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T TLE OF | NVENTI ON HYDROGEN RECOVERY BY ADSORBENT MEMBRANES Fl ELD OF THE

| NVENTI ON Thifs i nvention pertains to .the recovery of hydrogen from
“hydrogen- hy rocarbon mxgures, and in particular the recovery of hydrogen
- fromsuch mxtures utilizing an adsorbent nenbrane. BACKGROUND OF. THE

| NVENTI ON The recovery of hydrogen from hydrogen-hydrocarbon mi xtures i's an
i nportant gas separation in the petroleumrefining and related industries.
Hi gh purity hydrogen is recovered fromrefinery waste streans contai ni ng
hydr ogen and hydrocarbons with up to four or five carbon atons, or ,
alternately from synthesis gas generated,fromnatural gas by stean}nethane
reformng or by partial oxidation of héavier hydrocarbons. Econonical
recovery of hydrogen #rom such str@afsE oF INVENTION ity and recovery often
requires a conbination of crypsKORER KHcOVERY BV |@?O§§E,ﬁrbsor ption and pressure
sw ng adsorption (PSA), or a conbinat]on of usion through a polyneric
_menbrane and pressure sw ng adsorpti _%P In the latter process

conbi nati on, a hydrogen-rich perneate is wnthdramm fromthe nmenbrane unit
at a | ower pressure, is conpressed to a higher pressure, and is purified by
the PSA systemto yield a hydrogen product up to 99.999 vol % purity at a

- pressure slightly bel ow the higher pressure. Hydrocarbon-rich waste streans
fromthe nmenbrane and PSA units often are used as fuel. U S. Patents

4,398, 926, 4,690,695, and 4, 701, 187 descri be various integrations of

pol yneric menbranes and PSA systens for the recovery of hydrogen from
various gas mxtures. Prior art EdBRBORREHERIMVENTdONs for hydrogen recovery

ar2 e characterimpd byvehthos GRreafRSYs ahdi FERNERY Iofl hyafroges frdR RRITRGARE as
t e hydrocarbon mixtures, and in particular the recovery of hydrogen from such
mixtures utilizing an adsorbent membrane.

ACKGR F THE INVENTION

The recovery of hydrogen from hydrogen-hydrocarbon 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 L
alternately from synthesis gas generated from natural gas by steam-methane
reforming or by partial oxidation of heavier hydrocarbons. EConomicalﬂF%w*
recovery of hydrogen from such streams at high purity and recovery often
'requires a combination of cryogenic distillation or absorption and pkessure
swing adsorption (PSA), or a combination of diffusion through a polymeric
membrane and pressure swing adsorption (PSA). In the latter process
combination, a hydrogen-rich permeate is withdfawn 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.
Patents 4,398,926, 4,690,695, and 4,701,187 describe various integrations
~of polymeric membranes and PSA systems for the recovery of hydrogen from
various gas mixtures.

Prior art membrane-PSA systems for hydrogen recovery are
characterized by a large pressure differential across the membrane as



Rydr ogen sel ectively diffuses, which requires initial conpression to
provide a high pressure polyneric nenbrane feed (typically greater than 200
psi g) and reconpressi on of the hydrogen-rich perneate as feed to the PSA
system for final purification. These.conpression steps conprise a
significant portion of the capital and operating cost of a polyneric

menbr ane- PSA system for hydrogen recovery. U S. Patent 5,104,425 discl oses .
a conposite seni perneabl e nenbrane-conprésing m croporous adsorptive

mat eri al supported by a porous substrate; and teaches the use of this
menbrane for separation. of gas m xtures including hydrogen-hydrocarbon

m xtures. This nenbrane differs from conventional polyneric nenbranes in
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enriched 1h ¥m£§) %ﬂ metﬁ%ﬁs'ég}§h§ﬁrogen 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 integratéd membrane-
PSA systems for hydrogen recdvery. 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.

S THE INVENT

The invention is method for the recovery of hydrogen from a gaseous
feed mixture comprising hydrogen and one or more hydrocarbons, in which the
hydrocarbons are more strongly adsorbed on an adsorbent material than
hydrogen. The method comprises passing the feed mixture into a separator -
containing a composite semipermeable membrane consisting essentially of
microporous adsorbent material supported by a porous substrate, in which
the membrane has a feed side and a permeate side, and withdrawing from the
separator a nonpermeate product stream enriched in hydrogen. Portions of



8- the hydrocarbons are selectively adsorbed by the m croporous adsorbent
material and diffuse fromthe feed side to the perneate side of the
renbrane as an adsorbed fluid phase. Contacting of the gaseous feed m xture
wi th the nenbrane and perneation of conponents through the nmenbrane occur

