TI.TLE OF | NVENTI ON | MPROVED HYDROGEN RECOVERY BY ADSORBENT MEMBRANES FI ELD
OF THE I NVENTION This invention is directed towards inproved product
recovery in a pressure swing adsorption process, and in particular towards
i nproving the recovery of hydrogen from'steam nethane reformate in a
pressure sw ng adsorption process by: the use of adsorbent nenbranes.
BACKGROUND OF THE | NVENTI ON Pressure swi ng, adsorption (PSA) is a well-known
process for recovering light gases fron1ﬁ1ktures whi ch al so contain
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the reject gas if such further treatnment is cost effective. - 2-
BACKGROUND OF THE INVENTION

Pressure swing adsorption (PSA) is a well-known process for
recovering light gases from mixtures which also contain heavier, more
readily adsorbable components. The recovery of hydrogeﬁ'from steam-methane
reformate containing hydrogen, carbon oxides, and methane is a particularly
well-suited application of the PSA process. Petroleum refinery gases
containing hydrogen and hydrocarbons also are readily separated by the PSA
process. The process is also useful for recovering helium from natural gas
streams.

In a steam-methane reforming (SMR) process coupled to a PSA process for
recovering hydrogen, a typical PSA feed from the SMR contains 70 vol%
hydrogen, 25 vol% carbon dioxide, 4 vol% methane, and 1 vol% carbon

- monoxide. During the cyclic PSA process for hydrogen recovery, a reject
gas stream containing up to 35 vol% hydrogen is withdrawn as adsorber
vessel void space gas and/or purge effluent at low pressure, and this
reject gas stream is typically used as reformer fuel. Because of this
hydrogen loss, only about 80-85% of the hydrogen in a steam-methane

~ reformate can be recovered by a conventional PSA system. It is desirable
to increase overall hydrogen recovery by further treatment of the reject
gas if such further treatment is cost effective.



One potential nethod to increase hydrogen recovery is to recycle a portion
of the reject gas to the PSA feed. This can increase hydrogen recovery, but
oftéen is not cost effective because the | ow pressure reject gas which
contai ns hydrogen as a mi nor conponent nust be reconpressed to a typical .
PSA feed pressure of 200-400 psig, although the feed pressure can range

bet ween 100 and 1000 psig. In.addition, rec?cre reduces the net hydrogen
concentration in the PSA feed, which reduces PSA performance if this
concentration falls bel ow about 70 vol % Vari ous nethods have been
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; PSA to increase overan hydrogen recovery to 90%.

| U.S. Patent 4,836,833 discloses the operation of a two-stage
multiple-bed PSA system for recovering hydrogen and carbon monoxide from
steam-methane reformate. Carbon dioxide is removed from the feed gas in a
parallel set of first stage adsorbers, and hydrogen is separated from
carbon monoxide in a parallel set of second stage adsorbers. Reject gas
from the second stage adsorbers is recompressed and passed through m_ul_ti ple
polymeric membrane stages and the permeate, which is enriched in hydrogen
and carbon dioxide, is recycled to the feed of the first stage adsorbers.

U.S. Patent 4,783,203 discloses a hybrid PSA/membrane system for the
recovery of a light component such as hydrogen from a mixture containing
heavier components such as carbon monoxide. The PSA purge effluent is

compressed and passed through a hydrogen-selective polymeric membrane
module, and the hydrogen-lean nonpermeate gas is utilized as a displacement
gas in the PSA system. Hydrogen-rich permeate gas optionally is used as a
low pressure purge gas in the PSA system purge step.



-3- These applications of polyneric nenbrane systens for inproving PSA
hydrogen recovery are characterized by a-large pressure differential across
t he enbrane:-which requires initial conpression of the reject streamto
provide a high pressure polyneric nenbrane feed (typically greater than 200
psi g). Hydrogen sel ectively perneates through_the nmenbrane, so that _
reconpression is required to recycle the hydTégEn-rich pernmeate to the PSA
system (typically 200 to 300 psig) for increased hydrogen recovery. These
conpression steps conprise a significant portion of the capital and :

operating cost of ' kC r stem for Jlnpreving PSA :
hSdr oglangr ecovery. uﬁe%.g %{??2#1%@%0%@%&%@@2% g&#peggi f%'l 1ﬂpr’ov1ng PSA
seni per meabl e Nydrogem seconesy anergharastepizeduby addarge pressunecdifferentindracrdss
by a porous suirel méibPan@Whitk3€aatrds $ni'Eia] bodpress 10 HF %@EI éﬂ%ggﬁ?gﬁgﬁ"w .

of gas m xtures ig%udhgg% h\édro en- hlydro_car bon"m xtures. 1 _
differs from FERYEIR RoRLIN PEFSIHER: ROTYBRTICamEmbNaRe frad kiupicatlbgneater than 200
|h nguu ties pL giségent Hyd_ﬂ'qge_dlt $dleetivélyoparmeabes ffﬁﬁ,tb(ig?hn?h@m@nbf@le, so that
ydrogen-ric S a_nonper.ne streamat a pressure
slightly bel ov'\}% E: ﬁg é%é@‘pﬁ%gﬁ%“i%‘? 3?& BW(‘I'QEE‘E’\?OE%‘?WSF"TWE}‘We%%5\%#}# PSA
wi |1 be neededystem Haypiqaddy 200dsoed0d psig)hforr dgeredsedrinaiveger wettvery. These
petrol eum r ef idainpebs sl bR R ta;c,# ngls | rd | i.cul ar,
it is desirable ?%,i ncr easgg hyd ggseen%r g’o%“ﬁﬁé%@%%@r%ﬁﬁ% %gi%s];/sat%grrs on
st eam met hane OPETH IR @0SF of iSTRE 3, PRAWIErigamembranes isyF temh Jonyimpogeing PHk
present i nventhydrogenhredovieryl i zes an adsor bent nmenbrane separ at or
integrated with a PSA system and steam net hane refornmer as disclosed and
defined in the foll owi ng specification and cl ains, addresses this need for
nmore ef ficient netWels Ratent Hi 108p48fedisclndepar commsti torsemt pdrydabbe 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 po]ymeric membranes in that 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 increase
hydrogen recovery when operating PSA systems on steam-methane reformate or .
refinery waste gases containing hydrogen. The present invention, which
utilizes an adsorbent membrane separator integrated with a PSA system and
steam-methane reformer as disclosed and defined in the following
specification and claims, addresses this need for more efficient methods
for the recovery and purification of hydrogen.



-4- SUMMARY OF THE | NVENTI ON Pressure swing adsorption is utilized in the
prior art to separate a feed gas conprising nore strongly adsorbabl e
conponents and | ess strongly adsorbabl e conponents into a product .stream
enriched in the | ess strongly adsorbabl e conponents and a reject stream
enriched in the nore strongly adsorbable conponents. The present’ invention -
is a method for inproving the recovery of .thé tess strongly adsorbabl e
conponents in a pressure swing adsorption system which conprises passing at
| east a portion of the reject stream as. a f eed streanlthrough a nmenbr ahe

zone having a perneabl e adsor bent ﬁ\dsorbent mat eri al
whi ch divides the zone into a feed side. The feed
stream passes through the feed side of the nenbrane zone and portions of
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be recycl ed e} NG JEBHP R mdMnd Soile and portions of the more strongly adsorbable
components selectively adsorb and permeate through the membrane in an
adsorbed fluid phase. A permeate stream which is further enriched in the
more strongly adsorbable components is withdrawn from the permeate side of
the membrane zone, and a nonpermeate stream which is depleted in the more’
strongly adsorbable components and enriched in the less strongly adsorbable

- components is withdrawn from the feed side of the membrane zone. The

nonpermeate stream is recycled to the pressure swing adsorption process to
increase the recovery of the less strongly adsorbable components in said
product stream. A portion of the permeate stream can be recycled to the
feed side of the membrane zone by comb1n1ng the portion and the feed
streams.

A sweep gas optionally is passed through the permeate side of the
membrane zone to enhance the permeation of the more strongly adsorbable _
components through the membrane, and a mixture of permeate and sweep gas is
withdrawn therefrom. A portion of the withdrawn mixture can be recycled
to the membrane zone feed.

