adsorbed
fluid phase;

(b) withdrawing from the permeate side of said membrane a
permeate comprising said secondary components;

(c) separating said nonpermeate intermediate product stream
into a high-purity product stream comprising said primary
components and a reject stream comprising an additional portion
qf said secondary components; and

(d) passing at least a portion of said reject stream across
the permeate side of said membrane as a sweep gas and
withdrawing from said separator 4 sweep gas/permeate effluent
stream, thereby increasing the recovery of said primary
components and increasing the permeation rate of said secondary
components through said membrane.



of a certain type of petroleumrefinery waste gas stream This gas was fed
to the nmenbrane nodule at 100 psig, [err], and a flowrate of 3.3 x 10-4
gnol / sec; the perneate side of the menbrane was purged with a nethane-rich
sweep gas at ~i—pstgand [errj—wth a sweep:feed ratio of 0.2. This sweep

gas cont ai ned g ' n, 10.3 vol % et hane, and 60.1 vol % et hane,
which is the aimlﬁmmrﬂjmmv@gﬁl tion of the PSA reject stream9 of Fig. 1.
56% of the hydregen Tn s was recovered in the nmenbrane nonperneate
at 95 psig and [err] at a flowrate 0.3%imes the feed rate. The

sweep/ perneate effluent was withdrawn at 1 psig, [err] and a flow rate of

0.9 tines that of the feed rate. Hydrocarbon recoveries in this streamwere
45. 4% f or net hape, £5. 09 r gthane .+ |l ene,, and 98.0% for pr ne _pl us
propy! ene. Thu?j't he17 euﬁﬁ/%%o@ ?ﬁe‘ﬂﬁg’gvﬁ gﬁé{%ﬂr A b’brtr?@f)@r‘ar?ﬁa‘f@ﬁﬁﬁg?%{ga'ﬁhe
menbr ane ithiseparathd gin Byer dgerby passiagytheastcaami inteda [EABPLE swide

experi me : . USe h

per or a3 o e SYstel MR E1r? 4 ik SecoRaid EbtBhEnts SrE RTEL kel .

swi ng ads¥ispriesh amba) thdrawdng itheggfirem said gw;bptv@rw PROSYE Breompoipegnths e
stream prpvnges cofgsheh®s taha 541 $¥fé&”§ﬁ%€mté‘dﬁlpﬁﬁstilﬂgm aﬁ@i"ﬁ%—?m rievh

rej ect st%eanhgroviq§s smeeg s to the nmenbrane no . The teed stream of
Exampl e 2'cadHbepNaAER L0 %éli}ér ng a PSA system al one because hydrogen
recovery would be uneconomcally |ow. The use of a

3. The method of Claim 2 wherein said primary components comprise
at least hydrogen.

4. The method of Claim 3 wherein said secondary components
comprise hydrocarbons selected from the group consisting of methane,
ethane, ethylene, propane, propylene, butane, isobutane, butylene,
isobutylene, and mixtures thereof. |

5. The method of Claim 4 wherein the pressure of said feed stream
is between 20 and 300 psig.

6. The method of Claim 5 wherein the pressure of said intermediate
product stream is between 15 and 295 psig.

7. The method of Claim 4 wherein the pressure of said reject
stream used as said sweep gas is between 2 and 50 psig.

8. The method of Claim 4 which further comprises reforming a
methane-containing feed stream in a steam-methane reformer to produce a
synthesis gas comprising hydrogen, carbon oxides, water, and unreacted



19 - polyneric menbrane ahead of the PSA systemwould require a high feed

pressure because of the | ow hydrogen concentration in the ’
performance of the PSA system operating on the adsorbent ,enbra§§g§§9EDBEEN
nonper neate stream was caflcutated using the standard desi @a=—aet

described b in an article entitled "Hydrogen

Purificati o?“'mmmlml"m&mﬁg Adsorption" fromthe Hydr ogs Shee @SHeetm faced
the French Assoéiati oh of Petirochem cal Jgngi neers, Feb. 26, ﬁ Hst)

energy consunption for this nembrane-PSA system at a hydrog ’ ’

rate of one mllion standard cubic feet per day were cal cul ated and

conpared wi th known information for the production of hydrogen by the

convent i of@hafi®Utagd domBt SRIEH a@itmeyneufeeﬁs)rgmsn@‘ thSMRd Wh Edrmt PAEC hrédfc@ver y

