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| NVENTI ON Gas m xtures can be sep_ﬁ\rat ed efficiently by the use ofPfY .
per medbl e menbranes in which the nore perneabl e conponénts are sel ectively

recovered in an enriched perneate gas and the | ess perneabl e conponents
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depends on the relative perneabilities of the conponents in the gas
m xture as well as the nenbrane nodul e design and operating conditions.

Different types of gas-perneabl e HELBQMESEINNENTION] | i zed for

such

separations including polyneric nenbranes, porous inorgani c nmenbranes
having controlled Knudsc@PERATIRN OF STAGEPARFSARBENEWEMBRANES t i es,

por ous adsorbent nenbranes, chemically active facilitated transgort

menbr anes, and high tenperature ion-conducting nenbranes.

The

concept of staging to inprove the perfornmance of certain types of perneable
menbrane systenms is well known in the art. Many stagi ng configurations have

been

9800022-7

BACKGROUND OF THE INVENTION

Gas mixtures can be separated efficiently by the use of permeable membranes in

which the more permeable components are selectively recovered in an enriched

 permeate gas and the less permeable components are recovered in an enriched

nonpermeate gas. The extent of enrichment depends on the relative penneabilities'of

the components in the gas mixture as well as the membrane module design and

operating conc'ﬁtiq.ns. Different types of gas-permeable membranes can be utilized for

such separations including polymeric membranes, porous inorganic membranes having

controlled Knudsen diffusion or molecular sieving properties, porous adsorbent

membranes, chemically active facilitated transport membranes, and high temperature

jon-conducting membranes.

The concept of staging to improve the performance of certain types of permeable

membrane systems is well known in the art, Many staging configurations have been



2 proposed and sone have been used for the separation of
comerci al ly-inportant gas mxtures. An inportant and wel | -known exanpl e
of effective nmenbrane staging is the separation of uraniumisotopes from
m xt utes of gaseous urani um conpounds in 2nultipl e-stage gaseous diffusion
col ums usi ng porous menbranes which effect gas separation based on
Knudsen di f f usi on. A general review and anal ysis of single- and
mul ti pl e-stage nenbrane perneator processes are reported by T. Pettersen

and K M Liféhdsddidoiretate ®abh Lisédltor R ratsSh‘é‘F’b@rﬁm@fcn Fa%u gas

Per meat or Processes for Gas Separation" s Sep. Purif.

pp. 151- 169(@9@% AR IiEnetasd was-mw rﬁa@lop@rfa‘cwmaﬁﬁ tggﬁgfg tﬁb' cs

are presente S|ngle stage and i pl e-stage nenbrane per I on

systems whi gfy afagen%?uféﬁ%fsef gasﬁam.ﬁascwrégo@%%emﬁhm% ols fENeri c

types of mult stage nenbrane configurations are descri I n which

ei ther the Qﬁ&lﬂﬁéls%‘adér%%%@sengﬁﬁééﬁcolﬁhh?%h BB i ﬂ@@wﬁfcﬂ%ﬁebtsge%“” her

concentrate a Seco rane.stage an rther concentr

streamis r%%ﬁ}a%gn‘oﬁséd‘gn kegakepfaitlagonf | rst nmenbrane stage. Wen the
r

menbr ane pe ate contains the desired product conponent, product purity

and/ or recovery cRBohal R0kRAHRIrRYSRAASInGR- bR MMPRESEBA MR Fhfbfor

second nenbrane stage and recycling the pernmeate streamfromthis second

menbrane st §4gcedses bhere PSEQd By T! ﬁ&té‘réérﬁémﬂ?rmrﬁgﬁ irArP&rcle WARLd B sERTOT ane

nonper meate 'stream contains the desired product conponent, product” purity
and/ or 1 ecovéy{fie§ %FMéﬁ\bréﬂEPQﬂ%‘éﬁbrWoé&%é 19 GRS pardMBALIR Gdd §é’;§“F‘u‘Plf a/ol.

second nmenbrane stage and recycling the nonperneate streamfromthis

second nenmbrgng, 3t ggler 5101 dogodse apbud B@sxéﬁ fn%ihodg‘éﬁab@ﬁ@rnﬁin%g%haractensﬂcs
Met hods for analyzing the performance of recycle perneator systens are set

forth in a p&@%’i'es%'ﬂéotfbﬁgn I@ﬁadé%d%ulﬁﬁééé%q% rﬁ’&hﬁ%&?@rrﬁé@tkﬁ@s@ﬁfs veieh

M xture Separation . Laguntsov et al 1 n the Journal Menbr ane
Science, 67(?%2 use@!ﬁor a varisty of gas separations. Two generic types of multipie-stage

3,

membrane configurations are described in which either the permeate or nonpermeate
stream from a membrane stage is further concentrated in a second membrane stage
and the further concentrated stream Is recycled to the feed of the first membrane stage.
When the membrane permeate contains the desired product component, product purity
and/or recovery can be increased by passing the nonpermeate stream to a second
membrane.stage and recycling the permeate stream from this second membrane stage
to the feed of the first membrane stage. When the membrane nonpermeate stream
contains the desired product component, product purity and/or recovery can be
increased by passing the permeate stream to a second membrane stage and recycling
the nonpermeate stream from this second membrane stage to the feed of the first
membprane stage. .

Methods for analyzing the performance of recycle permeator systems are set
forth in a paper entitled “The Use of Recycle Perrﬁeator Systems for Gas Mixture

Separaﬁén” by N. |. Laguntsov et al in the Journalf of Membrane Science, 67(1992), pp.
<



3 15-28. A two-stage perneator systemis presented and anal yzed in which
the perneate streamfromthe first stage is introduced into a second stage
and the nonperneate from the second stage is recycled to the first stage
feed. ™ Addi ti onal anal yses and des?gn nmet hods for nultiple-stage
menbr ahe separation systens are reviewed in an article entitled "Gas
Separati on Menbrane Cascades |I. One- Conpressor Cascades with M ni nal
Exergy Loss Due to Mxing" by J. Xu and R Agrawal in the Journal of
Menbr ane Scil®26e A tivb2ta@Ofermeptor sYstemi® presanted andlaatlyzed invhich the@ermeated
"Gas Separation Menbrane Cascades Il. Two- Conpressor Cascades" by R