In a preferred embodiment of the invention, a methane-containing feed
is reacted with steam in a steam-methane reformer to yield a reformate



In a preferred enbodi nent of the invention, a methane-containing feed is
reacted wth steamin a steam nethane reforner toyield a reformate

conpri sing hydrogen, "carbon oxides, and nethane; this reformate is. t he feed
to the pressure swi ng adsorption process. The |ess strongly adsorbabl e _
conmponents conprise hydrogen and the nmore strongly adsorbabl e conponents
conprise nmethane and carbon oxi des, and t-he~ ﬁ?oduct fromthe pressure sw ng
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is an embodiment of the present invention utilizing a single
adsorbent membrane stage to increase the recovery of hydrogen from a steam-
methane reformer pressure swing adsorption system. '

Fig. 2 is an alternative embodiment of the present invention

utilizing two adsorbent membrane stages to increase the recovery of
hydrogen from a steam-methane reformer pressure swing adsorption system.

DETAILED DESCRIPTION OF THE INVENTION

A preferred embodiment of the present invention is illustrated in
Fig. 1 in which the recovery of high purity hydrogen by PSA from a steam-
methane reformate is improved by utilizing an adsorbent membrane to enrich
the PSA reject gas in hydrogen and recycling the resulting enriched
nonpermeate gas to the PSA feed. A more general embodiment is embraced
within Fig. 1 in which the recovery of less strongly adsorbable components
from a mixture with less strongly adsorbable components by a PSA system is



-6- inproved by the use of an adsorbent nmenbrane to concentrate the |ess
strongly adsorbabl e conponents in the PSA reject gas and recycling the
concentrated nonperneate to the PSA feed.. The definition of the term
"adsorbent nenbrane" as used in the present disclosure neans any
gas- per meabl e menbr ane cont ai ni ng adsorbent material which selectively
adsorbs sone of the conponents.in a gas mxtgre, wherein portions of the
adsor bed conmponents perneat.e through the nenbrane in an adsorbed fluid
phase. The preferred type of adsorbent nenbrane is described in U S. Patent
5,104, 425 whi-ch is .incorporated herein by reference. Qher types of
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and material to support or contain the adsorbent material.

The following description of the invention is based on the preferred
embodiment of recovering hydrogen from steam-methane reformate which
contains hydrogen, carbon oxides, and methane. The carbon oxides are
carbon monoxide and carbon dioxide, and the relative concentrations of
these two oxides in the reformate will be. determined by the end products to
be recovered. When hydrogen is the sole product, the raw reformate from
the reformer reactor system is subjected to the water gas shift reaction to
convert carbon monoxide into additional hydrogen and carbon dioxide. In
this case the reformate gas to be separated has a typical composition of
70-75 vol% hydrogen, about 1% carbon monoxide, 20-25% carbon dioxide, and
about 4% methane. In such gas mixtures, hydrogen is the less strongly
adsorbable component relative to both the PSA adsorbent and the adsorbent
material on the adsorbent membrane. The carbon oxides and methane are the
more strongly adsorbable components relative to these adsorbents.

The following specific description of the integrated PSA and
adsorbent membrane system for separating steam-methane reformate gas
mixtures is representative of any gas mixture which contains less strongly
adsorbable components (characterized herein by hydrogen) and more strongly



adsor bent nenbr ane system for separating stean}nethane ref or mat e gas

m xtures is representative of any gas m xture which contains |ess strongly
adsor babl e conponents (characterized herein by hydrogen) and nore strongly.
-7- adsorbabl e conponents (characterized herein by carbon oxides and

met hane), and the description therefore al so_supports the generic
separation of m xtures containing nore stron§ly adsorbable and | ess
strongly adsorbabl e conmponents. O her such m xtures include refinery waste
streans containing hydrogen -and |ight hydrocarbons, and m xtures of helium
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step is used I'M ze hydrogen production when hydrogen is the sole end
product. Reformate 3 at PSA feed pressure is conbined with conpressed
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of the proceggrhyPlaakide)’ wiChbPéft @on whether steam-methane reformer 101
includes a water gas shift step which converts carbon monoxide to
additional hydrogen and carbon dioxide. As earlier discussed, the shift
step is used to maximize hydrogen production when hydrogen is the sole end
product. Reformate 3 at PSA feed pressure is combined with compressed
recyclie stream 5 and the combined stream 7, at a pressure between 100 and
1000 psig, preferably 200-400 psig, is fed to pressure swing adsorption
system 103 typically at ambient temperature.

PSA system 103 is a multiple-bed adsorption system which separates
gas mixtures by selective adsorption using pressure swing for adsorption
and desorption between higher and lower superatmospheric pressures, as is
well known in the art. In some cases, the lower pressure can be
subatmospheric, and this version of the process typically is defined as
vacuum swing adsorption (VSA). In this specification, the term PSA in-
cludes any cyclic adsorption process which utilizes steps at super-
atmospheric or subatmospheric pressures. PSA system 103 produces a high
purity hydrogen (the least strongly adsorbable component) product 9
essentially free of the more strongly adsorbable components containing at
least 98 vol% hydrogen at a pressure between 150 and 400 psig. PSA reject
stream 11 contains the more strongly adsorbable components methane, carbon



vacuum swi ng adsorption (VSA). In this specification, the termPSA in-
cludes any cyclic adsorption process which utilizes steps at super-

at nospheric or subatnospheric pressures. PSA system 103 produces a high
purity hydrogen (the |least strongly-adsorbabl e conponent) product 9
essentially free of the nore strongly adsorbabl e conponents contai ning at

| east 98 .vol % hydrogen at a pressure between8150 and 400 psig. PSA reject
stream 11 contains the nore strongly adsorbabl e conponents nethane, carbon
- 8- nonoxi de, and carbon di oxi de which were separated in PSA system 103 as
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of preparation of adsorbent membranes are described in U.S. Patent
5,104,425 which has been incorporated herein by reference. A preferred
type of membrane for use in the present invention is made by coating a
porous graphite substrate with a thin film of an aqueous suspension (latex)
containing a polyvinylidine chloride polymer, drying the coated substrate
at 150°C for five minutes, heating the substrate in nitrogen to 600-1000°C
at a rate of 1°C per minute, holding at temperature for three hours, and
cooling to ambient temperature at 1-10°C per minute. The polymer coating is
carbonized during the heating step thereby forming an ultrathin layer of
microporous carbon on the substrate. Other polymers can be used for
coating prior to the carbonization step provided that these polymers can be
carbonized to form the required porous carbon adsorbent material. Such
alternate polymers can be selected from polyvinyl chloride,
polyacrylonitrile, styrene-divinylbenzene copolymer, and mixtures thereof.

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-



cooling to anbient tenperature at 1-10[err] per m nute. The pol yner coating
i s carbonized during the heating step thereby fornming an ultrathin |ayer of
m cr oporous carbon on the substrate. Q her polynmers can be used for
coating prior to the carbonization step provided that these polymers can be
carboni zed to formthe required porous carbon adsorbent material. Such

al ternate polyners can be sel ected from polyyginyl chloride, -

pol yacrylonitrile, styrene-divinyl benzene copolymer, and m xtures thereof.
The adsorbent nenbrane and substrate can be fabricated in a tubul ar
configuration in which the m croporous adsorbent material is deposited on .
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Each of these configurations separates the membrane zone into a feed side
and permeate side as illustrated in schematic fashion as membrane zone 107

in Fig. 1.

Feed stream 17 passes through feed side 109 of membrane zone 107, and
the carbon oxides and methane contained therein selectively adsorb and
permeate through adsorbent membrane 113 by the dominant mechanism of
selective surface flow in the adsorbed phase. The resulting separation
yields permeate 21 which is enriched in the carbon oxides and methane, and
nonpermeate 19 which is enriched in hydrogen. Nonpermeate stream 19 is at
a pressure slightly less than feed 17 due to the small pressure drop
through feed side 109 while permeate 21 is at a significantly lower
pressure, typically between 0.1 and 5 psig. Nonpermeate 19 is compressed
to 200-300 psig by compressor 115 and combined with reformate 3 to provide
feed 7 to PSA system 103. Recycling of hydrogen-enriched nonpermeate 19
increases the overall recovery of hydrogen in product 9.