by PSA. T e cal cul atjons on a, hydro roduct purity of 99.999

vol % at o PraELIFar Q@%geﬁsurel\mm‘gn@q PE sfﬁﬁ%@ Mon for operating the

menbr ane- PSA system was cal cul ated as the energy (fuel) content of the
waste gas feed minus the energy (fuel) content of the conbi ned

sweep/ perneate stream plus the conpression energy for operation of the
menbr ane- PSA syt enfheThethedt obfdaiyy & whishnurtherfcompr feesSVRE H3Ang \att em was

cal cul at eha3$ § p%§€{b%.r gy s(af1He§v)ee58§hts?E m%lvﬁé fbgfv@é&aaaéaﬁegs %g? *nheam

conpressi on_ene oper at1 on PSA system mnus the ené

cont ent cfteaRAtNaRe S8APMMESM t he SMR, the PSA reject stream was used as

fuel in the SMR as commonly practiced. Capital costs were calculated for

t he nmenbrane- PSA system and the SMR-PSA system usi ng known conmerci al SMR

and PSA costs and engi neering estinmates of the adsorbent nenbrane nodul e
10.  The method of Claim 4 which further comprises passing at least

a portion of said sweep gas/permeate effluent stream into a dephlegmator,
withdrawing therefrom a hydrocarbon product stream containing C3 and
heavier hydrocarbons, also withdrawing therefrom an intermediate light
hydrocarbon stream containing components lighter than C3, and combining
said intermediate light hydrocarbon stream with said intermediate product
stream prior to said pressure swing adsorption system, '

11. A method for the production of hydrogen from a methane-
containing feed gas and a gas mixture containing hydrogen and hydrocarbons,
wherein said method comprises:

(a) passing said gas mixture into a separator containing a
composite semipermeable membrane comprising microporous
adsorbent material -supported by an porous substrate, said
membrane having a feed side and a permeate side, and
w}thdrawing from said separator an intermediate product stream
enriched in hydrogen, wherein portions of said secondary
components are selectively adsorbed by said microporous
adsorbent material and diffuse from the feed side to the
permeate side of said membrane as an adsorbed fluid phase;



cagst. Table 3 summarizes the results of the calculations i of
rel ative capital cost, hydrogen product cost, and energy c THISBHERT HAQ'BEEN
the two production 1 nethods The results indicate that rec /ery EPLAGEPPEN

from wast e gas contalnlng ‘thydregen and hydrocarbons usin

ref orm ng when co a#ed"ons basi s of 23t andal one nenbr ane{ ¥
systens. - 20 Table 3 Relative Costs for Standal one Menbi ik A
SMR- PSA Systens Capital Cost Ener gy Cost Net Hydrogen Cbst

Menbr ane + PSA 0.60 . 0.92 ©0.69 SMR + PSA
1.00 1.0(h) withdrawing firo@OtHen pachtiate cride sofrsaéd imembbaieaace was

prepared for the k?@f‘ﬁ&&@%mﬁﬂsﬁﬁﬁsﬁ?myﬁp@cft?@hssySt emin accordance with

t he stream nunber signations o a summary of stream fl ow
rates, conpositions, and pressures are given in Table 4.

(c) reforming a portion of said methane-containing feed gas
in a steam-methane reformer to produce a synthesis gas
comprising hydrogen, carbon oxides, water, and unreacted
~methane, and combining said synthesis gas with said
intermediate product stream;

e—penbrane—RSA-J|
syst em of thenﬁlmﬂm” I's | ess energy-intensive: and nor e cost-
effective tha Jm ﬂﬁf hydr ogen from net hane vi a AR I ,ﬁfed

(d) passing the resulting combined stream of step (c) into a
pressure swing adsorption system wherein hydrocarbons and
carbon oxides are selectively adsorbed, and withdrawing
therefrom a high purity hydrogen product and a reject stream
comprising hydrocarbons and carbon oxides; and

(e) passing the remaining portion of said methane-containing
feed gas across the permeate side of said membrane as a sweep
gas and withdrawing from said separator a sweep gas/permeate
effluent stream, thereby increasing the recovery of hydrogen
and increasing the permeation rate of hydrocarbons through said
membrane.