Agr awal andstieanffrommtheiest StagerisintrofiuddeiibtoansecBod stage and 1 de@g@ymeate. from
129-146. These two review articles disclose multiple-stage nmenbrane

ar r angenent the sevendStagelis reycled to thedirst stege fagdst em wherei n t he perneate
streamfromthe first stage is introduced into a second stage and the
nonper meat e fr omAgtiiiosalemalysses anpbdésign methole fbr nidtigiéretape nembrang sefaration

A paper by R W Baker et al entitled "Recovery of Hydrocarbons from

Pol yol ef i n siétems Ste exiesveddn ay alfelsberdiied Teah Separgijon Membmnedihsatdéesie ONeChE
Spring National Meeting, February 25-29, 1996, New Ol eans, discloses

met hods of CaeopressonGastadis edtarMinings! Exemgyhiots Dge to Blixing? by tdr XammdiRicl udi ng
the use of a two-stage polyneric nenbrane systemin which the perneate

st r eam f r omAighewdliim e Jouaméof MeinhtanedRoiede) ti2)1996),prc dhEH188 ane aaaldtedhe
nonpernmeate fromthe second stage is recycled to the first stage feed.
Mich of t he artiskeentitiad t‘Gas Separatidraldemprazfe Cancbdesnik Bap@ompressorsgadcardss” by
addresses the use of polynmeric nenbranes. Areview article by R W

Spi | | man entA. Ageaival 'abid dn¥uircthe clou@as ofSdembrane Gcidmeabt 12(1096),ipp. CRetigal

Engi neering Progress, January 1989, pp. 41-62 describes the use of

pol yreri ¢ ndesatww eyiewearicles disclose meitiplegstage membrane arrangements, one of

which is a two-stage system wherein the permeate stréam from the first stage is
introduced into a second stage and the nonpermeate from the second stage is recycled
to the first stage feed.

A paper by R. W. Baker et al entitted “Recovety of Hydrocarbons from Polyolefin
Vent Streams Using Membrane Technology” presented at the AIChE Spring National_
Meeting, February 25-29, 1996, New Orleans, discloses methods of recovering
hydrocarbons from nitrogen purge streams including the use of a two-stage polymeric
membrane systemn in which the permeate stream from the first stage is introduced intoc a
second stage and the nonpermeate from the second stage is recycled to the first stage
feed. -

Much of the recent art in the staging of membrane separation systems addresses
the use of polymeric membranes. A review article by R. W. Spillman entitied
“Economics of Gas Separation Membranes” in Chemical Engineering Progress, January
1989, pp. 41-62 describes the use of polymeric membrane systems for recovering

several cbmmercially-important gas products and the application of staging to these
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several commercially-inportant gas products and the application of staging
to these 4 menbr ane
systens. The article also describes the integration of nenbrane systens
wi th &bsorption, distillation, and adsor pﬂl on systens for the nost
efficient recovery of specific gas products. The recovery of
nmet hane from m xtures of nethane, carbon di oxi de, and hydrogen sulfide by
pol ymeric menbranes is described in related U.S. Patents 5, 556, 449,
5,402, 300, Mmehiiranseystems. Theertickescilso densribes theiintegiation oftmembrqmtsyatems
di scl ose a two-stage nenbrane systemin which the carbon dioxide- and
hydrogen swithiabsorption,clistitiatior; abd adsaerpliaresystamaior e most efficientirpeoiiery of
i ntroduced into a second stage and the nethane-enriched nonperneate from
t he second spedtic gas prodyetsed to the first stage feed. Methane recoveries
across individual stages are greater than 75% wth first stage recoveries
bei ng | ower t han Thececavest efgrethan®{remimixtusascof reathane, o&rbbi dinixidet aned
recovery to second stage recovery being 0.80 and above. The
recovery of hydtoganeulfidehy polymerie mepfbramesiadesciibad arelnded Wi Ratentby st aged
pol ymeric nmenbrane systens is described in a paper by B. D. Bhide and S. A
Stern entit 15856, Br4RRS0Rr 166€,466, dnei5,407e44% nThedhtteritwaof thesa patents om
Natural Gas. 1. Process Configurations and Optimnm zation of Operating
Condi ti ons" discladeur twatstage mpmbianerystes isrvduchethe Teden digxsle- 209 hgdpgemr ocess
cal culations and optim zation studies are presented for a two-stage
menbr ane sy sulfideianrighedpermeatecsirasonfrandixe first stageisiiohrasygced inkeatsecond fage f r om
the first stage is introduced into a second stage and sone or all of the
met hane- enr iankidtie mettpaerarsicked nonpermeatediooniheseaen $tage isageydiatl todhe fitse
first stage feed. The use of a simlar staged nmenbrane systemfor the '
oxygen- enratzcgmfeﬁd Methsaine reepvades atrsslindividgalsipess arg amatey thanv o, witd fist A
Stern entitled "A new

stage recoveries being lower than second stage recoveries and ratios of first stage

recovery to second stage recovery being 0.80 and above.

The recovery of methane from mixtures of methane and carbon dioxide by
staged polymeric membrane systems is described in a paper by B. D. Bhide and S. A.
Stern entitled "Membrane Processes for the Removal of Acid Gases from Natural Qas. L
Process Configurations and Optimization of Operating Conditions” in Journaf of
Membrane.Science 81 (1993), pp. 209-237. Process calculations and optimization
studies are presented for a two-stage membrane system in which the carbon dioxide-
enriched permeate stream from the first stagé is introduced into a second stage and
some or all of the methane-enriched nonpermeate from the second stage is recycled to
the first stage feed. The use of a similar staged membrane system for the oxygen-
enrichment of air is described in a paper by B. D. Bhide and S. A. Stemn entitled “A new
Evaluation of Membrane Processes for the Oxygen-enrichment of Air, 1. Identification of
Optimum Operating Conditions and Process Configuration” in Journaf of Membrane