A portion 13 of permeate 21 optionally is recycled to the feed of
membrane zone 107 for increased hydrogen recovery; this is practical only
when the concentration of carbon oxides and methane in permeate 21 is
greater than the concentration in PSA reject 11. Another portion 23 which



t he carbon oxi des and net hane contained therein selectively adsorb and

per neat e t hrough adsorbent nmenbrane 113 by the dom nant nechani sm of

sel éctive surface flow in the adsorbed phase. The resulting separation
yi el ds perneate 21 which is enriched in the carbon oxi des and nethane, and
nonpernmeate 19 which is enriched in hydrogen. Nonperneate stream 19 is at a
pressure slightly less than feed 17 due to-tHe-smal|l pressure drop through
feed side 109 while perneate 21-is at a significantly | ower pressure, .
typically between 0.1 and 5 psig hbnperneate 19 is conpressed t o.200- 300
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type, pressw’e?sanq)epen&\lng upon Eher%ype, pJ%sgure, and flow rate of the sweep gas
and the method of distributing the sweep gas across the membrane, benefits
can be realized in the operation of membrane zone 107. Such benefits
include increased separation efficiency and reduced membrane area which
result from increased driving force for the permeation of the more strongly
adsorbed components. Methane and hydrogen are effective sweep gases, and
are readily available as a portion 27 of methane feed 1 or alternately as a
carefully controlled portion of high purity hydrogén product 9. Other
sweep gases can be used if compatible with recycle of permeate to the
steam-methane reformer and nonpermeate to the PSA system. Methane sweep
enhances the permeation of carbon oxides through membrane 113, and if the
methane partial pressure differential across membrane 113 is sufficient
methane from feed 17 will continue to permeate through the membrane.
Hydrogen sweep enhances the permeation of the carbon oxides and methane,
and retards the permeation of hydrogen; if the sweep-to-feed ratio is
selected properly overall hydrogen recovery can be increased as illustrated
in the Examples which follow.

Alternatively, a mixture of hydrogen, carbon oxides, and methane from
can be used as sweep gas 25 provided that the partial pressures of the



and the nethod of distributing the sweep gas across the nenbrane, benefits
can be realized in the operation of nmenbrane zone 107. Such benefits

i nclude increased separation efficiency and reduced nenbrane area which
result fromincreased driving force for the perneation of the nore strongly
adsor bed conmponents. Methane and hydrogen are effective sweep gases, and '
are readily available as a portion 27 of metitane feed 1 or alternately as a
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sweep gas which will be recycled in stream 13 to nenbrane zone 107 and

stream 23 to stea farper 101, 1f the sweep-to-feed ratig is
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difference, the hydrogen-enriched nonpermeate recycled to the PSA system
from an adsorbent membrane is at a pressure significantly higher than the
hydrogen-rich permeate from a polymeric membrane, and thus requires less
compression power for recycle. Further, adsorbent membranes operate
satisfactorily at significantly lower feed pressures than polymeric
membranes, and therefore require lTower membrane feed compression power.

The significant and unexpected benefit of the present invention is reduced
compression power and capital cost compared with prior art methods. This
is illustrated in the Examples which follow.

Another important difference exists between the adsorbent membrane of
the present invention and polymeric membranes for mixtures which contain
hydrogen, carbon dioxide, and methane. Carbon dioxide and hydrogen are
both known as "fast" gases and both preferentially permeate polymeric
membranes relative to methane. Thus the non-permeate stream from a
polymeric membrane separator will contain predominantly methane and the
permeate stream will contain predominantly hydrogen and carbon dioxide;
this permeate stream cannot be recycled to the PSA system without further
separation. The selectivity of hydrogen relative to methane, i.e. the
ratio of hydrogen permeability to methane permeability, for typical



per meat es pol ynmeric nmenbranes but not adsorbent nenbranes. - Because of this
di fference, the hydrogen-enriched nonperneate recycled to the PSA system -
from an adsorbent- nenbrane is at a pressure significantly higher than the
hydrogen-rich permeate froma polymeric menbrane, and thus requires |ess
conpressi-on power for recycle.'Further,-adsoibent menbr anes operate
satisfactorily at significantly | ower feed'p:%§3ures t han pol yneric
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capacity to pmprocing hedrageni reedvepyirsgdesqribetliabovdzor exanpl e, a second
menbr ane stage woul d be needed to further enrich the recycle streamin

hydrogen. In contrast, the adsorbent nenbrane of the L.
An alternative embodiment of the invention is illustrated in Fig. 2

E wherein a second stage adsorbent membrane is used for further improvement
in hydrogen recovery. Permeate stream 21 containing 10-20 vol% hydrogen is
compressed in compressor 117 to 5-100 psig and compressed feed 29 flows to
second stage membrane zone 119. Membrane zone 119 is similar to membrane
zone 107 and typically uses the same adsorbent membrane material, but may
use an alternative adsorbent membrane material when appropriate.
Nonpermeate stream 31 is enriched in hydrogen relative to membrane feed 29
and is combined with nonpermeate 19 for recycle to PSA system 103.
Typically stream 31 is at a higher pressure than stream 19, so that a
booster compressor (not shown) would be required to increase the pressure
of stream 19 before combination with stream 31. Permeate stream 33 is
recycled to steam-methane reformer 101 for use as fuel. Optionally a
portion 22 of permeate stream 21 from membrane zone 107 is combined with
permeate 33 to yield combined permeate 34 which is recycled to steam-
methane reformer 101 for use as fuel. Sweep gas 35 may be used to enhance
the performance of membrane zone 119 in the same manner as discussed above
for membrane zone 107. Sweep gas 35 may be the same gas or a different gas
then sweep gas 25. Membrane zone 119 can be operated in the range of



present invention selectively perneates nethane and carbon dioxide in a
single stage and provides a nonpernmeate recycle streamto the PSA system,
wi t h-a hi gh hydrogen concentration. This inportant and unexpected
characteristic of the invention is the basis for the efficient nethod for

I mprovi ng hydrogen recovery as described above. An alternative enbodi nent
of the invention is illustrated in Fig. 2 mhb?éTn a second.stage adsor bent.
menbrane is -used for further inprovenent in hydrogen recovery. Perneate
stream 21 contai ning 10-20 vol % hydrogen is conpressed in conpressor 117 to
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be used to enhance the performance of nenbrane zone 119 in the sanme manner
as di scussed above for nembrane zone 107.péaMpep pas 35 may be the sane gas
or a different gas then sweep gas 25. Menbrane zone 119 can be operated in
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typically opera
method for potentially increasing hydrogen recovery. Adsorbent membrane

zone 107 is not used in the example. Different quantities of a PSA reject
stream containing 35 vol% hydrogen, 55% carbon dioxide, and 10% methane are
recycled to the PSA feed. The total feed to the PSA contains 75 vol% Hy,
20% CO,, 1% CO, and 4% CH, at a flow rate of 20 million std cu ft/day. The
PSA is assumed to operate at a feed pressure of 250 psig and the PSA reject
stream is available at 5 psig. The PSA recovery is assumed to be 80% if
the feed contains about 70% H,. The overall hydrogen recoveries, the
compressor HP, and the benefit/cost ratio were calculated for each level of
recycle. The benefit is defined as the additional revenue from increased
hydrogen production and the cost is defined as the cost of the compressor,
compressor energy consumption, incremental fuel for the steam-methane
reformer, and incremental increase in PSA adsorber size. The benefit/cost
ratio is thus the ratio of the revenue from additional hydrogen recovery
and the cost required to recover the additional hydrogen. The results are
shown in Table 1.