12. The method of Claim 11 which further comprises utilizing at
least a portion of said sweep gas/permeate effluent stream as fuel in said
steam-methane reformer,

13. The method of Claim 11 which further comprises utilizing at
least a portion of said sweep gas/permeate effluent stream as additional
feed in said steam-methane reformer.



--21 - TABLE 4 STREAM FLOW RATES AND COVPCOSI TI ONS FOR EXANPLE 4 ( STREAM

NUMBERS FROM FI G 1) Stream _ 1 3

9. +1_Emm _MVBCFD 16. 1 4.4 4 IH'SBSRﬁEJ EQ%BEEN
3.4 osition, vol % Hydroge 20.1

41.1 100 1’ 14, 8 Mt hane 2G4 406

40. 6 ""’ ’ Q "' ” lmﬂ 7 Et hyl ene 8T|4s Sheet Has: ﬁeeﬁRe.’i'
8.1 $ * 9.0 Ethaneyg -

6.7 0 0 8. 7 - 8.1 Propyl ene 28 5 '
1.7 0.0 2.1 30. 4 Propane 15.0

1.8 0.0 2.3 16.0 Pressure. psig 100

205 200 14. The method of Zlaim -112&hichTabitber! comprises amashzhEg ase of

E’fSAFr €] eCtl edSt tahgoﬁé"!%ﬁp 935%1{%&@@& Cﬁ%’i‘@éui‘??mﬁ@%gg\tb?@&smmﬁ@g §ﬁ\g§¥§ﬁ em

Q7o Re “Sh €j ect” st
sweep gas systemas fuelnim saddt steangrethagpe nefiprmey . hydrogen product stream 7,
is preferred because the recovery of hydrogen is maxim zed. Fwdrogen
recovery using the PSA reject as sweep is

15. A method for the recovery of one or more primary components
from a gaseous feed mixture comprising said primary components and one or
more secondary componénts, wherein said secondary components are more
strongly adsorbed on an adsorbent material than said primary components,
said method comprisihg:

(a) passing said feed mixture into a separator containing a
composite semipermeable membrane comprising microporous
adsorbent material supported by a porous substrate, said
membrane having a feed side and a permeate side, and
withdrawing from said separator a nonpermeate intermediate
product stream enriched in said primary components, wherein

. portions of said secondary components are selectively adsorbed
by said microporous adsorbent material and diffuse from the
feed side to the permeate side of said membrane as an adsorbed
fluid phase;

(b) withdrawing from the permeate side of said membrane a
permeate comprising-said secondary components; and

(c) passing a sweep gas across the permeate side of said
membrane and withdrawing from said separator a sweep
gas/permeate effluent stream, wherein said sweep gas comprises
one or more of the same secondary components present in said
feed mixture, thereby increasing the recovery of said primary
components and increasing the permeation rate of said secondary
components through said membrane.



30.9% A conparison of the pressures of nmenbrane feed stregpt—apd-—apahrane
nonperneate stream 3 illustrates that signi ficant hydrogen [eMHISSHEET HAS BEEN
achieved wi th m ni num pressure drop, which is fundanentall ] di ff GEPLACEDan
the operafion of a polyneric nenbrane in which hydrogen eanEﬁﬁEﬁF=ﬁ?=========
per meati on m “I mnnerl c menbrane is achieved wth—a much Targer
pressure dr““m* “ E ction of propane and propyl errg,,gsmegtnesmﬁ -
fromthe adsorbénttmehbriané is clearly phlustrated by a’ cogﬂﬂ : | | B

conpositions of streans 1 and 3. The present invention t hu :
| nproved operation of an adsorbent nenbrane which conprise us
adsorbent material supported by an essentially inert substrate. By using a

sweep gas ot hdl6.t han t@arpted syparactorctyges for atectecoeedy @f yories ok muor@ased

the cont ShTR: GOTHRTERES FEf Adesseasroee) ReHEE (BB PO IR, PRER' £ om
hydr ogen-chyponenas emd me<tonrmg‘e secopdary componeatssnwhereda sajisk emom'laoper at ed

in serieg Méér{%nwear%emeagf’mng mr@%oh?e%noﬁ géngdéﬁ'"r‘%ﬁe%f’éuﬂélt%n % ?I ve

nmet hane-containing reject str A systemis a nore ef
sweep gad®rimany ﬁmeéﬁ’pﬁﬁtﬂjéyﬁf% CORY &G :ing the perneation rate of the
C2 and especially C3 hydrocarbons. This is desirable because hydrogen