I n the absence of chem cal reaction. A perneate conprising these

hydr ocarbons is withdrawn fromthe perneate side of the nenbrane. The key
feature of the invention is passing a swegep gas across ‘the perneate side of
t he nenbrane and wi thdrawi ng fromthe §2§a?ator a sweep gas/ perneate
effluent stream wherein the sweep gas conprises one or nore of the sane
hydr ocarbons present in the feed m xture. The use of the sweep gas enhances

per meat i @Re ofydirbearhods ooa BeNsctiveTy dsodbedr bYehe yibroperdidnadasrbaht ur e

i xture TAESRId Bt R EREREER Sne (FiRA i o B REMAERSE X1l ar thel e,
i sobut an@emiyang| @han aémnbeglﬂrued phaseni xGontactingeofedhe gasgousetgedgas
CONpri seqi RbfreOk| £l tRe GhenibPERe a%é”@er‘ﬂ%éfmﬁbb%ﬁl odéht@naxm‘gndtﬁmbmbﬁm

t t t t P t
e gk TRy apSenes AY e ERY, raabSIan: ot Belieathcc BT SUTH BBRSE) 1ot od
above. BRy&FodaEBG R$| vINh@FawiHE rDRANNBS Eage siidesof thehmuﬂmrawe.f I owsheet of
the present 'wegséﬁeafuﬁwm@mmmﬁ% g@gfqherse s'w@e rz}agg &ty pﬁéh a

pressure swing a t1on system eet o

|
second emRBHBRIHENE1dsy °fh@"°pf“8'§'érrﬂ“e| ?ﬂngﬂ thrawingirem t&‘ﬁ é%Paad'Pb%ﬁta FHRER ane
I's integrgatpseraeite 2fPTwartus tream, herdsorthe oweepy gd £ omprch skshynl eranden

the.pr es 2 e, e Myfrocantind FEIEAE Inr pis FEBE R ks dre-2 Y, e BP 3Rl Ffend
pr essur e g% enfrancd PErment i9psettharydroesrhoss afneBnt heehydragey-Rydnosarbe g. 4
is a schegBtgikthrOWhreesh ThedadsRvpt IveenBfsHafNt of the present
The one or more hydrocarbons in the feed mixture include methane,
ethane, ethylene, propane, propylene, butane, isobutane, butylene,
isobutylene, and mixtures thereof; the sweep gas comprises one or more of
these same hydrocarbons. In one embodiment, the sweep gas is methane or
natural gas. Alternatively, the sweep gas contains hydrogen and may
contain in addition one or more of the hydrocarbons listed above.

T F_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 dephiegmator.



Fnvention in which an adsorbent nenbrane is integrated wwth a pressure

sw ng adsorption system and a dephl egnmat or. -4- DETAI LED DESCRI PTI ON OF
THE | NVENTI ON The net hod of the present invention is useful for the
recovery of lighter, less strongly adsorbed conmponents in a gas m xture
from heavier, nore strongly adsorbed conponents in the mxture. In the
preferred enbodi nent, the |ight conponent is hydrogen and the heavi er
conponents are hydrocarbons typically including one or nore of the
saturated and unsaturated [err] hydrocd bons, although heavier

hydr ocar bons, carbon oxi des, and other conponents al so nmay be present in
the feed m xture. Hi gh-purity hydrogen can be recovered using this nethod

fromgas m xtures cont aiDrgir Efrﬁérg ot PP BV E%l YiENTqegn. Al ternatively,
the method is useful fo xtures al so
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The separation method of the present invention utilizes two different
adsorptioh-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 microporous 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



€ssentially 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 descri bed bel ow. The hydrocarbons are

sel ectively adsorbed and diffuse-through the nenbrane in an adsorbed phase
to yield a perneate enriched in these conponents. The | ess-strongly-
adsorbed hydrogen is withdrawn fromthe nenbrane as a hydrogen-rich
nonpernmeate streamwhich is further purified in a pressure swi ng adsorption
5 (PSA) systemto yield a high-purity hydrogen product defined as at |east
99. 9+ vol % hydrogen and a PSA reject stream containing essentially all of

t he hydrocarbons in the PSA feed along with sone hydrogen. |t has been
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Alternatively, other streams containing one or more of the same
secondary components present 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 methane, natural gas, light hydrocarbon mixtures
optionally containing nitrogen or carbon oxides, 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. These secondary
components can be selected from methane, ethane, ethylene, propane,
propylene, butane, isobutane, butylene, isobutylene, and mixtures thereof.
Typically the pressure of the membrane feed is between 20 and 300 psig and
the pressure of the sweep gas is between 2 and 50 psig.