Science 62 (1991), pp. 13-386.
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Eval uati on of Menbrane Processes for the Oxygen-enrichnent of Ar. |.
I dentification of Optinmum Operating Conditions and Process Configuration”
in Joyrnal of Menbrane Science 62 (1991), pp. 13-35.
5 N Adsor bent nenbranes are usedsto separate gas m xtures by the
conbi nédd nechani sms of adsorption and surface diffusion using a thin |ayer
of nanoporous adsorptive material on a meso-macroporous support, wherein
the adsorptive material selectively adsorbs and perneates the nore
strongly adsorbed conmponents. The properties and nethods of making these
menbr anes are di deisobedt inambrafiesRae bsrdsto sBpai gRomixByragby Besombingd
5,507, 860. Adsorbent nenbranes can be integrated with other sepdration
processes smdthasismsas adsarption angd swiface piffusionasingwathivriayerepd nanodareist | onat i on
as described in U S Patents 5,507,856, 5,332,424, 5,354,547, 5,435, 836,
and 5, 447, 55@dsorptive materihen anmefsermaatoparots suppost whémip the atisapiivet materibor a
gi ven gas separation depends upon nunerous factors such as (1) whether the
desi red prodelkctivaiyrpdsoeiog andpertrieatdsdbel mpas strengheadsodreddcomponkstspdiheeat e or
nonpernmeate stream (2) the required product purity; (3) the relative
val ue of t hergpentiascand mithots dbmeking these nenraseparaiylisclosed oUe3. \Fatgms t he
tradeof f between nenbrane capital cost and the cost of gas conpression;
and (5) how&,10#,485 51431 S6depiad 5,600,868 epsarbemtnn@gbranesjca«m bénintegnated with
separation steps such as distillation, adsorption, and absorption. In
addi ti on, t ldhersepamtion procpssgseuch s pCHSSUWGSWMMSﬂWMMaaDr-MM i npact
the staging configuration and process desig The gas separation
char act er i stfiactionsftion ds siesentredrie Mo8.Patenta EéOWBeﬂB?Z 424.f5, %5%5147 B61H85,8300s e
of polymeric nenbranes because the gas-solid interactions and

and 5,447,559,

The preferred membrane staging configumﬁon for a given gas separation
depends upon numerous factors such as (1) whether the desired product component in
the feed gas is recovered in the permeate or nonpermeate stream; (2) the required
product purity; (3) the relative value of the product, which determines the acceptable
recovery; (4) the tradeoff betwsen membrane capital cost and the cost of gas
compression; and (5) how the membrane separation stép is integrated with other
separation steps such as distilfation, adsorption, and absorption. in addition, the
separaﬁoh'properties of the membrane material can impact the staging configuration
and process desién.

The gas separation characteristics of adsorbent membranes are markedly
different than those of polymetic membranes because the gas-solid interactions and
diffusion mecha;nisms which occur in the two membranes are fundamentally different.
For a given gas mixture, the components will selectively permeate an adsorptive
membrane in a different manner than a polymeric membrane. For example, in the
recovery of hydrogen from a hydrogen-hydrocarbon gas mixture, the hydrogen

selectively permeates a polymeric membrane and is recovered as a hydrogen-enriched

<



di f fusi on nmechani sns whi ch occur in the two nmenbranes are fundanmentally
different. For a given gas m xture, the conponents will selectively
perneate an adsorptive nenbrane in a different manner than a polyneric
menbrane. For exanple, in the recovery<§ hydrogen from a

hydr ogen- hydr ocarbon gas m xture, the hydrogen selectively perneates a
pol ynmeric nmenbrane and is recovered as a hydrogen-enriched

6 | ow pressure perneate stream In contrast, with an adsorbent
menbrane the hydrocarbons preferentially perneate and the

hydr ogen-enri ched product
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capital and operating costs. in staged membrane systems, the stage configuration and
operating conditions of individual stages are impoﬁant factors in meeting these purity,
recovery, and cost requirements. The invention described in the present specification

and defined by the claims which follow is an efficient method of operating staged

adsorbent membrane systems to achieve these objectives.
BRIEF SUMMARY OF THE INVENTION

.Tr'ue prese‘nt invention is a method for separating a multicomponent gas mixture
comprising at le;st one primary component and at least one secondary component into
a product stream enriched in the primary component and one or more additional product
streamé :enriched in the secondary component. The method comprises introducing a
feed gas mixture comprising. the primary and secondary components into a first
membrane separation zone having a permeable adsorbent membrane which divides the
zone into a feed side and a permeate side, wherein the gas passes through the feed

side of the membrane separation zone and a portion of the secondary component

selectively adsorbs and permeates through the membrane to the permeate side. The

’
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a product streamenriched in the primary conponent and one or nore

addi tional product streans enriched in the secondary conponent. The net hod
conprises introducing a feed gas nixturg,conprising the primary and
secortdary conponents into a first nenbrdne separation zone having a

per neabl e adsor bent nenbrane which divides the zone into a feed side and a
perneate side, wherein the gas passes through the feed side of the

menbr ane separation zone and a portion of the secondary conponent

sel ectively adsorbs and perneates through the nenbrane to the perneate
side. The product stream enriched in the primary component is withdrawn from the feedrsidiiofche
streamenriched in the primary conponent 1s withdrawmn fromthe feed side of

the first HRAMEHIIaREBESREIGH 2GRS @firsndripefrhedto BREAMPRIcEa porhfsie stidina
pernmeate stream which is enriched in the secondary conponent is w thdrawn

fromthe perhdt® enlisifeddh thd SohlidgicorpBRémNIewRIRdrawA o the ?Bﬁneate side of At
| east a portion of the perneate streamis introduced as a feed gas into a

second menbrrifrst ARAMPINLSepaRRNIAMENY @ permeabl e adsor bent nenbrane which
di vides the zone into a feed side and a perneate side, wherein the feed gas

passes through tAied®aGorichcot e pérthoabidtreantisIntprivatd asazesntgasidtosa porti on
of the secondary conponent selectively adsorbs and perneates through the

menbrane t o daSnd e sepafiftionAdnddeiihg aipatmeddel uddorisént evumterane whizh i n
t he secondary conponent is withdrawn therefrom and a second nonperneate

stream whi chyijiged HelZBRE S kiEdESIdé Bnd BDeRhédtakide, whemirthe feddsgasi gasdesn
fromthe feed side of the second nenbrane separation zone. At |east a

portion of tigugR e kel IR nRMbrdrRAdBparationZoha and wipbhiohlve the secondary
mul ti conponent gas m xture to provide the feed gas to the first nenbrane

separati on  Zhifonent selectively Bagorbk &all pantesteshrsligithd menbrasparths permeziaes
are operated such that the ' i
side. An additional product stream enriched in the secondary component is withdrawn
therefrom, and a second nonpermeate stream which is further enriched in the primary-
component is withdrawn from the feed side of the second membrane separation zone.
At least a portion of the second nonpermeate stream is combined with the
multicomponent.gas mixture to provide the feed gas to the first membrane separation
zone.
The first and second membrane separation zones are operated such that the

£

ratio of fhé recovery of the primary component in the first membrane separation zone to