Used for saeep. anda] ur CHErDBEE SEPEHEORIUT Sy Aach KN Er A husdpPgaEe
reduces the menbrasemgyeraeaEeunenidrahe qmpcissiaganigromirogssadseebentat e.
Vet hane. | A.part | GHbE SIhBRtd By AN BoPARNSIhEREE NREM GRsiphae Advin

adsor ptive nenbrane system imtegra eany net hane reformer, Since
a feed side and a permeate side, wherein said microporous

adsorbent material is capable of selective adsorption and
permeation of said secondary components;

(b) a pressure swing adsorption system comprising a plurality
of adsorbent vessels containing granular adsorbent material
capable of selectively adsorbing said secondary components;

(c) means for introducing said gaseous feed mixture into each
of said separator modules on the feed side of said membrane;

(d) means for removing a nonpermeate intermediate product
stream from the feed side of said membrane from each of said
separator modules, and means for introducing said stream into
said pressure swing adsorption system; '

(e) means for removing a high purity product stream
cémprising said primary components and means for removing a
reject stream comprising said secondary components from said
pressure swing adsorption system;

(f) means for introducing at least a portion of said reject
stream into each of said separator modules and passing the



a-portion of the refornmer nethane feed can be used for swee Tt - t
per neat e/ sweep effluent gas returned to the refornmer as fee Eﬁ'sfgﬁ:?”a%sa&zm B
23 - The essential characteristics of the present invention [ S

e

conpl et ely—in- Phe—foregcrng'disclosure. One skilled in the art can

under st and make various nodifications éperetotmhthput o
departing ﬂ EH‘BH‘ rit thereof, and w thout dep s HeaniReplaced,
eQU|ua ‘ 1§ N

scope and nts of the clghgs whi ch f0||oﬁd

A nethod for the recovery of one or re primary co :
gaseous feed m xture conprising said primary conponents and one or nore
secondary conponents, wherein said secondary conponents are nore strongly
adsorbed on an adsor, *a?mon%%?;a? J.J]@E't S@rEanPlol BRtHe GRIFRERE s$de S Hadfet hod
conprising: (a) SS|ng sal m xture 1nto a separator containing a
conposite sen1perneabmbNW8nb$dhéwﬁﬁhﬂﬁ$e@ﬂ§ m cr oporous adsorbent materia
supported by a porous substrate, said

(g) means for withdrawing from said separator modules a mixed
sweep gas/permeate stream.

17. The system of Claim 16 wherein said porous substrate in said
separator modules is fabricated in a configuration selected from the group
consisting of flat sheet, cylindrical tube, hollow fiber, or monolith.



nmenbrane having a feed side and a perneate side, and w thdrawi ng from said
separator a nonperneate internedi ate product streamenriched in said
primary components, wherein portions of said secondary conponents are

sel ectively adsorbed by said m croporous adsorbent material and diffuse
fromthe feed side to the perneate side of said nenbrane as an adsor bed
fluid phase; (b) w thdrawi ng fromthe perneate side of said nenbrane a
pernmeate conprising said secondary conpongnt 2 (c) separating said
nonpermeate i ntermedi ate product streamintd a high-purity product stream
conprising said primary conponents and a reject stream conprising an

addi tional portion of said secondary conponents; and (d) passi ng at | east
a portion of said reject streamacross the perneate side of said nenbrane
as a sweep gas and withdrawi ng from said separator a sweep gas/ perneate
effluent stream thereby increasing the recovery of said primary conponents
and increasing the perqagtion rate of said secondary conponents through
sai d nmenbrane. 25 2. ¢ The3netq6% of Claim1l wherein said internediate

product streaml,
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is’separated in step (c) by passing the streaminto a pressure sw ng

adsor ption system wherein renmai ni ng secondary conponents are selectively
adsorbed, and withdrawi ng therefrom said high purity product conprising the
pri mary conponents and said reject stream conprising an additional portion
of said secondary conmponents. 3. The nethod of Claim2 wherein said
primary conponents conprise at | east hydrogen. 4. The nmethod of Claim3
wherei n said secondary conponents conprise hzd/ogarbons selected fromthe
group consisting of nethane, ethane, ethylene, ’propane, propylene, butane,