The general criterion for selecting a sweep gas other than PSA reject
is the absence of the heavier hydrocarbons in any significant amounts. For



hydrocarbon gas mixtures available in a petroleumrefinery. Thus an

al ternate enbodi nent of the invention conprises the separation of a gas

‘®m xture containing primary and secondary conponents by a conposite
adsorptive nmenbrane as described herein, in which the nenbrane is operated
with a sweep gas containing one or nore of the same secondary conponents
obtained froma source separate fromthe nenbrane feed. These secondary
conponents can be sel ected from net hane, 6et hane, et hyl ene, propane,

propyl ene, butane, isobutane, butylene, isobutylene, and m xtures thereof.
Typically the pressure of the nenbrane feed is between 20 and 300 psig and
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tenper at yreférbIg K teRpcratlFes ABSr GPNBdDWSambient such that no chemical
reaction occurs between the gaseous components in contact with the
membrane. The membrane contains no catalytic material capable of promoting
chemical reactions in the temperature range of interest, and consists
essentially of microporous adsorbent material supported by a porous
substrate.

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 membrane are disclosed in U.S. Patent 5,104,425, the
specification of which is incorporated herein by reference. One type of
membrane for use in the present invention is made by coating a porous
graphite substrate with a thin film of an agueous suspension (latex)
containing a polyvinylidine chloride-acrylate terpolymer, drying the coated
substrate at 150°C for five minutes, heating the substrate in nitrogen to
1000°C at a rate of 1°C per minute, holding at temperature for three hours,
and cooling to ambient temperaturé at 10°C per minute. The polymer coating



essentially of mcroporous adsorbent material supported by a porous
substrate. The adsorbent nenbrane utilized in the present invention
conprises a mcroporous adsorbent material supported by an essentially
inert substrate, wherein the substrate does not significantly affect the
separation of the gaseous conponents. The m croporous adsorbent material is
preferably activated carbon, but others such as zeolite, activated al um na,
and silica gel may be dep05|ted or formed on an appropriate substrate. An
activated carbon conposite menbrane for dse in the present invention and
met hods for making the nenbrane are disclosed in U S. Patent 5,104,425, the
specification of which is I ncorporated herein by reference. One type of
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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 typé 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
and hydrocarbons is passed through one of a plurality of adsorber vessels
containing one or more adsorbents such as activated carbon or zeolite,
wherein the hydrocarbons are selectively adsorbed by the adsorbent, and a
high purity hydrogen product is withdrawn from the adsorber. After a
predetermined time period, the vessel is isolated and feed gas flows to
another adsorber vessel. The isolated vessel is depressurized to desorb
adsorbed hydrocarbons, which are withdrawn from the adsorber as a reject or
waste stream. A purge step with product hydrogen sweeps residual
hydrocarbons from the adsorber for recycle to feed, or an external purge



~configuration which can be assenbled into a nodul e using a plate-and-frane
arrangenent. Alternatively, the adsorbent nenbrane and support can be
fabricated in a nonolith configuration to provide a high nmenbrane surface
“area per unit volune of nenbrane nodul e. 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 hollow1f|bers of the substrate material.
Pressure sw ng adsorption (PSA) systerms 8for 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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conponertydrbgensentbcheds ponermeateesbreans contaliainga, residual concentratlon
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
hydrogen 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
membrane module 101 to sweep membrane 103. Combined sweep gas/permeate
effluent stream 11, containing essentially all hydrocarbon impurities in
feed stream 1, is withdrawn from membrane module 101 at between 1 and 45
psig. It has been unexpectedly found that sweeping the permeate side of
the membrane with the methane-containing PSA reject improves hydrogen
recovery and increases the hydrocarbon permeation rate through the membrane
compared with the use of hydrogen as the sweep gas, and is thus preferred
over hydrogen as a sweep gas. Membrane module 101 and PSA system 107
typically operate in a near-ambient temperature range between 60 and 100°F,



cont ai ns conposite sem perneabl e nenbrane 103 which conprises an adsor bent
mat eri al supported by a porous substrate as earlier described. For the
purposes of this illustration, the primry conponent is hydrogen and the
secondary conponents are [err] hydrocarbons, although other gas m xtures
can be separated by the process as earlier described. These [err]

hydr ocarbons preferentially adsorb and perneate through nenbrane 103 and
hydr ogen- enri ched nonperneate stream containing a residual concentration
of hydrocarbons, flows from nenbrane nodul-e 101. Feed stream 101 is
supplied at a pressure preferably between 20 and 300 psi g, and nonperneate
stream3 is withdrawn at a slightly | ower pressure due to the pressure drop

across t I t I rane _nonperngate stream3 is
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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.