at. anbient tenperatures, defined herein as tenperatures above about 15[err]
to as high as 50[err]. Alternatively, as showm in Exanple 4, it may be
desirable to operate at subanbient tenperatures, i.e. bel ow about 15[err].
EXAMPLE 1 The direct recycle of PSA reject gas 11 to the feed of PSA system
103 operating -on steam nethane reformate 3 was sinul ated and eval uated as a
nmet hod for potentlally I ncr easi ng hydr ogen -rkkevery. Adsorbent nenbrane
zone 107-is not used in the exanple. Different quantities of a PSA reject
stream cont ai ni ng 35 vol % hydrogen, 55% carbon di oxi de, and 10% met hane are
recycled to the PSA feed. The total feed to the PSA contains 75 vol % [err],
20% [err], 1% CO and 4% CH4 at a flow r 20 ntlllon std cu ft/day.
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i The results show that the value of the additional hydrogen recovered

is exceeded by the costs associated with recovering the additional hydrogen
by this method. Thus the direct recycle of PSA reject gas to PSA feed is
not a cost-effective method for increasing hydrogen recovery.

erkgedcons

EXAMPLE 2

A carbon adsorbent membrane was prepared on a porous alumina tube
with an average pore size of 200 Angstroms. The membrane was prepared by
first coating the alumina support with a polyvinylidene chloride emulsion
followed by pyrolysis at 600°C to obtain a microporous carbon layer on the
alumina. Multiple coats of carbon were applied to the membrane by
sequential coating and pyrolysis to obtain the desired membrane separation
characteristics. The details of membrane preparation are described in
previously-cited U.S. Patent 5,104,425. The tubular membrane was mounted
in a shell-and-tube type module allowing gas feed on the tube or shell
side. The corresponding permeate side was swept with a sweep gas in a
countercurrent mode. Operation in a cocurrent mode was also possible.

The membrane performance was determined by feeding the membrane
module with a gas mixture representative of a PSA reject gas which
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to the moles of hydrogen in the PSA feed excluding recycle.

The membrane performance characteristics. were then used to evaluate
the benefits of combining the adsorbent membrane with a PSA system.

The adsorbent membrane performance was determined at several
different feed pressures and flow rates using the above gas mixture. The
permeation tests were performed in the range of 5-45 psig feed pressure.
Methane was used as the sweep gas at 0.5 psig on the low pressure permeate
side. The membrane separation characteristics and membrane area/feed rate
were determined at these operating conditions. Using the experimentally
measured separation properties, the effect of incorporating the membrane
into the SMR/PSA process scheme shown in Fig. 1 was evaluated. The overall
hydrogen recoveries, the compressor horsepower, and membrane areas were
calculated at different operating conditions. Table 2 shows the results of
these evaluations. A/F is the membrane area required per unit flow of feed
gas and S/F is the sweep-to-feed flow ratio. Permeate side recovery and
overall hydrogen recovery are defined as above.
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operating c » =S aT At o
properties, fhe effect th /fIVR/ PSA
process schejre F&888wn i dhal | { h{EyaHen Comp.
recoveries, [-BESSSHE D e4s8¢” ol sepc -
at differentf| ops psigng|conmd ti arrss ts z¥.0t hese| 21.8
eval uati ons. E1s. the ran reéa_requ da peér unit 1§ow Teed ¢
and S/F is t:ﬁ5§¥BE§LL$.5§§£_ 0 ; 4 2 .ZéaiL_‘
hydrogen recjpgserpgiqre debiried a49.abgves.s | -s32 TABBE02 Eff ectl.0f Adsqr4gesdt
Menbr ane on rall Iy n oyel al A tem Feed; , 35% r
55% [err], ]ﬁégﬁ’é?g} |_Ba/t @g fﬁé g Yék&u' - pd—250—psi gdé'a i esrli
: 31 psig 0.07 43.9 71.3 47.0 90.1 9.8 54.2

Based on the data of Table 2 it is concluded that the retrofit using the
adsorbent membrane increases the overall hydrogen recovery in the SMR/PSA process
from 80% for the base case without the membrane to 83-93% with the membrane
depending on the membrane operating conditions.

The adsorbent membrane is capable of permeating both CO, and CH, to the Tow
pressure side of the membrane while retaining an acceptable fraction of H, on the
high pressure side. The significant permeation of CH; to the low pressure side
of the membrane even with a CH, sweep is surprising and unexpected in light of
prior art membrane systems. In addition, the adsorbent membrane allows the
recovery of hydrogen at a pressure close to the membrane feed pressure as earlier
described.

The membrane can be operated at significantly Tower feed pressures than
those commonly used for conventional polymeric membranes, i.e. 10-50 psig for the
adsorbent membrane of the present invention vs. 150-250 psig for a typical
polymeric membrane. Lower feed pressure and the recovery of hydrogen at close to
the feed pressure reduces compression requirements for this invention compared



Sweeb [err] at O. 5 psig Perneate Side Overal | AlF, Feed .-

Recoverles % [err]- [err] /(IDb Conp. Pressure.
SIF° .[err] CO [err] Recov., % nol e-hr) HP 13.5
psig 0.12 -77.8 95.3° 74.4 83.7 23.0 21.8
13.5 psig 0.12 -~ 47.5 81.0 48. qJ 89.4 15.2

23.8 31 psig - 0.11 49. 4 85.5 6.2 89.0 11.0
40.8 31 psig 0.11 31.7 72.2 38.2 92.6 8.8
61.1 31 psig 0..07 43.9 71.3 47.0 90.1 - 9.8

54.2 Based oWithdoliaeniemenbnanes For tthe ssaperseruthed tAtas febe pressuvkidf USisngsig,
t he adsorbentcomﬁr&game ames e&rmb r Vi n c

SVR/ PSA Processy tgécyeﬁ ?ﬁ;h gggwgsngv\lnef @59&% of ¥ %?Fé(ss'op ttggs 93%
wih e monsranriEe) feiioh ieOSREHET AL CBpALARY kGt SRUNFRERLS Tomethe
adsor bent rrer@ﬂ?‘ﬁ‘r‘?é"# @%@B&%I@mﬂﬁreémfﬁ’em1mrbommmes and [err] to the |ow

pressure side of the nmenbrane while retaining an acceptable fraction of H2
on the high press?ﬁ'emmde The S|ﬁmf|cant permeation of [err] to the | ow

pressure side of FIRTEPe fTeR JERUINed FoaPronasS Aetasdi Streal 5aR denBplaneed with
unexpect ed i ROVgyRequirementdr with 1owerbmenbeaney sreassrequireddéort separativas performed

?ﬂz o:rg(raﬂr;'; aggﬂf”ﬁgﬂeﬁbk%réﬁg lggﬁrilﬂélﬁg??{n gilgrwgﬁé)%ﬁo%arﬂeptgagﬁgé‘canﬁlgow chéhging
operated at si gﬁ". Fi ‘{cng ?S'Tléﬁg @\%rr#@eoa H}eegg‘l?l"%%e PRSI S4€R-coMHSN] § PAkENGTaldy
convent i onal Upefjnin balansing shedieat veluel0f 30e meirpedterstirhan abigpubehs fuel in

menbr ane of the sRegb-aethan8ViaFbinfer, vS. 150- 250 psig for a typical polyneric
menbrane. Lower feed pressure and the recovery of hydrogen at close to the

feed pressure reduces conpression requirenents for this invention conpared
- 17 - with polyneric nenbranes for the same service. At a feed pressure of
13.5 psig, conpression can be performedyyupr § bl ower instead of a
conpressor, thus -

The adsorbent membrane of Example 2 was tested with the same gas
mixture of Example 2 but with hydrogen instead of methane as sweep gas.
The objective of the experiment was to determine if the hydrogen recovery
on the non-permeate side and methane recovery on the permeate side could be
increased with hydrogen sweep on the permeate side especially for operation
at the PSA reject stream pressure (i.e. about 5 psig). The source of
hydrogen for the sweep stream is a part of the product stream 9 from PSA
‘system 103 in Fig. 1. The overall recovery of hydrogen from the
SMR/PSA/adsorbent membrane system in this case would consist of additional
hydrogen recovered from the membrane nonpermeate side less the hydrogen
used for the membrane sweep stream. Table 3 shows the membrane performance
with hydrogen and methane as sweep gases, and the overall hydrogen recovery
from the integrated SMR/PSA/adsorbent membrane system. The example with
methane sweep is included for reference.
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3 Conpari son
Low Pressure

y reducing the capital and operating cost requirenents for the
nbrane conpared with polynmeric nmenbranes. The nenbrane area
process a feed stream can be bal anced with power requirenents,

menbrane areas required for separations perfornmed at higher

n additi on, nenbrane perfornmance can be varied by changing the
p flom/rate on the menbrane pernggte side. This is potentially

in balancing the heat val ue of the permeate stream when used as fuel
in the steam net hane reforner.