P

the recovery of the primary component in the second membrane separation zone is less
| than about 1.0 and preferably less than about 0.8, wherein the recovery of the primary
compon‘e‘nt in any membrane separation zone is defined as the molar flow rate of the
primary component in the nonpermeate stream withdrawn from the zone divided by the
molar flow rate of the primary component in the feed gas Introduced iﬁto the zone.
The recovery of the brimary component in the first membrane separation zone is
preferably less than about 75%. The pressure of the feed gas mixture to the first

membrane separation zone preferably is greater than or equal to the pressure of the
S



rati o<of the recovery of the primary conponent in the first nmenbrane
separation zone to the recovery of the primary conponent in the second
menbrane separation zone is |ess than about 1.0 and preferably | ess than
about *0.8, wherein the recovery of the pr8mary conmponent in any menbrane
separation zone is defined as the nolar flow rate of the primry
conponent in the nonperneate streamw thdrawn fromthe zone divided by the
nolar flow rate of the primary conponent in the feed gas introduced into

t he zone. The recovery of the primary conponent in the first
menbr ane s cisad gas intheseeondmembrariecsepsgrajion agre, tand thexprgasurg digherieed gaessur e
of the feed gas m xture to the first menbr ane separation zone preferably
i s greater mhdurede thedinstimembrane sppasation zonsfis typécally at least 30 psia. The feed gas

8 feed gas to the second nenbrane separation zene, and the pressure of
the feed gato thesgeandenerobiane spparatiomecns mabe epap@wsseshayoenessaryt Wileastay at
| east 30 psia. The feed-gas to the second nenbrane separation zone nmay be
conpr essed partiorotive segondmonperseats strpammayrpeotompiessedqsind toenmiining At
stream may be conpressed prior to conbining with the nulticonponent gas
m xture to fheanilticompanentgas mixture & providpithe teedwan tathe firgepembranen zone.
The mul ti conponent gas m xture may conprise hydrogen as a primary
conponent agepasationiongor e secondary conponents sel ected fromthe group
consi sting -of \%dr ocar bons having fromone to five carbon atons.

Al ternatively, whaamtigeogenentgasniurampy coppfirsimirogentss oprémay nor e
secondary conponents can be selected fromthe group consisting of carbon
oxi des, net ARMRONaNHARMPAS OhinpresRaenda gompaneye Relgeipd framm the group congiging
stream fromt he nenbrane separation systemwhich is enriched in the

pri mary conpbsiecaanssaingyram ope tasiie gamas atops e Aerpativaly, mfeadwerasen imn
systemand a final product streamwhich is further enriched in the primry
conmponent i 8 pfimarseqmapenent, the one or more secondary components can be sefected from the

group consisting of carbon oxides, methane, ammonia, nitrogen, and hydrogen sulfide.

The stream from the membrane separation system which is enriched in the
primary component optionally is passed into a pressure swing adsorption system and a
final product stream which is further enriched in the primary component is withdrawn
therefrom, Alternatively, the stréam from the membrane system which is enriched in the
primary component can be introduced into a thermal swing adsorption system and a
stream which is further enriched in the primary component withdrawn therefrom. In
another optional 6;3erating mode, the stream from the membrane system which is further
enriched in the primary component is passed into a thermal swing adsorption system,
and a stream which is further enriched in the primary component withdrawn therefrom
and passed into a pressure swing adsorption system. A final product stream which is
still further enriched in the primary component is withdrawn from the pressure swing
adsorption system. |

The permeable adsarbent membrane used in the first and second membrane

separation zones comprises adsorbent material which preferentially adsorbs the
<



therefrom Alternatively, the streamfromthe nmenbrane systemwhich is
enriched in the primary conponent can be introduced into a thermal sw ng
adsorption systemand a streamwhich is further enriched in the primary
conporffent wi thdrawn therefrom In anotheP optional operating node, the
streantfromthe nmenbrane systemwhich is further enriched in the primry
conponent is passed into a thernmal swi ng adsorption system and a stream
which is further enriched in the primary conmponent withdrawn therefrom and
passed into a pressure swi ng adsorption system A finpal product_stream
which is stSeFenqgaRy F%P°Wgﬁﬁ@'ﬂp‘?'%"ﬁ19t 93MIYE PeRastParatedy thedr awn from
t he pressure swing adsorption system The permeabl e adsor bent
menbr ane uségspipentmateriakis sgieqteddioghthe aseun eansisting phaclivaisd cadeaszedithr i ses
adsorbent material which preferentially adsorbs_the .

9 secondigliyated avariensilisa, anshensiinations hererl. Jhe samriadserbpel matedalranat ed. -
The adsorbent material is selected fromthe group consisting of activated
carbon, zeolhetused ingach BeaPrae SAPREALO] 2PRG OF ag?f'&ag‘fﬂ’bb? Aiferephadsabentor . The
same adsorbent material can be used in each nenbrane separation zone, or
al t er nat i velatgrigicgpdiedifed i eaebBRMbrangsePRiaLioR 2°P%e used in each menbrane
separati on zone. . . The invention is also an inprovenent in the nethod
of separating a VAR IDVeWiepdsaiae agirarrovementdn e Pethar 95SeRaWa one prinary
conponent and at | east one , secondar congonent i,nto a product stream
enriched in WWBC%PWQ%WQW”%%"%é ash PReBRBARAMAOHRR] arsh B deRst one
streans enriched in the secondar omponent, wherein the nethod includes:
(a) i ntroduciergneary ee@pa%@fmwﬁﬁ% 4 PRYENEAN e RimarY SemPQRRIB AR PYe

or more additional product streams enriched in the secondary component, wherein the

method includes:

{a) introducing a feed gas mixture comprising the primary and secondary
components into a first membrane separation zone having a gas permeable
membrane which divides the zone into a feed side and a permeate side, wherein
the gas passﬁs through the feed side of the membrane separation zone and a
portion of the éecondary component selectively permeates through the

mémbrane to the permeate side;

.