The process configuration of Fig. 1 can be integrated with other
process steps for use in petroleum refinery applications as illustrated in
the alternate embodiment of the present invention shown in Fig. 2. In this
embodiment, a steam-methane reformer for the production of hydrogen is
integrated with the embodiment of Fig. 1. A portion of methane-containing
feed stream 12, typically natural gas or a refinery offgas stream, is
compressed if necessary 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



The present invention as illustrated by Fig. 1 is characterized by the

uni que feature that the hydrocarbon inpurities are recovered fromfeed
stream 1 in nmenbrane nodul e 101 and PSA system 107 at | ow pressure, while
hydr ogen product stream 7 and menbrane nonperneate product stream 3 are
recovered fromthe respective process steps at nuch hi gher pressures.
Typically nodul e 101 can be operated at a sonewhat |ower pressure than PSA
system 107 because of the high hydrocar? n pernmeability of adsorbent
menbranes. This unique feature is in di @di contrast with a typical prior
art menbrane- PSA conbi nati on system which utilizes a polyneric nmenbrane
because the hydrogen selectively perneates through the polyneric nmenbrane
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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-containing PSA reject stream 23, which
differs in composition 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
1 and impurities in raw hydrogen product stream 19, is withdrawn from
membrane module 101 at between 2 and 50 psig. The use of methane-
containing sweep gas improves hydrogen recovery and increases permeation
rates through membrane 103. Optionally, a portion 27 of combined sweep
gas/permeate effluent stream 25 is used as fuel in reformer system 1l11l.

This particular embodiment is useful as a retrofit to an_existing

refinery reformer 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



* 10 - steam (not shown) and reacted catalytically at an el evated
tenperature to forma raw synthesis gas conprising hydrogen, carbon

ponoxi de, carbon di oxi de, water, and unreacted nethane. Carbon nonoxide is
shifted (not shown) to form additional hydrogen and carbon di oxi de,

yi el di ng raw hydrogen product stream 19. The required el evated tenperature
I's provided by conbustion of refornmer fuel stream 15 in a reforner furnace
(not shown) which yields flue gas 21. hydr ogen product stream 19,
typically containing 15-20 vol % car bon dioxi de, 0-4 vol % car bon 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 hydrotreating and ot her
appl i cat aootherFeetbreer esystémi othieh s ee rbqudireg ndo i Aciteasef hytogenasiaRyst { M
typically, Eg}tt?l ni ng 5-60 vol % hydrogen and the renai nder hydrocarbons. -
Such strea ypi cal ly used as fuel rather than for hydrogen recovery.
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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. Alternétively,
portion 39 of stream 37 can be utilized in reformer system 111 as fuel.

An alternate embodiment is illustrated in Fig. 4 in which membrane
module 101 and PSA system 107 are operated in a manner similar to the
embodiment of Fig. 1. In this alternate embodiment, a portion 41 of
methane-containing PSA reject stream 9 is utilized as a sweep gas for
membrane module 101 to yield sweep gas/permeate stream 1l1. The remaining
portion 43 of PSA reject stream 9 is removed as purgé and is typically used
as fuel. Stream 11 is compressed to 100-300 psig in compressor 117 and
compressed hydrocarbon-rich stream 45 is fed to dephlegmator 119, which
separates stream 45 into stream 47 containing hydrocarbons lighter than
C3, and product 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



nodul e 101 to recover additional hydrogen fromwaste stream 1. The
operating capacity of PSA system 107 woul d be expanded to accommmodat e

addi tional stream5, and thus a larger volune of hydrogen product 7 woul d
be available. This retrofit would elimnate the need for installation of
anot her refornmer systemotherw se required to increase hydrogen production

capacity. An alternate but related enbodinent is illustrated in Fig. 3'in
whi ch an adsorptive menbrane nodul e, a PSA system and a steam net hane
reformer are integrated in a manner diffi#ent fromthat of Fig. 2. |In the

present enbodi nent of Fig. 3, nethane-containing PSA reject stream23 is
utilized as fuel in reformer system 111, a portion 29 of refornmer feed
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conpr ess@dphTeghdCoBRR BSHigheR tempBreEse] whlichaiw turn requires less
refrigeration duty. ATso, use of the membrane decreases flow 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
purity hydrogen and LPG from a refinery waste stream which otherwise would
be used directly as a relatively low-value fuel.