EXAMPLE 3 The adsorbent nenbrane of Exanple
with the sane gas m xture of Exanple 2 but w th hydrogen
The obj ecIABLE 3f the experiment was to

t he hydroge recovery on the non-perneate S|de and mnet hane

t he per neate 1(5’78[!” Hé'“‘i’"r?@ﬁe&%"é'@mﬁﬂ% WiE ¥ereg8Reep on t he
e especiall§ Bﬁ%"’r SNEEM of t%éopsﬁr%y& egpgadend tHessur e

T, th t
F"ewg)w‘ : gg"' r ‘ima?og’ TG SIS | 5 acbvery

f systemin this case woul d

e nenbrane nonperneate si de

rogéﬂgﬁ overed on?fh

foFeminc ¢ ne aﬁPeﬁﬂi@ﬁE Slﬁﬁes a1@véhﬂl
gﬁresr echaepy from t he fit (e]gr at pd SMReE&Aradsprbent [rerhr ane
Ixpsigl e VRash et $fne sweb@-h i hcHuded f @0, r ef ertigce| RecoWABEE
' E mhnc ydr a T Sjeep_on the
g'egj §5/'V§ err] %e[err 1C%a%5 g at” 10
d e oF eF r] ngl -
H, | 0.12 | 151.3 54.5 85.0 | 74.7 | s0.4
5.0 H, 0.12 91.8 20.9 60.8 49.7 85.4
| 5.0 H, 0.12 114.3 37.0 75.0 63.0 83.3

The results of Table 3 show that the adsorbent membrane can be
operated at a feed pressure 5 psig if the low pressure permeate side 111 is
swept with hydrogen. High permeate recoveries of C0, and CH, can be
achieved with such a hydrogen sweep. The simultaneous permeation of CO,
and CH, and the ability to operate the membrane at such a low pressure are
unexpected benefits which would not be expected from known prior art.

The adsorbent membrane cannot be operated with a CH, sweep and a feed
pressure of 5 psig, however, since no methane will permeate to the low
pressure side. This would allow the CH, concentration in PSA feed 7 to
build up with time, which is not acceptable. The use of a methane sweep is
feasible only when the methane partial pressure on feed side 109 exceeds
the methane partial pressure on permeate side 111 of the membrane, which is
achieved at membrane feed pressures above about 10 psig.

The use of the adsorbent membrane improves the overall hydrogen
recovery to as high as 85% at the selected operating conditions of the
membrane compared with the base PSA recovery of 80%. Compression of PSA



S/F (smeep flowrate)/(feed flow rate) Feed " : ' A F,

Per neate Si de Overall Pres., Sweep Jft /(Ib

Recoveries, % H2 psig Gas S/ F nol.e- hr) [err]

[err] [err] Recov., %5.0 - H 0.12 45.5 ' 6.2
44. 8 33.0 _ 5.0 [err] 0.12 45.5 . 39.4 60. 1
0.0 5.0 [err] - 0.12 151. 3 -~ 1954.6 85.0 @ 74.7

80.4 5.0 [err] 0.12 91.8 20.9 60. 8 49.7

85.4 5.0 [err] 0.12 114. 3 : 37.0 75.0 63.0

83.3 The results of Table 3 _show.that the adsorbent nmenbrane can be:
operated at a %J(S&g Hrean flote &epg&q agdserbenty mambeang ds pratnabsed utphe requi resl.

swept with hythusgemly bhelcompressatreis e@qmreldesmi‘e] [/ecfdmbr@é%r[ £15,] t6afhdRase

and ont and i BEesulY YE VR EPropd 5 50 he AL P RRESSEBRe r esour e are
unexpect ed benefits which would not be expected from known prior art. The

ressure of 5 po g ausorhic SRALAAL 14 pbrrdfly) podRER Midh rBESyeres of
pressure Si demDT?f?% ChodinaTen Psessure meabme;meammom iordesAor miwiind ze othe

bui l d up wit hsitziegeof WatEdlel St P@%Et&fﬂi 9&55'3?31115‘9 ?fn@a"r?& h@?ﬁs%ﬂé@ggam

feasi ble only t t hane ,parti sur n ed si 109" e

t he met hane p‘é‘gﬁf“@?@g‘i&% ﬁ# ﬁgﬁ‘fi 7§§ %8 St%é%@‘?ﬁd‘ﬁé% Peh Has
achi eved at mbvaneate&nteptdﬂseuﬂemlabove about 10 psig. The use of the
adsor bent nenbrane i nproves the overall hydrogen recovery to as high as 85%
at the selected operating conditions of the menbrane conpared with the base
PSA recovery of 80% Conpression of PSA - 19 - reject stream 1l to feed
the adsorbent nenbrane is not absolutely ggapifed. Thus only one conpressor
I's required, nanely conpressor 115, to increase _ ,

The experiments of Example 2 were repeated at 3°C to determine if
hydrogen recovery could be increased by operating the membrane at a sub-
ambient temperature. It would be expected that the adsorption of the
adsorbable species in the feed gas (i.e. CO, and CHy) in the carbon membrane
pores would be increased at the lower temperature. This would have the
effect of pore blocking thus reducing the permeation of hydrogen through
the membrane. Increased adsorption of the adsorbable species at the lower
temperature would -increase the driving force for perméation of the adsorbed
gases (i.e. for CO, and CH,). However, the diffusion coefficient would be
Tower at the lower temperature. Thus, the overall effect of lower
temperature on the permeation of the adsorbed species would be a
combination of the two effects, but would be difficult to predict.

The experimental membrane performance and calculated hydrogen
recovery are summarized in Table 4 and show the effect of temperature on
the carbon membrane separation characteristics. Hydrogeh recovery in non-
permeate stream 19 (manifested by lower permeate side reéqvery) is in fact
increased by operating the membrane at a lower femperature. The permeate
side recoveries of methane and carbon dioxide are also reduced, but the
overall hydrogen recovery is improved at the lower temperature. The



the pressure of recycle stream5 to the PSA feed pressure. The adsorbent
menbrane i s preferably operated at high recoveries of [err] and [err] in
| ow pressure perneate stream 21 in order to mninize the si.zes of recycle
stream 19 and conpressor 115. This also hel ps maintain the concentration
of H2 at above 70%in PSA feed 7 to maintain the PSA H2 recovery at '
acceptabl e | evel s. EXAMPLE 4 The experiﬁﬁﬁps'of Exanple 2 were repeated at
3[err] to determne if hydrogen recovery coul'd be increased by operating
t he menbrane at a sub- anbient tenperature. It would be expected that the

ads ?L pti Onbobpﬁihﬁm &dﬁpﬁﬁé&ﬂeeaﬁmege_r@%iﬂgh cbmtf&ﬁdc?atﬁ?] (chel)sﬁ‘an B@s{ea]onam@lc.{d err])
in the carbo ane. no u I ner e the | ower tenperature.
Thi s woul d hgc\’/ éggf‘}'@c@&@f‘x}%o %‘fgﬁgg%nrgg?\r{g@g}tﬁuci ng the perneation of
hydr ogen through the nenbrane. Increased adsorption of the adsorbable
species at the |ower tenperature woul d-increase the driving force for
perneation of the adsorbed gases (i.e. fongﬁgrﬁ and [err]). However, the
di ffusion coefficient would be |ower at t r tenperature. Thus, the
overal |l effect of |owegpdrGfiA ¢ UsorEnt REnDPERARRISuBENIAEnt Fempaiansracd
speci es woul d be ‘a conbination of the two effects, but would be difficult
to predict. Feel:ex3ssriyesssaloyerty eeapaof miniberc etdied ftgdaul at ed hydrogen
recovery ar eSwaepedli or@Hj atThl5| psig and show the effect of tenperature on
the carbon niffbrafembeans sweep oM nasel/dpenbrares feed) dlayerta)ecovery. i n non-

perneate str wer _perneate side recovery) s in fact

i ncreased byl epg{ ati ng at | ongr te cdqalhe per,
si de recover ggeg),f swexphqrempnd nfég}:q’xj,d are gcggéﬁgggbd@esed, bLtdWE eﬁ
overal | hydrpgsiy regagvely iCs inpirovddmate-hhp || ayer tegper at utly. ThHeecov., £0