{b) withdrawing from the feed side of the first membrane separation zone a first

nonpermeate stream as the product stream enriched in the primary component;

(c) withdrawing from the permeate side of the first membrane separation zone a

permeate stream which is enriched in the secondary component;



conporients into a first nmenbrane separation zone having a gas perneabl e
menbr ane whi ch divides the zone into a feed side and a perneate side,

wher ei_n t he gas passes through the feed side of the nmenbrane

separ dti on zone and a portion of the secondary conponent

sel ectrvely perneates through the menbrane to the perneate side;
(b) withdrawing fromthe feed side of the first nmenbrane separation zone a
first nonper neate stream as the product streamenriched in the
primary conponent; raw ng fromthe perneate sjde of the

. . c) wthd

first membrane S&hitraducing iﬂﬁés")é portion of the, gErREAtR SteaR 83 ARPE 82T Bi%Hr i ched
I n the secondary conponent; . .
10 (cﬁeCPEEFWE}’JF%S%Ha“I“@&ﬁnﬁ haypg ASRs Pererble, BemPARRE st ream as
a feed gas into a .. second nmenprane separati on .zone havj ng gas
per meabl e nenbr aFRENPHSING ads°@i?ﬁb?"?§ﬁ“ﬁ W%EH'%SWE@ﬁFh%?@r‘PtQIaf\ﬁﬁ?’éﬁ‘ed’i‘"siades the -
zone into a feed side and a . pernmeat e si de, erein the feed gas
passes through tﬂ’%’"’leé&ﬁ‘g?'d@"%?mtﬂ?f’efeed gas pasqggﬁgrpgglé%efﬁgq sideShthBone and a
portion of the secondary conponent . selectively perneates through
t he menbrane to Wﬁ@bwg@f‘&@?e apgja portion of G $aGARdANY AYMPARG™f r om an
addi tional product stream enri Cpteﬁd in the secondaé?é , conponent; and
(e) withdrawi ng $§'eftiveloermerfes fyeugythe meraliaps ip Hhe perasate si8a? i on zone a
second nonperneatge streamwhjch is further enriched in the prinar
component T Wi G PR griaditehelPradiy seh pfetendn B thatdery
nonpermeate streamwth t hg

component; an

(e)-withdrawing from the feed side of the second membrane separation zone a
second nonpermeate stream which is further enriched in the primary component,
and combining at least a portion of the second nonpermeate stream with the
multicomponent gas mixture to provide the feed gas to the first membrane

separation zone.

The improvement of the present invention comprises utilizing an adsorbent membrane
comprising adsorbent maﬁerial asthe gas permeable membrane in each of the first and
second membrang separation zones in which a portion of the secondary component is
selectively adsorbed from the feed gas to each zone by the adsorbent material and
permeates through the adsorbent membrane to the permeate side of each zone. The
first and second membrane separation zones are operated such that the ratio of the
recovery of the primary component in the first membrane separation zbne to the
recovery of the primary component in the second membrane separation zone is less
than about 1.0, and preferably less than about 0.8, wherein the recovery of the primary

component in any membrane separation zone is defined as the molar flow rate of the

\.



mul ti eonponent gas m xture to provide the feed gas to the first nenbrane
separati on zone. The i nprovenent of the present invention conprises
utilizing an adsorbent nmenbrane conprising adsorbent material as the gas
per meabl e nenbrane in each of the first ddd second nenbrane separation
zones in which a portion of the secondary conmponent is selectively
adsorbed fromthe feed gas to each zone by the adsorbent material and
perneates through the adsorbent nmenbrane to the perneate side of each zone.
The first and second nenbrane separation zones are operated such that the
rati o of theprimasy omponast in e nonpenmeate stigam witbdrawndion thezone dividadbydthe
separation zone to the recovery of the primary conponent in the second
menbr ane sepaglat flowm rate ebthegprimary companent botie faedgasdniioduced éntathezaness t han
about 0.8, wherein the recovery of the primary conponent in any nmenbrane
separation zone is defined as the nolar flow rate of the .
primary conponent in the nonperneate streamw thdrawn fromthe zone divi ded

by the nolar floBRIEEFOESCRIREIQN QRaTHE SEVRRANYIEWS OfcTHE BRAYMBNGSt r oduced
i nto.the zone. BRI EF DESCRI PTI ON OF THE SEVERAL VI EWs OF THE
DRAW NGS Fig. 1 is a schematic flow diagram whi ch includes a

t wo- st age adsorbent nenbrane separation systemof the present invention.
Fig. 2 is a plot B8 hisk echemsds flowdiagramwhieh ingludese ive-slege adgorbent t he
separation of a refinery fluid catalytic cracker offgas using a tubul ar
adsor bent nemgmeranecfeparasion system of the present invention.

Fig. 2 is a plot of hydrocarbon rejection vs hydrogen recovery for the separation
of a refinery fluid catalytic cracker offgas using a tubular adsorbent membrane of the

present invention.

Fig. 3 is a plot of CO2 and CHgq rejection vs hydrogen recovery for the separation

of offgas from a pressure swing adsorption system of a steam-methane reforming
hydrogen production system using a tubular adsorbent membrane of the present

invention..

i

+

Fig. 4 is a plot of hydrogen sulfide rejection vs hydrogen recovery for the
separation of a hydrogen-hydrogen sulfide mixture using a tubular adsorbent membrane

of the pi'esent invention.

Fig. 5 is a plot of the overall hydrogen recovery vs the hydrogen stage recovery -
ratio for the separation of a hydrogen-carbon dioxide-methane mixture using a two-stage

tubular adsorbent membrane of the present invention.



preserit invention. | Fig. 3is aplot of CJerr] and CH4 rejection
vs hydrogen recovery for the separation of offgas froma pressure sw ng

adsorption systemof a steam nethane reforpging hydrogen production system
usi ng a tubul ar adsor bent nenbrane of the g}esent i nvention. .
Fig. 4°is a plot of hydrogen sulfide rejection vs hydrogen recovery for the
separation of a hydrogen-hydrogen sulfide m xture using a tubul ar adsor bent
menbrane of the present invention. Fig. 5is a plot of the
overal | hydrogen recqvery vs the hydrogen stage recover ratio for the
separation of a &BIgamitsf B&P%‘PM‘G@WMR@%WUM&%?Q@ RIOHYR Ve thg)e
t ubul ar adsorbent nmenbrane of the present invention. o
12 hydioggn stage deeevgnuatio forithe separaiion o adwrtpgeswatondiaidemethanene
hydrogen product- vs the hydrogen stage recovery ratio for the separation
of a hydr ogSHXHER ¥HRg e.f\mcﬁése uiafradsorbent me@braneRf the Rresens invgatienbul ar
adsor bent nenbrane of the present invention. Fig. 7 is a plot of
the overall hydrogen recovery vs the hydrogen stage recovery ratio for the
separation of a hydrogen-hydrogen sulfide m xture using a two-stage tubular
adsor bent menbr arfdg-dfiS gipletst thepueraliudegenfecovery vs the hygrogen gtage recqyest of
the hydrogen sul fide concentration in the hydrogen, product vs

ratio for the separation of a hydrogen-hydrogen sulfide mixture using a two-stage tubular

adsorbent membrane of the present invention.