EXAMPLE 1

Membranes were made by coating porous (0.7 micron pore diameter)
graphite substrate discs 4.5 inches in diameter with a thin film of an
aqueous suspension (latex) containing a polyvinylidine chloride-acrylate
terpolymer, drying the coated discs at 150°C for five mihutes, 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
containing 40 vol% hydrogen, 20 voi% methane, 10 vol% ethane, and 10 vol%
propane at 262°K and 50 psig was passed through the feed side of the



conpressed hydrocarbon-rich stream45 is fed to dephl egmator 119, which
separates stream 45 into stream 47 contai ning hydr ocar bons |ighter than
C3, and product stream 49 containing C3 and heavi er hydrocarbons. The use
of a dephl egnmator for separating hydrocarbons is known in the art, and is
~disclosed for exanple 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 passagesjz 0 which an upward-flow ng
feedstreamis cooled by indirect refrigeration, thereby condensing sone of
- 12 - the heavier m xture conponents which flow downward on the walls of
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“the membrane feed (i.e. stream 1 in Fig. 1. The procedures were repe_ated

using methane (99.7 vol% purity) as the sweep gas. The results are

summarized in Table 1 and clearly show that the use of methane as a sweep

gas yields higher hydrogen recovery and higher hydrocarbon rejection than

the use of hydrogen as a sweep gas.



Menbranes were made by coating porous (0.7 mcron pore dianeter) graphite
substrate discs 4.5 inches in dianeter wwth a thin film of an aqueous
suspension (latex) containing a polyvinylidine chloride-acrylate
terpolynmer, drying the coated discs at [err] for five mnutes, heating the
discs in nitrogen to [err] at a rate of [err] per mnute, holding at
tenperature for three hours, and cooling to anbient tenperature at [err]

per mnute. The polyner coating is carbqgpized during the heating step
thereby formng an ultrathin | ayer of m croporous carbon on the substrate
di scs. A laboratory pl ate-and-frame nenbrane nodul e was constructed using
five of these discs having a total nenbrane area of 0.385 sq ft. A feed gas
cont ai ni ng 40 vol % hydrogen, 20 vol % v&Bitale, 10 vol % et hane, and 10 vol %
propane at [err] and 50 psig was passed through the feed side of the -
13 - nenbrane at a flow rate_ of 6.74 rr] _gnmol/sec. drogen with a
purity of 99.995 BIRES W SHEEPS&&%‘EM"?@%@%W&%M&PE’&% mcﬁ)si g as a
sweep gas through the perneate side of the nenbrane at three different flow
rates corresponding to sweep: f.eegl gsat i os of @;,@53,9 %979, and & 4532. 55
Conposition and flow rate I m ned ' ; rane nvnﬁ%rneagv—
stream and t he conbi ned peﬂmeate/ghpep ef f1 Ubnt stre&hy hydr ocdg bon CHy

rej ecti on and hydrogen regsppgp WeEP cal cul suerd by owEepi al  bswempce $urep
each sweep:feed ratio. Hydrocarbon rejection is defined for each conponent
as the PRI & Eﬁqﬁﬁgne ch individual hydrocarbon in the nmenbrane nodul e
feed Wm? Modute [ 1dr a fr@gpgt heTﬂﬁrH:)rane nmpgly e insphg conbi r@da {10.0
per meat e/ sweep effluent stream € hydrogen recovery is defined as the

di ff er engpgiRenemddube hydrogen flow rate in the high pressure nenbrane
product furity,sHdieam 3 in 0.9 1)spwd the hgdrpgen sgeep flowszxge, dsyizded
by the flow rate of hydrogen in the nenbrane feed (i.e. streaml1l in Fig. 1.
The procHgdwozarber e repeat ed usi ng nethane (99.7 vol % purity) as the sweep

gas. TheRetentlios, & e summarized in Table 1 and clearly show that the use of
met hane as a sweep
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
EXAMPLE 2

The data of Example 1 were used to calculate the expected performance
of the membrane module operating in series with a pressure swing adsorption
(PSA) system in which the membrane nonpermeate stream provides feed to the
PSA system as shown in Fig. 1. The performance of the PSA system with this
feed gas was calculated using the standard design methods described by L.
Lancelin et al in an article entitled "Hydrogen Purification by Pressure
Swing Adsorption" from the Hydrogen Symposium of the French Association of
Petrochemical Engineers, Feb. 26, 1976. At a PSA feed concentration 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



gas yi el ds hi gher hydrogen recovery and hi gher hydrocarbon rejection than

the use of hydrogen as a sweep gas. - 14 - TABLE 1 EFFECT OF SWEEP GAS
COVPCOSI TI ON ON MEMBRANE PERFORVANCE S/ F = 0.053 S'F = 0.097
S/'F = 0.155 [err] [err] [err] [err] [err]
[err] SWEEP  SWEEP SVEEP SVEEP SWEEP  SWEEP Hydr ogen
Recovery in Mdule, % 68. 9 71.0 57.0 70.0

47. 8 70. 0 Hydrogen Product Purity, Ml % 50.0 51.5

50.9 52. 4 52. 3 53. 2 Hydrsoear bon Rej ection. % 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 Vet hane

46. 8 37.6 51.9 , 23. .4
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Table 2
Overall % Hydrogen Recovery for Membrane-PSA System
% Hydrogen Recovery

Sweep/Fee tio 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
sweep gas increases the rejection of hydrocarbons and increases the
recovery of hydrogen in the membrane module, and (2) increases the overall
hydrogen recovery of the combined membrane-PSA system.