i sobut ane, butyl ene, isobutylene, and m xtures thereof. 5. The net hod of
Claim4 wherein the pressure of said feed streamis between 20 and 300
psig. 6. The nmethod of Claim5 wherein the pressure of said internediate
product streamis between 15 and 299) psig. 7. The nethod of Claim4

wherein the pressure ofy said
between 2 and 50 p R
reform ng a net hane-containin
produce a synthesis gas cig-
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met hane, and conbi ning said synthesis gas. with said internmedi ate product
Streamprior to said pressure swi.ng adsorption system 9. The net hod of
Claim8 which further conprises utilizing at |east a portion of said sweep
gas/ pernmeate effluent streamas fuel in said steam nethane reforner. 10.
The met hod of Cl aim4 which further conprises passing at |east a portion of
- said sweep gas/perneate effluent streaminto a dephl egmator, w thdraw ng

t herefrom a hydrocarbon product stream containing C3 and heavi er

hydr ocar bons, also withdrawi ng therefroman internediate |ight hydrocarbon
stream cont ai ni ng conponents lighter than C3, and conbining said
intermedi ate |ight hydrocarbon streamw th said internedi ate product stream
prior to ssgTRAQIESSUre sw ng adsorption system 11. A nmethod for the
producti 6n of hydrogen from a net hane- containing feed gas and a gas

m xt ure cont ai ni ng hydrogen and hydrocarbons, wherein said nethod -

conpri seCIYLE OF [Rfts i INYENTIONya HYWROGRN BECOVEBY BYs ARIREENT MEYFRANES ng a
conposite sem perneabl e menbrane conpri si ng m croporous adsorbent materi al
supported by porous substrate, said nenbrane having a feed side and a
perneate side, and withdrawi ng from said separator an intermnedi ate product
stream enriched in hydrogen, wherein portions of said are selectively
adsorbed by said m croporous adsorbent material and diffuse fromthe feed
side to the perneate side of said nenbrane as an adsorbed fluid phase;

A composite semipermeable membrane comprising michoporous adsorbent
material supported by a porous substrate is operated in series with a
pressure swing adsorption (PSA) system and the PSA reject gas is used as a
sweép gas to improve membrane performance. The integr&ted membrane-PSA
system is particularly useful for recovering high-purity hydrogen from a
mixture of hydrogen and hydrocarbons, and is well-suited for integration
with a steam-methane reformer. '

Figure 1 of the drawings should accompany the abstract when published.



Substi tute sheet .- 15/11/96 27 (b) wi t hdrawi ng fromthe perneate side of
sai d nenbrane a perneate conprising said hydrocarbons; (c) reformng a
portion of said nethane-containing feed gas in a steam nethane refornmer to

produce_a synthests—gas conprising hydrogen, carbgn oxi des, water
%32591 ate

unreact ed mhi@“ﬁwﬁ@ conbi ni ng sai d synthesis bgtitutesheeti-nt

produi‘ ﬂ ﬂﬂ passi ng the resulting conbined stream of step (c) -
into " adsor ption systen1wgerein hydr ocar bons and car bon

oxi des are selectively adsorbed, and withkdraw ng therefroma high purity
hydr ogen product and a reject stream conprising hydrocarbons and carbon
oxi des; and (e) passing the remai ning portion of said nethane-containing
feed gas t j.de ' r.ange. as. a

w thd avi ABpass 0 RERGHARG 00 Hengdl oI IV " A HBRR PRt

t her eby i nérealsiprion He saidopesssupe swiag cifisarptioni systemsi ng t he perneati on
rate-of hydrocarbons through said nenbrane. 12. The nmethod of Claimll
whi ch further conprises utilizing at

9. The method of Claim 8 which further comprises utilizing at
least a portion of said sweep gas/permeate effluent stream as fuel in said
steam-methane reformer.

10.  The method of Claim 4 which further comprises passing at least
a portion of said sweep gas/permeate effluent stream into a dephlegmator,
wi;hdrawing therefrom a hydrocarbon product stream containing C3 and
heavier hydrocarbons, also withdrawing therefrom an intermediate light
hydrocarbon stream containing components lighter than C3, and combining
said intermediate light hydrocarbon stream with said intermediate product
stream prior to said pressure swing adsorption system.