- 0p i mrum t efrpef at u a perjat 1,1g [con I OIS be._ChoSEen sed@ on T1eed
' tepegatuge afd preriag iy . 354" ["%o- 3 L
5.0 CHy | 3 |02 | 45.5 | 255 | 46.0 | 0.0 -
5.0 M, | 20 |02 | 455 | 6.2 | aa.8 | 33.0 -
5.0 W | 3 louz | 455 | 3.1 | 343 | 238 -
50 W, | 20 |02 | 151.3 | 54.6 | 85.0 | 74.7 | 80.4
5.0 W, | 3 louz | 1513 | 26.8 | 620 | 509 | sl.2

Thus the use of an adsorbent membrane to recover and recycle hydrogen from
PSA reject gas is an improved alternative to the prior art use of polymeric
membranes for this purpose. The invention is particularly useful in the recovery
of hydrogen from steam-methane reformate containing hydrogen and carbon oxides,
since it has been found unexpectedly that carbon oxides and methane selectively
permeate over hydrogen at low feed pressures and can thus be recycled to the PSA
to increase overall hydrogen recovery. Thus PSA reject gas can be enriched in
hydrogen by an adsorbent membrane in a single stage at low feed pressures, which
is not possible using prior art polymeric membranes. In addition, the method of
the present invention exhibits low compression and power requirements compared
with methods using a polymeric membrane because (1) the adsorbent membrane can be
operated at relatively low feed pressures (10-50 psig) and (2) the hydrogen-
enriched nonpermeate stream from the adsorbent membrane is recovered at near feed
pressure. A polymeric membrane operates at distinctly different conditions,



conposition and nmenbrane performance requirenents. TABLE 4 Operation of
Adsor bent Menbrane at Subanbi-ent Tenperature Feed: 35% [err], 55%7 err],
10%Jerr] at 10 mllion std cu ft/day Sweep: [err] or [err] at 0.5 psig S/'F
= (menbrane sweep flow rate)/(nmenbrane feed flow rate) Feed - :

Al F - Perneate Side - . Overall Pres. Sweep-

Tenp., [err]/(Ib 'RecoT/&liés, % [err] psig

Gas Cc S/ F nmol e-hr) [err] [err] . - [err]

Recov., %5.0  CH4 20 . 0.12 . 45.5 39.4 60. 1

gg 5.0 . [aamgy. (1) & requir€ dferation aﬂ5n5e1evated25ee31 presé@r-‘é)ggd (2% 1.gle0
Cerr] Shyd Qenoerirémﬂe&%emhegtg streah 1§_rfco@er§gl_a§ fiow greﬁu%e At rnative]y,
[err] ophe adsorjent,membrane £3n be operated at a very tow feed pmespure (3-1Q3gsig) by

5.0 [erriyising a hy@rogen sweel @n the permd@at® side, WicB is nd2p&ssible whbh @
81. 2 Thus th&,]%gﬁqu%rgﬁiﬁorbent menbrane to recover and recycle hydrogen
fromPSA reject gas Is an I nproved alternative to the prior art use of
pol ynmeric nmenbranes for this purpose. The invention is particularly useful

ihndt he recoxd/ery ofhehgsheotiial Emarattaresticsadthoiee prefeat m&ﬁ&m@mta&}arﬂdﬂ@ribed
ydrogen an e gk eernk.o, t t '
carbon oxi dec@ggwy?ﬁaggégg edggﬁ/g?@aggl#{kr%éa;bgfeo%?ll%nygﬁgggnﬁgtXﬁnqgvﬁeggga"d
pressures an ecé?lvel"nﬁl@‘ ad paks ¥pgipus modhEicptions cthepetdewithout sepanting diremdhe
recovery. TheasiPSRire} ¢beregfis andrwiltbowtndepalneihg frdaytheogeopebyf 2he adaimsbRMich
menbrane in f13pg! € stage at | ow feed pressures, which is not possible
using prior art polyneric menbranes. In addition, the nethod of the present
invention exhibits | ow conpression and power requirenments conpared with

met hods using a pol yneric nmenbrane because (1) the adsorbent nmenbrane can
be operated at relatively |low feed pressures (10-50 psig) and (2) the

hydr ogen- enriched nonperneate stream fromthe adsorbent nenbrane is
recovered at near feed pressure. A polyneric nenbrane operates at
distinctly different conditions,



- 21 - nanely, (1) it requires operation at an el evated feed pressure and
(2) the hydriogen-enriched perneate streamis recovered at | ow pressure.
Al ternatively, the adsorbent nenbrane can be operated at a very |ow feed

pressure (3-10 psig) by using a hydrogen sweep on the B%ﬁh’f‘e shés - ‘1’3/4?/98
is not possible with a polyneric nenbrane. }@ essenti a ar acterl stics of

the present invention are described conpl et Tn the fo_hﬂg cI osure,
One skilled in the art can understand the invention and [qﬂgcement sheet

nodi fications thereto without departing fromthe basic spirit thereof, and
wi t hout departin@ef dmimite scope of the clainms which folphga: (4- q_zz
claim 1. In a pressure swi ng adsorption process which separates feed
gas conprising nore strongly adsorbabl e conmponents and | ess strongly
adsor babl e conponents into a product streamenriched in said |less strongly
adsor babl e conponent s land & e;aegr&stsme.@m suntng hed sorpddion npreceﬂ;som;dl)ch

adsor babl e conponents, .a net hg 41 rov ng t he reco\\%ﬁr_\é E- sai d |
strongly adsor bafi&PGHsh S 1 %%ﬁd orREtetRd LM Rg

passing at |east c,%n%riéxfﬁ?s %fndsqle%sr Qiteeh ks %@@o&%a%lfee%m‘izbh%@st HhQBgQ a
menbr ane zone havi ng permeabl e adsor bent menbr ane conpri si ng

adsorbent nateri mrqﬂmqﬂw shxgafeseniicCheshein nsaid Less stayongdy adsexbelixle
side, wherein Sa'&rzfp%%rﬁ:tsregﬂhpaés%%jte@:ougf'régﬁ enriched in said more

strongly adsorbable components, a method for 1mprov1ng -
‘the recovery of said less strongly adsorbable components

in said product stream which comprises:

(a) passing at least a portion of said reject
stream as a feed stream through a membrane zone
having a permeable adsorbent membrane
comprising adsorbent material which divides the
zone into a feed side and a peameate-_. side,
wherein said feed stream passes through the
feed side of said membrane zone and partions of ...
said more strongly adsorbable components
selectively adsorb and permeate through the
membrane in an adsorbed fluid phase:;

(b) withdrawing frdm the permeate side of said
membrane 2zone a permeate stream which is
further enriched in said more strongly
adsorbable components and withdrawing from the
feed side of said membrane zone a nonpermeate

stream which is depleted in said more sfrongly

* cC. L n S *



feed side of said nmenbrane zone and portions of said nmore strongly
adsor bable " conpbimeris she edplatamentyshedtor b and perneate through the
menbrane in an adsorbed ffuid phase; (b) withdrawing fromthe perneate side

of said nmenbrane ﬁO{]e_ a &/erlgealfg stream which is furthe&ybstitiitd sSthest - 18/4/98
said nore stro ad&or4ab conponents and withdrawing fromthe feed

side of said membrane zone a nonperneate str&ariwhich is depleted in said
nore strongly - 23 - adsorbabl e conmponents and enriched in said | ess
strongly adsorbabl e conmponents; and (c) recycling said nonperneate
stream to said pressure adsogbabier pbmponpnbosecandt enriichedsint baidetessry

of said | ess strongly adsorbabl e conponents_in said product stream 2.
The method of claim1 mhicﬁ%FBPPHXrgaﬁﬁﬁgﬁgég FBE?EPgﬁgsa PBfti on of said

pernmeate streamto the feed side of said nenbrane zone by conbining said

portion with said feeqcstreagychiage Balike HYMRIYHteONSstfed@l dtHOr 8aid -
strongly adsorbabl e conponents in said perneate stream are higher than the-
concentrations of said nor ®reEEUREl \BVEAKDHr BGSPEPEEAR 0 PERCESEN & dnFEedse

stream 3. The met hod offggmfgébeggyﬁbfugggarrgggﬂé $P7ShBEoRLalNEEP

gas through the perneate s of sald nenbrane zone to enhance the
pernmeation of said nore st comgbpeatisoibabbhédcprpdueiht straamugh sai d
menbr ane, and

2. The method of claim 1 which furtﬁer comprises
recycling a portion of said permeate stream to the feed
side of said membrane éone by combining said pprtién with
said feed stream, wherein the concentrations of said more
strongly adsorbable components in said permeate'stream
are higher than the concentrations of said more strongly:

adsorbable components in said feed stream.