EXAMPLE 3

The membrane module of Example 1 was used to separate a gas 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 pérmeate 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



=~ 15 - overall hydrogen recovery fromthe conbi ned menbrane- PSA syst em was
cal cul ated by material balance for two cases: (1) nenbrane sweep provided
by part of the PSA hydrogen product and (2) nenbrane sweep provided by

met hane- cont ai ni ng PSA reject gas. The effects of sweep gas on nenbrane
performance were based on the data of Exanple 1. The results of the

calcul ations for three different sweep-to-feed ratios are given in Table 2
and illustrate that the use of PSA reject as the sweep gas all ows
significantly higher hydrogen recovery-tHan the use of product hydrogen as
the sweep gas. Table 2 Overall % Hydrogen Recovery for Menbrane-PSA System
% Hydr ogen Recovery Sweep/Feed Ratio Hydr ogen Sweep PSA
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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 reject 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 Tow. The use of a
polymeric membrane ahead of the PSA system would require a high feed
pressure because of the low hydrogen concentration in the feed gas.

The performance of the PSA system operating on the adsorbent membrane
nonpermeate stream was calculated using the standard design methods
described by L. Lancelin et al in an article entitled "Hydrogen
Purification by Pressure Swing Adsorption* from the Hydrogen Symposium of
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 (fuél) content of the
waste gas feed minus the energy (fuel) content of the combined



Sweep gas at 1 psig and [err] with a sweep:feed ratio of 0.2. This sweep
gas - 16 - contained 29.6 vol % hydrogen, 10.3 vol % et hane, and 60.1 vol %
nmet hane, which is the approxi mate conposition of the PSA reject stream 9 of
"Fig. 1. 56% of the hydrogen in the feed was recovered in the nenbrane
nonpernmeate at 95 psig and [err] at a flowrate 0.3 tinmes the feed rate.
The sweep/perneate effluent was withdrawn at 1 psig, [err], and a flowrate
of 0.9 tines that of the feed rate. Hydr,ocarbon recoveries in this stream
were 45.4% for nethane, 75.0% for ethane + ethylene, and 98.0% for propane
pl us propyl ene. Thus the bul k of the heavier hydrocarbons perneated across
the nmenbrane while a high hydrogen recovery was achi eved. EXAMPLE 4 The
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cal cul atfeem am.téoga:f.aeemtaﬁnnﬁ hg Kiyawbgenmbad rmaidredarbons tusengorehd undnibean@fPsa

hydroger;y'tsjyem o? 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.

Table 3
Relative Costs for Standalone Membrane-PSA and SMR-PSA Systems

apital _Cos Energy Cost Net Hydrogen Cost
Membrane + PSA 0.60 0.92 0.69
SMR + 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 pressures
are given in Table 4.



.conventional route of steam nmethane reformng (SMR) with product recovery
by PSA. The cal cul ati ons were based on a hydrogen product purity of 99.999
vol % at a pressure of 200 psig. Net ‘energy consunption for operating the

* menbr ane- PSA system was cal cul ated as the energy (fuel) content of the
waste gas feed mnus the energy (fuel) content of the conbined- - 17 -
sweep/ perneate stream plus the conpression energy for operation of the
menbr ane- PSA system The net energy ;Cﬁgunpti on for the SMR-PSA system was
cal cul ated as the energy (fuel) conte of the met hane feed plus the
conpression energy for operation of the SMR-PSA system m nus the energy
content of export steamfromthe SVR, the PSA reject streamwas used as
fuel in the SMR as conmonly practiced. Capital costs were cal cul ated for
t he nenbrane- PSA system and the SMR- PSA system usi ng known conmercial SMR
and PSA costs and engineering estinpgep ©f the adsorbent menbrane nodul e
cost. Table 3 summarizes the resultsS of the calculations in terns of
rel ative capital cost, hysdREAgEFLOEr XIES ANR EOMPOSATIINENer gy consunption for
the two production nethods. The rR@8UEXAMPLENYi cate that recovery of hydrogen

from waste gas containing hy rlaons usi ng the nenbrane- PSA
system of the present invent(gﬁgﬁguﬁ%gg%ﬂ@%glﬁntensi ve and nore cost-
effective than the production of hydrogen from nethane via st eam net hane
ref orm rgradien conpared on_the basi g of starsdal one_menbr ane-BSA and SKR- PSA
systens. Table 3 Relative Costs for Standal one Menbrane- PSA and SMR- PSA
Syst ens Rtawiatey. MUHEP Enetyy Cost 4-4 Net-4Hydr ogbrP cost Befbr anel3 psa
0. 60 o 0 0.69 SWMR + PSA 1.00