11. A method for the production of hydrogen from a methane-
containing feed gas and a gas mixture containing hydrogen and hydrocarbons,
wherein said method comprises:

(2) passing said gas mixture into a separator containing a
composite semipermeable membrane comprising microporous
adsorbent material subported by afyporous substrate, said
membrane having a feed side and a permeate side, and

withdrawing from said separator an intermediate pﬁoggct ﬁ§q$am
enriched in hydrogen, wherein portions of sai

components. are selectively adsorbed by said microporous
adsorbent material and diffuse from the feed side to the
permeate side of said membrane as an adsorbed fluid phase;
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| east a portign of- said sweep gas/perneate effluent streamas fuel in said

stean}nethane reformer. 13. The nethod of C aim 11 which further

conprises utilizing at Teast a portion of said sweep gas/perneate effl uent

stream as n said steam net hane r 2

Thetan hodfﬂmmmrmum“h further Gomprises u Lulistilte sheet - ?57111/@16

of said rejécttstredm fSrom sai d pressure swi ng adsorption system as fuel in

said steam nethane reforner. froma gasepus feed m xture conprising said

primary components and e or nore secondary conponents, wher.ein said

secondary conponents are re strongly adsorbed on an adsorbent materi al

than said primary co onents, said nethod conprising: (a) passi ng said

feed mi xture into a(lslepawathdrawiogt &fom nhe pecmepmesside 9€N Pidr memrtaaenenbr ane

conpri sing n1crop Nt ari al rted by a porous

substrate, said ne raneagzgﬁﬁgangg%ﬁds@ﬁg%ggﬁﬁggperneate si de, and

wi t hdrawi ng from said separator a nonperneate internedlate product st'ream

enriched in said progyy FORANRTSpHRIBRI LY RRTd RBRarRLcSftad ndfE FAdgT gacOTPO
a

nts are sel ectively, adsor bed y sal m Cr opor ous ent
diffuse fromthe 1n & steam-methane reformer to produce a synthes1s gas

comprising hydrogen, carbon oxides, water, and unreacted
methane, and combining said synthesis gas with said
intermediate product stream;

(d) passing the resulting combined stream of step (c) into a.
pressure swing adsorption system wherein hydrocarbons and
carbon oxides are selectively adsorbed, and withdrawing
therefrom a high purity hydrogen product and a reject stream
comprising hydrocarbons and carbon oxides; and

(e) passing the remaining portion of said methane-containing
feed gas across the permeate side of said membrane as a sweep
gas. and withdrawing from said separator a sweep gas/permeate
effluent stream, thereby increasing the recovery of hydrogen
and increasing the permeation rate of hydrocarbons through said
membrane. '

12. The method of Claim 11 which further comprises utilizing at
Jeast a portion of said sweep gas/permeate effluent stream as fuel in said
steam-methane reformer.

13. The method of Claim 11 which further comprises utilizing at
least a portion of said sweep gas/permeate effluent stream as additional
feed in said steam-methane reformer.

REPLACEMENT SHEET

------------------------------




feed side to the perneate side of said nmenbrane as an adsorbed fl uid
phase;: (b) Wi thdrawing fro the perneate side of said nmenbrane a perneate
conprising said secondary conmponents; and (c) passi ng sSweep gas across

t he perneate Sideof - said*rrerrbr ane and ithdraw n gsqﬁh@'bgeétepqgﬁpfg@
smeep gas” nt stream wherein saigﬁiweepjymrﬂﬂnnﬂTses‘bne
' nore o m"mmml" ary conponents present in said feed mxture,
thereby i ntreasitng " he recovery of said mary conponents and increasing
the perneation rate of said secondary conponents through said menbrane.
Substitute sheet - 15/11/96 -29- primary conponents from a gaseous feed

m xture conprising said prinmary conponents and one or nore secondary

conponents, whefgin Had ﬁleﬁﬂﬁoaﬁlmamnnoaﬁmhs fartheFdompsige3ngt i iadagrired on
an adsorbent material th id r onents, said system.co rrsrng
(8)  one Bashok GOSEIR Af ot IHuERARSE TEAM CORPATAInRyeSAUER, SHORY (A9S8rRE fo

sem per neafyls€edreasb fale iaosPidi Stewm- mtﬁ'rauporemsmadsor bent material supported

by a porous substrate, each brane having a feed side and a perneate
side, wherein said mcroporous