Fig. 8 is a plot of the hydrogen sulfide concentration in the hydrogen product vs
the hydrogen stage recovery ratio for the separation of a hydrogen-hydrogen sulfide

mixture using a two-stage tubular adsorbent membrane system of the present invention.
DETAILED DESCRIPTION OF THE INVENTION

Staging improves the performance of permeable membrane systems by
increasing either or both the recovery and purity of the product components. When the
nonperme'éte stream from a membrane module or stage contains the desired product
component, prod'tfct purity and recovery can be increased by passing the permeate
stream to a second membrane module or stage and recycling the nonpermeate stream
from this second membrane stage to the feed of the first membrane stage. The product
is recovered as the nonpermeate stream from the first membrane stage and the
removed impurities are withdrawn as the permeate stream from the sécond membrane
stage.

The use of staged adsorbent membranes in this configuration is of particular

utility in separating gas mixtures in which the primary product is obtained in the
<



t he hydrogen stage recovery ratio for the separation of a hydrogen-hydrogen
sulfide mxture using a two-stage tubul ar adsorbent nenbrane system of the
present invention. TAI LED DESCRI PTI ON OF THE

| NVENTI ON St agi ng i nproves the 5 rformance of perneabl e nenbrane
system8 by increasing either or both the recovery and purity of the
product conponents. \Wien the nonperneate stream from a nmenbrane nodul e or
stage contains the desired product conponent, product purity and recovery
can be increased by passing the perneate streamto a second nenbrane

nodul e or stnegEeERrRAte stoamiah geartieed piesayree Jhis epnfiguration ispreferred farexamgle
menbrane stage to the feed of the first nenbrane stage. The product is
recover ed adnthecresovans chbydregen fremmixtutasof hﬁdmgeean@gigbeamelegulagwe@ha t he
removed inpurities are withdrawn as the perneate streamfromthe second
menbrane stedgponents such ayigarhegoxisies shydraensgtisebemmonignandhydrocarbens s
configuration is of particular utility in separatin% as mxtures in which
the primary favi@un tojaboyblive ¢asion alomse Other gases amenable fo separation by this

13 nonperneate stream at near feed pressure. This configuration is
preferred fdnelbedifsiutde mixturesofhaliymang nefuralaasreaponeatagiwalliasdhe egcovery
hydrogen and hi gher nol ecul ar wei ght conponents such as carbon oxi des,

hydr ogen sul dfinerthangirernimixtugsscfimeihanawtiompuritias syl agrarkerneddas. hydegear bon
atons. Ot her gases anenable to separation by this method include m xtures
of hel i um arftilfige: apcihedyder hyarasaRamss as well as the recovery of methane
fromm xtures of nethane with inpurities such as carbon oxi des, hydrogen
sul fi de, and heavindpe ﬁ;ﬁ;pg@éﬁ@iﬁgﬁon, the term “stage” is defined as an adsorben¥

membrane module comprising an assembly of one or more adsorbent membranes
contained within a vessel haﬁng one or more feed gas inlets, a high pressure gas outfet,
one or more low préssure permeate gas outlets, and optionally a low pressure sweep
gas inlet. Each of the adsorbent membranes contained in the vessel can be supported
on a substrate having a tubular, flat sheet, or monolith conﬁguration as described below.

The use of staged adsorbent ‘membranes of the present invention for such .
hydrogen-containing gas mixtures improves the recovery and purity of the hydrogen.
product and allows recovery of the hydrogen product at near feed pressure. This latter
feature is'éspecially beneficial when the hydrogen product is further purified by pressure
or thermal swing édsorption as later described.

The present invention is illustrated in Fig. 1. Fresh feed gas mixture 1 is
combined with recycle stream 3 (later defined) to form net feed 5 which is introduced at
a pressure of about 30 to about 1500 psia into adsorbent membrane separation zone 7
which is divided into feed side 9 and permeate side 11 by adsorbent membrane 13, This
adsorbent membrane cdmprises adsorbent material supported by a porous substrate in
which t_he adsorbent material is a coating on the surface of the substrate. Alternatively,

some or all of the adsorbent material is contained within the pores of the substrate.



In the present specification, the term"stage" is defined as an adsorbent
menbr arte nodul e conpri sing an assenbly of one or nore adsorbent nenbranes
containhed within a vessel having one or nore feed gas inlets, a high
pressure gas outlet, one or nore | ow presdfire permeate gas outlets, and
optionally a | ow pressure sweep gas inlet. Each of the adsorbent nenbranes
contained in the vessel can be supported on a substrate having a tubul ar,
flat sheet, or nonolith configuration as described bel ow. The use

f st d adgqr bent f.th t | 0t i f h
vl ogen- confAFIPAY THBEINT Sapter s Les Rrawn BI o5 REeSAE 8P 1 ne

hydrogen produc nd al | ows, recover, f_the hydroqe oduct at near,. feed
pressure. Thf s‘?"é\?’%é’l’e"%réa? gtage;as @@M?‘%ﬁ"ﬁf"@éﬁ &’F?’ﬁr}ﬁ? E\W]gﬁg?%gs 9%5"85@ n
product is further purified by pressure or thermal sw ng adsorption as
| ater descri BEgW- The present invention is illustrated in Fig. 1:

Fresh feed ' 1.i nbi,ned wi le. 3 (I fined
TS or e not roce Ehiiiedt bl AR S0 £ G Kot BPeh R4 e
1500 psia into adsorbent menbran s%g ration,zone 7 \Which istrdi Vli ded into
feed Side o SMASHEPHEN RSN, PRETFIL e SERRHEry PR Eanompiaiendiyycor bent

uhi ch t he. adBuPaTERd ShateearosPE raterBluS ARl Fiood ¥afrdeble o SXbbRef o o

A Lo nat i Ve am BT §rwfle € il QHSRHBSNL WIRELAGY chSorboRbA ISt "
L o0 TR8 e SR AP R Bl B T 15, Rehob o
(LS5, 1 0 sBERRR HaE AR e BB srp oD R Bl
conponent , WAGLGhBod D% S&fUAAYhRAER AAENbehtndRERNE 45O MY strongly adsorbed
components with higher permeability can inhibit the permeability of less strongly
adsorbed components, which improves the relative separation of desired product
companents and undesired impurity companents.