3. The method of claim 1 which further comprisés
passing a sweep gas through the permeate side- of said
membrane zone to enhance the permeation of said more
strongly adsorbable components through said membrane, and
withdrawing therefrom a mixture of permeate and sweep

gas.

4. The method of claim 3 wherein said sweep gas
comprises one or more of said more strongly adsorbable
components, one or more of said less strongly adsorbable

components, or mixtures thereof.

* ¢ L M s =



wi thdrawi ng therefroma m xture of, K perneate and sweep gas. 4. The net hod
of claim3 vinGhigiin theeplacRBeMSNeeL o i ses one or nore of said nore
strongly adsorbabl e ¢conponhents, one or nore of said | ess strongly

adsor babl e COpRAN en ﬁi} ,_g zz;glf xtures thereof. - ESubst-H]?e gﬁ&@pm@fm/gg

claim 3 wherei'n ow ratio of said smeep gas to said reject
streamis between about 0.05 and 0.5. 6. - TBwe ethod of claim11 which
further conprises reform ng a nethane-containing feed in a steam net hane
refornmer to yield a reformate conpri si ng hydrogen, carbon oxides and

met hane, wherein SalderfO&HgtﬁkeF§¥%q§§|gﬁhquq#dWHéf sorb Fgfuggow

SwWi ng adsorption process ess strong y a

conponent s conpr katibydfogaidasiesm gast i g@aididse]ect| streapohenbetween
conprise said netgan anﬂscgrgog gX|des and wherein said product fromsaid
pressure sw ng aft Stlo p BEegs rs hi gh purity hydrogen. 7. The net hod -
of claim6 which further conprises recycling at |east a portion of said .
perneate stream from §ai d Fasbmathodz i tbatmi d stteiah nBhbelver r ebaprtsess

fuel. 8. The nethod of claim6 which further conprjses recycling a
portion of said ﬁ@?ﬁﬁﬁ'ﬁ"ggstar eﬁﬁgpﬁnﬁﬁ§°7‘ gdninde f?ia?‘ﬂ fenBrEAR~RERB2RG

gglngl % ng sai d peekbefew tB Faeddf gedegbrRate WBRADLHEBihHChyAREEEA] ALLeBENOT
oxides, and methane, wherein said reformate prov1des sald
feed gas to said pressure swing adsorption process, and
wherein said less strongly adsorbable components comprise
hydrogen and more strongly adsorbable components comprise
said methane and carbon oxides, and wherein said product
from said pressure swing adsorption process is high

purity hydrogen.

7. The method of claim 6 which further comprises
recycling at least a portion of said permeate 'stream from .
said membrane zone to said steam-methane reformer és
fuel.

8. The method of claim 6 which further comprises
recycling a portion of said permeate stream to the feed
side of said membrane zone by combining said portion with
said feed stream, wherein the concentrations of said more
strongly adsorbable components in said permeate stream
are higher than the concentrations of said more strongly

adsorbable components in said feed stream.
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strongly adsorbabl e conmponents in said perneate stream are higher than the

concentrati o'ns-nq i§%@ré&é&n§éﬁt%ﬁ¥ adsor babl e conponents in said feed
stiream -25- 9. ‘The met hod of claim6 which further conprises passing

a sweep gas through the p ate side of said nenbrane gt Ce3
per neati on of Pated Me*s'?{g‘r?\gl y adsor bable ppnponent s throlugh sal 14188

menbrane, and wi thdrawi ng therefroma m xture of perneate and sweep gas.
10. The method of claim9 wherein the nolar flowratio of said sweep gas to

said feed streamis betweep, about .0.05 and.0,5. 11.. The thod of claiim 10
wherein said sweep gaS‘is Epﬁv' 5551% %’?t fiLpin ﬁor"ft}ldﬁ" oggggﬁ‘ﬁr mEPARAeSSS
containing feed passahg d esieapt Rrarze tl@f@ﬁ@lﬁr thle Sodahddd %fid%alcslf hisghd

purity hydrogen product from sald pressure swi ng adsorption process, 12.
The method of clBEEPIANGhIWMS §8 deBhRREe gdhe sPerBeRgdenbyOh FRdd oRose

sai d high puri tysE¥9ﬁ§ﬂ§“a&éBﬁH&?lU88ﬁ éhg?{?éeﬁg%ﬁﬂg"‘%ﬁﬂdaﬂé%%hgn and
process and the pressdrg on the feed site of sal'd nmefibrane zone Is bétweeén
about 3 and 10 pwithdt8wiiige therteftrar el anixiOundi of fpetrheateormnd sewetp
recycling at least a portion of said mxture of perneate and sweep gas to

sai d steam met hafi8Srefornmer as fuel .

10. The method of claim 9 wherein the molar flow
ratio of said sweep gas to said feed stream is between
about 0.05 and 0.5. '

11, The method of claim 10 wherein said sweep gas
is provided by either a portion of said methane-
containing feed to said steam-methane reformer or a
portion of said high purity hydrogen product from said

pressure swing adsorption process.

12. The method of claim 10 wherein said sweep gas
is provided by a portion of said high purity hydrogen
product from said pressure swing adsorption process and
the pressure on the feed side of said membrane =zone is

between about 3 and 10 psig.

13. The method of claim 9 which further comprises
- recycling at least a portion of said mixture of permeaté

and sweep gas to said steam-methane reformer as fuel.
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- 26- 14. The nmethod of claim9 which further conprises recycling a portion

of said m xt’ e?%ﬁ,eﬂpghé@pep gas to the feed side of said nenbrane
zone by corrt);’mh:;r‘-sn%ftéhraéi*|r mxture with said feed stream wherein the

concentrations  of sai g/ nore  strongly  adsor baly gs6aiecsifddts 148/4/98
said m xture Mtepe“ﬁ‘eé{fe? nd sweep gas are Biggher than the concentrations

of said nore strongly adsorbabl e conponents in said feed stream 15. The
met hod of claim6 wherein the pressure on the feed side of said nenbrane
zone is between about 5 and 100 psig and the pressure on the perneate side
of said nenbrane zone is between about 0.1 and 10 psig. 16. The nethod of
claim 15 wherein said nenbrane zone is operated at a tenperature at or

above about 15[err]. 14. ThReBefh8doloft] laidSovwkariehn fnttheEnbsmpeigese
Is operated at a tenperature bel ow about 15[err]. 18. In a pressure sw ng

adsor pti on proceS8CHRItRIsBpRPEELRN 0f et g1t EREe | oF e rpeatet 2@ giyeep
adsor babl e conpo tgaa t | yga b ORI Sov NEQmBini

product stream eﬁ??cﬁgd%?lné %%éﬁée%@s#oﬁgﬁg g‘%g%fggbg}oe coms;%%e{:lts arrlljdn%
rej ect stream ensatied mixtsmied mith said7 -fesd ongtyeausor bdiEinrein the

conponents, a nethod for _inproving the recovery of said |less strongl

adsor babl e conpoﬁ%ﬂ?gn{:ﬁagéggspro‘agct e am%¥%h c® ?’i‘%g%; (?ﬁls g@%}?%ﬁ

at least a portieompbneats LAj ealid mixture of permeate and sweep gas are
higher than_ the concentrations of said more strongly

adsorbable components in said feed stream.