1.00 Composition, Vf?c%o In addition, a naterial bal ance was prepared for the

key streaRgdroged he menbranez®3A system i n astardanqeova th ties.streamislbrber
desi gnati ons

Methane 20.4 40.6 40.6 0.0 52.5 21.7
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



of Fig. 1, and a summary of stream flow rates, conpositions, and pressures

are given in Table 4. - 18 - TABLE 4 STREAM FLOW RATES AND COWVPCSI Tl ONS
FOR EXAMPLE 4 ( STREAM NUMBERS FROM FI G 1) Stream 1

3 5 7 9 11 Fl owr at e, MMSCFD

16. 1 4.4 4.4 1.0 3.4 15.1 Conposition,
vol % Hydr ogen 20. 1 41.1 41.1 100. 0

23.9 14. 8 Met hane 20. 4 40. 6 40. 6

0.0 52.5 21.7 Ethylene -~ 19 - 8. 4 8.1

8.1 0.0 10.5 9.0 Et hane 7.6

6.7 6.7 0.0 8.7 8.1 Propyl ene

ig-g %TZble 4 i]lgﬁngtes the é%egof PSA reje%tlas the swé%g-ékégﬁﬁp@ﬁg

psig combinéglfﬂforbent'mem@ ne-PSA'sy§Eﬁp of Fig.'.Qoahe use of tg;’%§%E£§* 2

- 19 - Tmbttane-iidhupSAateject hetrese Dhs AR segepcyasns rabierswhep gasrifort e
ot hane. 11, PRERY, DYBFOUGY prowtsyEiaal A 1F pherirrel Bet@iRetnd BcEULY B
hi gh pur hY9ragear by@axpriz@det HAdragsn recovery usidg e BR digject iRs sweeR dsy of
g%dg 00/ge23239%r§>r<€\ rsﬁ;)oﬁ@g?imbﬂglgm prEs3UeEY ofShérbrahe feed stajeamt 11 magweeﬁb i s
nonper meRFE AP oRHp Rped (i s PEeale 3, FRpSLed BT % St A o dlren: o
achi evedenrtdhmentiisuachieyed withdmbpimunipnessuee doeplawbiemlilsy 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

Cy and especially Cq 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 process a given gas feed rate.

Methane is a particularly effective and economical sweep gas for an

adsorptive membrane system integrated with a 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.



different than the operation of a polyneric nembrane in which hydrogen

enri chnment by perneation through the polyneric nenbrane is achieved with a
4sruch | arger pressure drop. The high rejection of propane and propylene in
the perneate fromthe adsorbent nmenbrane is clearly illustrated by a
conparison of the conmpositions of streanms 1 and 3. The present invention

t hus enabl es the inproved operation of an adsorbent nenbrane which
conprises a mcroporous adsorbent naterigzgl -supported by an essentially
inert substrate. By using a sweep gas other than high purity product gas,
product recovery is increased and nenbrane performance is enhanced by the
increased perneation rates of the contami nants in the nenbrane feed. In the
recovery of hyle®fsentiamchycacdgehstigardfc AR resend dneentiion peg tdesariabedvhen
a PSA sysbfidts1PRer @h€ForBgsrig 8sdlobilird.neome ki BING, i ttHeagrbegm found
unexpect edI%/ thaﬁ& \}:&nhei net Qane-cant i ng. 1 e e%t. st rteam_f rLom the .PSA ﬁystem
is a nor dndgnstand rhesinventian ang Make ¥ariouy MadifTcqtipns GhECPEQ Hifhouhe

per meat i depardtiag ofromhtheCdaaiel spdpttithereofC3and di theutbdepartThg sfriiam dbei r abl e
because QYLIOYRA FargRVEf Yquitvaleds fdfC oM | afthIRS cigMcy por tion of

hydr ogen prioduct is not used for sweep, and further because the use of the
preferred sweep gas reduces the nenbrane area required to process a given
gas feed rate. Methane is a particularly effective and econom cal sweep gas
for an adsorptive nmenbrane systemintegrated with a steam net hane reforner,
since a portion of the reformer nethane feed can be used for sweep with the
per neat e/ sweep effluent gas returned to the refornmer as feed or fuel. -
20 - The essential characteristics of the present invention are described
conpletely in the foregoing disclosure. One skilled in the art can

under stand the invention and nake various nodifications thereto w thout
departing fromthe basic spirit thereof, and w thout departing fromthe
scope and range of equivalents of the clains which foll ow