The adsorbent material can be selected from activated carbon, zeolite, activated
alumina, silica, and mixtures or combinations thereof. Activated carbon is a preferred
adsorbent material for the separation of hydrogen from mixtures containing hydrogen
and hyd:‘c'éarbcns, carbon oxides, ammonia, or hydrogen sulfide. The characteristics
and methods of ;'J;'eparation of representative activated carbon adsorbent membranes
are described in U.S. Pateﬁt‘ 5,104,425 which incorporated herein by reference. A
representative type of membrane is made by coating a porous graphite substrate with a
thin film of an aqueous suspension (latex) containing a polyvinylidine chioride 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, hoiding 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



adsorbed on the adsorbent material used and is nore perneabl e through
adsorbent nenbrane 13, while the primary conponent is |l ess strongly
adsorbed on the adsorbent naterial and is_|ess perneabl e through adsorbent
menbrane 13. Additional primary and seco1r1'-_blary conponents may be present,
each of which has a different strength of adsorption and perneability

t hrough adsorbent nenbrane 13. More strongly adsorbed conponents with

hi gher permeability can inhibit the perneability of |less strongly adsorbed
conponents, which inproves the relative separation of desired product
conponent s aadbamerethersalistratpur®ther palympensaande used for coatingpriat do sent

material can be selected from activated carbon, zeolite, activated

al um na, si |dackgnizatian sleptRipddediinat hese pelymersscanthsr casponizectp jermetiecequied | s
a preferred adsorbent material for the separation of hydrogen from

m Xt ures corRQEPys eajbery adsageent materialy Suetaltataste polymerbeandbe tedframni a, or
hydr ogen sul fide. The characteristics and nethods of preparation of

repr esent at i Radyvirvl chleridel pelaesioniiiie crtyene-divinyipearans copplymes aodimixyresn U, S
Pat ent 5,104, 425 which incorporated herein by reference. A representative
type of nenttharest.i Alteraativelyy thecsubsiigte £ap becurorousgtiamic maipdaly Jhe shbstrata

thin filmof an aqueous.suspension (latex) containing a polyvinylidine

chl ori de pol safees as aisypnegt fohibe edaestive metariaband Ypicallyohe puhstraterhad gsagntially

m nutes, heating the substrate in nitrogen to 600-1000[err]C at a rate of
1[err] C per g fiirct onias sppaatien of dipaasmixiusef or three hours, and cooling to
anbi ent tenperature at 1-10[err] C per m nute. The polyner coating is

car boni zed duri ngThehadseskant memirane andsehisjratestan hegfabicaled inga wbwar ayer of

m cropor ous ) L . o . 15 car bon
on t he subst¢ufiguratiem isywhieh Yneenisrapgrousadgedent matedalds Aerpsied on eitberthe
carboni zati on step provided that these polyners can be carbonized to form
t he requi r ednngrorrdie oetar Bgfacadd artuleier paiews suistratsyand Wetresulinotubdry ner s can

be selected from . ] o
adsorbent membrane elements can be assembled in a shell-and-tube configuration in an

appropriate pressure vessel to form a membrane module. Alternatively, the adsorbent
membrane and support can be fabricated in a flat sﬁeet configuration which can be
assembled into a module using a plate-and-frame arrangement. Alternatively, the
-adsorbent membrane and suppért can be fabricated in a monolith or multichannel
configuration to provide a high membrane surface area per unit volume of membrane
module. ‘!"he support material of the tubular membrane, the flat sheet membrane, or the
monolith can be a porous ceramic, porous glass, porous metal, or a porous carbon

" material. A hollow fiber configuration may be used in which the adsorbent membrane is
supported by fine hollow fibers of the substrate material. A plurality of membrane
modules in parallel or series can be utilized when gas feed rates and separation
réquireménts exceed the capability of a single module of practical size. In each of these
caonfigurations, the membrane zone is divided into a feed side and permeate side as

Hlustrated in schematic fashion by membrane separation zone 7 in Fig. 1.



pol yvi nyl chloride, polyacrylonitrile, styrene-divinylbenzene copol yner,
and m-xtures thereof. Alternatively, the substrate can be a porous ceramc
material. The substrate serves as a support for the adsorptive nmaterial
and typically the substrate has essentlaJﬁgr no effect on the separation of
the gas m xture. The adsorbent menbrane and substrate can be
fabricated in a tubular configuration in which the m croporous adsorbent
material is deposited on either the inner or the outer surface of a
tubul ar porous substrate, and the resulting tubular adsorbent nenbrane

el ements can be agasuhl £drd Bradsiac aa&n%ottu'asomrsg el ko Iniig feed

approprl ate pressure vesse orma nenbran tern

adsor bent
configurati %%ﬁe@?ﬂa ggag‘gﬁ%?%% 3{ ﬁt%&ﬂgf ngg“%g\gg%émagd frame

arr angenent seéb &R?W baamli! tth be
fabri gat ed in aﬁ rmr‘ﬁa? Fﬁ* gﬂ%%?\%?gélgon | EfSjrgglélon tomgg%vtl Bg hi g
menbr ane Surefcﬁﬁﬁ‘oeﬁ ﬁanm%n sy maldéﬁﬁn@ nimnmefﬂ%f s@iE&We%uﬁZ@@ﬂcﬁH RPRE!
mat eri al of e tubul ar rane | at sheet nenbrane, or the nonolith

b
raterial. A BaPEa TR T@%E@@G??ﬁ%ﬁ"%gﬁépﬁﬁ"%‘? B e Mo
menbrane is g m&%p@(ecﬁt Bfid Réigete tlabl‘?rv?m&{ isleRfcidiRtiSbmmagt erial . A

plurality of nme es I'n - parall or series can be utilized when

gas feed ratcg:?noﬁﬂhpms Wg@f%@é‘te sfr@%rﬂ'@%gﬁf‘ ?re%é&:%%ﬂgﬁt? ?%QP fedd & a9 h@the

si ngl e nodul racti Sl ze ac t hese I gurati ons,

enbr ane zo él rgééﬂrgﬁ%getﬁ{)&gﬁ S&Fash %nlé‘BQm?e’H’téWé‘ﬁseat?J éié‘mﬁc%ntl{t Hvdré?t rated

in schematic I on ne separation zone I n
16 f tatwéers 85554 s,gf about 30 to about 1500 psia is
passed thro@h%e’ ‘2 gwof rrenbra e separation zone 7, and portions of

the nore strongl yPé’rﬂ‘%&ié?Wtyplcally contains a significant concentration of valuable primary
components which preferably should be recovered in addition to the primary
components in nonpermeate stream 17. This is accomplished by compressing
permeate 15 if necessary to a pressure of 30 to1500 psia in compressor 19 and
introducing compressed feed 21 into adsorbent membrane separation zone 23 which is
divided into feed side 25 and permeate side 27 by adsorbent membrane 29. A portion
22 of permeate 15 from membrane separation zone 7 optionaily can be withdrawn prior
to membr,ane sep‘aration zone 23, either before or after compressor 19.