A _mathna a ne - - - 0 ARG A Mara-Arimarv..Lamnanesn

from a gaseous feed mixture comprising said primary components and gfie or
more secondary componénts, wherein said secondary components are pére
strongly adsorbed on an adsorbent material than said primary copponents,
said method comprising:

(a) passing said feed mixture into a separagor containing a
composite semipermeable membrane comprising/microporous
adsorbent material supported by a porous gubstrate, said
membrane having a feed side and a permedte side, and
withdrawing from said separator a nongermeate intermediate
product stream enriched in said priMiary components, .wherein
portrons of said secondary compopénts are se1ec:1vely adsorbed
by said microporous adsorbent gaterial and diffuse from the
feed side to the permeate side of said membrane as an adsorbed
fluid phase;

(b) withdrawing frop/the permeate side of said membrane a
permeate comprising Said secondary components; and

(c) passing a/sweep gas across the permeate side of said
membrane and ¥ithdrawing from said separator a sweep
gas/permeatl effluent stream, wherein said sweep gas comprises
one or mgfe of the same secondary components present in said
feed myxture, thereby increasing’ the recovery of said primary
compghents and increasing the permeation rate of said secondary

cofiponents—through—said-—membrane.
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adsorbent material is capable of selective adsorpti-on and per neati on of
sai d secondary conponents; (b) a pressure swi ng adsorption system
conprising a plurality. of adsorbent vessels containing granular adsorbent

materi al -capabl e of selectively adsorbing said se op e n |§§1/é ) _
means f or, trodu0|ng “Sar-~gaseous feed m xture |ﬁ§3—§§%%—§ﬁg§§r§—éepa#§tor
nodul es Mﬂ m of said nenbrane; (d) nmeans for renoving a
nonperne ”ﬂ‘a”jmproduct stream 9r(_)mthe feed sid of said nenbrane
from each of sai d seﬁarator nmodul es, an eans for introducing said stream
Into said pressure sw ng adsorption system (e) means for renoving a
hi gh purity product strean1conpr|5|ng sald prlnary conponents and means for
renoving ‘a rej gy ...,, : ] Gl M oL G o - jode
pressure smnng adsor |on 2% %é%g neans for |ntroduc at Ieast a
portion & '831% ¢PEP freff % 998 §ﬁ%‘§f“"‘t‘i"§/ EWGS‘"QBG‘“ gy marredns
for w t hdrompomenthr &g 9ne or more secondady CdompOAkNtes whePdivedasdveRRondar

gas! per MeghgonlfiSofMe hére stRnYSIE¥BrBla GrbaboMRE SldteRFAr cROh O

substrate
primary components, said system comprising:

. (a) one or more separator modules each containing/ composite
_semipermeable membrane comprising microporous adsgfbent
material supported by a porous substrate, each mémbrane having
a feed side and a permeate side, wherein said glicroporous
adsorbent material is capable of selective agsorption and
permeation of said secondary components;

(b) a pressure swing adsorption systemf comprising a plurality.
of adsorbent vessels containing granular adsorbent material
capable of selectively adsorbing safd secondary components;

(c) means for introducing saiy¢ gaseous feed mixture into each
of said separator modules on the feed side of said membrane;

(d) means for removing a/nonpermeate intermediate product
stream from the feed sidg of said'membrane from each of said
separator modules, and/means for introducing said stream into
said pressure swing gsorption system; '

(e} means for rémoving a high purity product stream
comprising said/primary components and means for removing a .
reject stream/comprising said secondary components from said
pressure swihg adsorption system;

(f) medns for introducing at least a portion of said reject
s t reamlinto—each—of—said—separatormodules—and—passing—the
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- separator nmodul.es is fabricated in a configuration selected fromthe
group-

N Substitute sheet - 15/11/96

oy

FORS—0 at+-d—reje RAM—OvE he--permeate—si-de—e h
membrane as a sweep gas; and

(g) means for withdrawing from said-Separator modules a mixed
sweep gas/permeate stream.

17. . The system of Claim 16 wherein said porous substrate in said
separatgr-modules is fabricated in a configuration selected from the group
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