-- 21 - W daim 1. A method for the recovery of hydrogen from a gaseous
feed m xture conprising said hydrogen and one or nore hydrocarbons, wherein
.sai d hydrocarbons are nore strongly adsorbed on an adsorbent material than
sai d hydrogen, said nethod conprising: (a) passing said feed mxture into a
separator containing a conposite sem perneabl e nenbrane consi sting
essentially of m croporous adsorbent nmaterial supported by a porous
substrate, said nmenbrane having a feed ftge and a perneate side, and

wi t hdrawi ng from sai d separator a nonpeTheate pr oducltlumnmuﬁnumrlm in
sai d hydrogen, wherein portions of said hydrocarbons 3 |
adsorbed by sai d nicroporous adsorbent material and df ffusé ffonfthe feed

si de to yhe1pmi:neate side of said nenbrane as an adsorbed fluid phase, and
further wherein contacting of said gaseous feed m xture with said nenbrane
and perneation of conmponents through said nmenbrane occur in the absence of
chem call.r Aamethod; farbthei ntededvenyi of hydregemd rperangaseous deedfmisgiide nenbr ane

a per mealg FOLTR ie§5'011[89hg&|iad§ehy£’ﬂd36ﬁéQﬂnﬁbr@m‘?d(-&)arﬂaﬁ,i WlePe f1VRGPqYas across
Sal

t he per menbr ane_and, wi t hdr awi from sai d. separ at or, .a
sweep gAIRBRFARBATS aner Mo, S LEOTAIA-A0YRRRAIoN e adsBrpent paterial Fhatsaide or
nmor e of HKydeogentesaidimethodaompipisdagnt in said feed m xture. 2. The
met hod of O aj eii saidf ] i : r .
Toorocar o () LA A IECU 108 SO S o B st
ethyl ene, projRIHBeryRabhe |meRbrang canel stisgmesanelaldt9f SHETORAWYYSL yl ene, and
m xtures thergbrbeht matdfiainBipgpedted byl &ipordusiebst rategi sa sdveepb sarke
D oeS nping™d Feld U1AZ2ANP2° peetEl k] R’ APLrAHPng ¥iBhoLanP O
separator a nonpermeate product stream enriched in said hydrogen,
wherein portions of said hydrocarbons are selectively adsorbed by
said microporous adsorbent material and diffuse from the feed side to
the permeate side of said membrane as an adsbrbed fluid phase, and
further wherein contacting of said gaseous feed mixture with said
membrane and-permeation of components through said membrane occur in

the absence of chemical reaction;

(b) withdrawing from the permeaté side of said membrane a permeate
comprising said hydrocarbons; 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 hydrocarbons
present in said feed mixture. |

2. The method of Claim 1 wherein said feed mixture comprises one or more
hydrocarbons selected from the group consisting of methane, ethane,
ethylene, propane, propylene, butane, isobutane, butylene, isobutylene, and
mixtures thereof.

3. The method of Claim 1 wherein said sweep gas comprises one or more
hydrocarbons selected from the group consisting of methane, ethane,



-Substitute sheet - 6/8/96 - 22 - ethylene, propane, propylene, butane,

| sobut ane, butyl ene, isobutylene, and m xtures thereof 4, The net hod of
.Caim3 wherein said sweep gas conprises nethane. 5. The net hod of C aim
1 wherein said sweep gas is natural gas. 7. The ﬂfethe@L—oL_Cl aime6 ___
wherein said sweep gas further conprises one or nore iﬁdrocarbons sel ecte

fromthe group consi st f met hane, ethane, ethyl u, wI, ﬂl”“m
reof .

propyl ene, butane, isobut butylenq, %sobutylene
8. The nethod of Claim1l wherein he pressure of sald feeé m xture
I's between 20 and 300 psig. 9. met hod of Claim8 wherein the
pressure of said reject stream 6. The nmethod of Claiml wherein said

sweep gastylendeipropaiy,i peshyhgn ohatane], isobutlse mbubywidnef Godunylend)eardn
sai d feeRHH;?Lﬁﬁing Pupplied at a pressure between 20 and 300 psig. 8.
The net hod © % “wherein the pressure of said sweep gas |s bet ween 2
and 50 psig. REPLACEMENT SHEET

4, The method of Claim 3 wherein said sweep gas comprises methane.

5. The method of Claim 1 wherein said sweep gas is natural gas.

6. The method of Claim 1 wherein said sweep gas comprises hydrogen.

7. The method of Claim 6 wherein said sweep gas further comprises one or
more hydrocarbons selected from the group consisting of methane, ethane,
ethylene, propane, propylene, butane, isobutane, butylene, isobutylene, and

mixtures thereof.

8. The method of Claim 1 wherein the pressure of said feed mixture is
between 20 and 300 psig.

9. The method of Claim 8 wherein the pressure of said reject stream
used as said sweep gas is between 2 and 50 psig.
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