15. The method of claim 6 wherein the pressure on
the feed side of said membrane zone is between about 5
and 100 psig and the pressure on the permeate side of

said membrane zone is between about 0.1 and 10 psig.

16. The method of claim 15 wherein said membrane

zone is operated at a temperature at or above about 15°C.

17. The method of claim 15 wherein said membrane

zone is operated at a temperature below about 15°C.

18. In a pressure swing adsorption process' which
separates a feed gas comprising more strongly adsorbable
components and less strongly adsorbable components into a
product stream enriched in said less strongly adsorbable

components and a reject stream enriched in said more
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streamas a first feed stream. ugh a first menbrane zone having a
per neabl e ad< 8ISl eﬁﬁW%Fgﬁggtgﬂ%gising adsorbent nmaterial which divides
the zone into a feed'side and a perneate side, wherein said reject stream

passes througjyishel LPeﬁd Y de of said first membr ane zorgbatifitedHde?Ns1 fla/08
said nore strongly "adsorbable conponents sssel ectively adsorb and

pernmeate through the menbrane in an adsorbed fluid phase; (b) passing a
first sweep gas through the perneate side of said first nenbrane zone,

wi t hdraw ng t her first p/ perneate stream_ and w thdraw ng from
the feed side ofgééﬁﬁ&?Yr d%ﬁgﬁﬁﬁgﬁ% i?WEP%F?é?Standﬁﬁg?%%g Ist +RBRPRAREN
is depleted in sthel meEOveryodgl ¥adds Ardab! st HEION e So b BOT E6RBONERL s

said | ess adsorbable ¢ onents; (c) passing said first sweep/perneate

stream as a secotdy ¥ PRATH tHERATR Whiek FRMPERERBhe zone having a
per neabl e adsor bent nmenbrane conprising adsorbent material which divides

the ~ -28- zone intod fgedsing ad adireal egaidaonthaiel pasai dbiLst

sweep/ pernmeate stream passes through the feed side of said secon rane
zone and additional porti opleredm sasdandiiesst rieed ystradmothaiough a first

cormponent s cont ai ned membrane zone having a permeable adsorbent

membrane comprising adsorbent material which
divides the zone into a feed side and a
permeate side, wherein said reject stream
passes through the feed side of said first
membrane zone and portions of said more
strongly adsorbable components selectively
adsorb and permeate through the membrane in an

adsorbed fluid phase;

(b) passing a first sweep gas through the permeate
side of said first membrane zone, withdrawing
therefrom a first sweep/permeate stream, and
withdrawing from the feed side of said first
membrane zone a first nonpermeate stream which
is depleted in said more strongly adsorbable
components and enriched in said less adsorbable

components;

(c) passing said first sweep/permeate stream as a
second feed stream through a second membrane
zone having a permeable adsorbent membrane

comprising adsorbent material which divides the
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therein perneate through the nenbrane in an adsorbed fluid phase; (d)
passi ng a-sﬁqgmﬁﬂ&%&gﬁm@%ﬂéﬂiﬁhﬁﬁbh the perneate side of said second
menbr ane zone and'wi thdrawi ng therefroma second sweep/ perneate stream

and wi t hdraw ng fzga%j feed side of said nmenbrane zoggpstififté ¥hdet - 13/4/98
nqnperneateDéﬁﬁei WMii‘ch’ is depleted in saiggmre strongly adsorbabl e

conponents and enriched in said | ess strongly adsorbabl e conponents; and
(e) recycling said first and second nonperneate streans to said pressure

swW ng adsorption process to further incrgase the recoyery of said |less
strongly adsorbabl e conmpor®MS it ai 8 "cﬁn‘ﬁctﬂ re%ﬁ‘r‘x I%.p?ﬁ%e Bhott -

claim 18 which further congiésesn r$d0d FNEsE WS SdH 8 N tifediesh s Se
steam nmet hane reforner to yield a reformate conpri si ng hydrogen, carbon

oxi des, and net hane, wher eflreughi EBeofiegde $irds/i @6ss3add sesomdyqeenbransg d
pressure swi ng adsorption Egﬂgeﬁiﬁdaqgﬁditi 531 WSS &L bl ¢e§§%§ r y
r gly a

adsor babl e conponents conprise hydrogen and sard re stron sor babl e
conponent s- conpri se net hanseteomglwr boadssrbdeble?20. chmpomeinited of carttaindd®

wherein the nolar flowratjio of,said first swee s to said. first feed
streamis between about 0. EBSLGHR oPSrmep eThgﬁﬁgPan he crerhredeheRei IR

said first sweep adsorbed fluid phase;

(d) passing a second sweep gas through the permeate
side of said second membrane zZone and
withdrawing therefrom a second sweep/permeate
stream, and withdrawing from the feed side of
said membrane zone a second nonpermeate stream
which is depleted in said more strongly
adsorbable components and enriched in said less

strongly adsorbable components; and

(e) recycling said first and second nonpermeate
streams to said ©pressure swing adsorption
process to further increase the recovéry of
said less strongly adsorbable components in

said product stream.

19. The method of claim 18 which further comprises
reforming a methane-containing feed in a steam-methane
reformer to yield a reformate comprising hydrogen, carbon
oxides, and methane, wherein said reformate provides said

feed gas to said pressure swing adsorption process, and
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gas is provided by a portion of said nethane-containing feed to said
stean}nethqﬁgigqﬁ@waﬁacemeﬂtﬁﬁgﬁnethod of claim 19 wherein said first sweep
gas is provided by a‘po&%&on of said hydrogen from said pressure sw ng

adsor ption proceslsy .23. {phe nmethod of claim 19 wherei ngiRatiffeadhdetQ™ 32768
of said sedhﬁﬂ:sdz pagas to said second feeggstreamis between about 0/%5

and 0.5. 24. The nethod of claim 19 wherein said second sweep gas is
provi ded by a portion of said nmethane- containing feed to said
st eam net hane refornmer.

.- 30 - 25. The nethod af. claim 19 erein said
second sweep ga§wb%r?&$v?%%% %@S%.§EF??Q&Vcﬁé§QE (#%QHQEEPP??Q) seypprise
pressure swing agls@FPyédN dHPCESd Zhord N tTRINYY, OhdsbabEbl8 Wompohsanmtder
conprises recycling at |east a portion of said second sweep/- perneate

stream from sai dcemeBhee mgiphanr anhecarbenikEde®m met hane reformer as
fuel. 27. The method of claim 19 wherein the feed side pressures of said
first and second nenbrane zones are between about 5 and 100 psig. 28. The
net hod of claim 19 wherein said first and second nenbrane zones are
operated at tenperatures at or above about 15[err]. 29. The method of claim
19 wherein either or »0th Bie smethadnofaraladoneld avbhespénatde atolar flow

tenperatures belgg£§gog% %gggr%krst sweep gas to said first feed stream

is between about 0.05 and 0.5.

21. The method of claim 19 wherein said first sweep
gas is provided by a portion of said methane-containing

feed to said steam-methane reformer.

22. The method of claim 19 wherein said first sweep
gas is provided by a portion of said hydrogen from said

pressure swing adsorption process.

23. The method of claim 19 wherein the molar flow
ratio of said second sweep gas to said second feed stream
is between about 0.05 and 0.5. '

24. The method of claim 19 wherein said second
sweep gas is provided by a portion of said methane-

containing feed to said steam-methane reformer.
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25. The method of claim 19 wherein said second
sweep gas is provided by a portion of said hydrogen from

said pressure swing adsorption process.

26. The method of claim 19 which further comprises
recycling at 1least a portion of said second sweep/-
permeate stream from said second membrane zone to said

steam-methane reformer as fuel.

27. The method of claim 19 wherein the feed side
pressures of said first and second membrane zones are

between about 5 and 100 psig.

28. The method of claim 19 wherein said first and

second membrane zones are operated at temperatures at or

above about 15°C.

29. The method of claim 19 wherein either or both

of said membrane zones are operated at temperatures below

about 15°C.
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