Portions r:':f the more strongly adsorbed secondary components in compressed
feed 21 selectively adsorb and permeate through adsorbent membrane 29 by the
domina;w; mechanism of selective surface flow in the adsorbed phase. The resulting
separation yields permeate 31 which is further enriched in the secondary components
and is withdrawn as a waste or byproduct stream. Nonpermeate 33 is enriched in the

- primary components ands at a pressure slightly less than compressed feed 21 due to

the small pressure drop through feed side 25, while permeate 31 is at a significantly

lower pressure, typically between 2 and 25 psia.

s
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secondary conponents contained therein selectively adsorb and perneate
t hrough adsorbent nenbrane 13 by the dom nant nechani sm of sel ective
surface flowin the adsorbed phase. The resulting separation yields
permeate 15 which is.enriched in the secbhdary conponents and nonperneate
17 which is enriched in the primary conponent. Nonperneate stream 17 is at
a pressure slightly less than feed 5 due to the small pressure drop
through feed side 9 while perneate 15 is at a significantly | ower
pressure, typically between 2 and 25 psi a. Pernmeate 15 typically
contai ns a si gni fNanpermeata 88roptianallyis edmprassesin sopprasaen3s loavpdde racycighi ch
preferably should be recovered in addition to the primary conponents in
nonper meat e steagadwhizh isregmbined wish feph fesdddtopyoridametdeed mwhichds peogessers | f
necessary to a pressure of 30 tol 500 psia in conpressor 19 and
i nt r oduci ng aslescukarcenriere Thisirecynl® obnbnpeteeate ﬁﬁ%ﬂﬁinéntb/ép@rmesdhezone 23
which is divided into feed side 25 and perneate side 27 by adsorbent
menbr ane 29.regovsiy of primary zowpopetariFnanpesneate 1Y frorbmambrasemeparation zonme. 7
optionally can be withdrawn prior to nenbrane separation zone 23, either
before or af@piionetimsrpastian 37.0f nonpermeate B3 can ba witbdrawmeprion kaeresysleyrrither
adsor bed secondary conponents in conpressed feed 21 selectively adsorb and
per neat e t hrsieys caafer ¢campreasafi®Sane 29 by the dom nant mechani sm of
sel ective surface flow In the adsorbed phase. The resulting separation
yi el ds per neat e 3Adsgrperth mesnbrane separationzones 7 iand 2Rdypically semegeraied@nent s
and is withdrawn as a waste or byproduct stream Nonperneate 33 is enriched
in the prirenbiegidepoamires.dnd ifidesized may be sparatedsatitegnperatures as lomaas -100°C
conpressed feed 21 due to the small pressure drop through feed side 25,
whi | e per neaarésdigh &8s 380°%.significantly lower pressure, typically between
2 and 25 psia. : 17

The same adsorbent material may be used in adsorbent membranes 13 and 29,

and these adsorbent membranes typically have the same or similar gas separation
characteristics. If desired, the adsorbent membranes may be made of the same
adsorbent material (e.g. activated carbon) but with different pore size distributions in
each zone. Alternatively, different adsorbent materials having different separation
characteristics can be utilized in adsorbent membranes 13 and 29 if desired to optimize
the separation performance of adsorbent membrane separation zones 7 and 23. if
desired, éither or both of the membranes in the two separation zones can be polymeric
membranes.

The invention as described above preferably utilizes two adsdrbent membrane
separation zones or stages, but additional stages can be utilized if extremely high
product purity or recovery is required.

In the operation of a single-stage gas-permeable membrane for the separation of
gas mixtures, the degree of recovery of the desired product component and the purity of

the product component are related such that higher recovery is achieved only at lower

purity, and cdnversely higher product purity is attained only at the expense of decreased

<



Nonpermeate 33 optionally is conpressed in conpressor 35 to provide recycle
stream 3 which is conbined with fresh feed 1 to provide net feed 5 which is
processed as described earlier. This recycle of nonperneate 33
significantly increases the recovery of i mary components i n nonperneate
17 from nmenbrane separation zone 7. Optionally, a portion 37 of
nonperneate 33 can be withdrawn prior to recycle, either before or after
conpressor 35. Adsor bent nenbrane separation zones 7 and 23

ed may
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that a preferred operating mode exists for each stage which resuits in the most favorable

tradeoff between overall product recovery and overall product purity for the two-stage

system. In the preferred operating mode, the first and second membrane stages are

operated such that the ratio of the recovery of the primary component in the first stage to

the recovery of the primary component in the second stage is less than about 1.0 and

preferably less than about 0.8. This ratio of the prin;xary component recoveries is defi.ned

as the stage recovery ratio for that component. Recovery of a primary component in any

given stage is defined as the fraction or percentage of the primary component in the

feed to that stage which is recovered in the nonpermeate product stream from that

stage. Preferably the recovery of the primary component in the first stage is less than

about 75%. Referring to Fig. 1, the preferred mode of operation is that the stage

recovery ratio for adsorbent membrane separation zones 7 and 23 is less than about 1.0

and preferably less than about 0.8. The recovery of the primary component in adsorbent

membrane separation zone 7 is less than about 75%.



recovery. This inverse relationship occurs for polyneric nenbranes and
porous diffusion nenbranes as is known in the art, and has been found to
occur as wel|l for adsorbent membranes associated with the pr esent

i nvention as described in the follow ng Bkanples. Wien nenbranes are
arranged in nultiple stages, the relationship between product recovery and
purity becones nore conplex. The overall product recovery and overall
product purity in a nulti-stage nmenbrane system are functions of the

stagi ng configuration and the operating conditions of each individual

st age. | tNenperpeats 1d: E’b@béﬁ 0] ﬁ'ﬁﬁé%‘ﬂ&@(?@}f‘mﬂﬁ'ﬂﬁ eant@ips one
descri bed above for the present invention, in which the desired product
conponent | sormeergvesidurlsacandary eumRRnentsa ationafivigurthes entishedibyrigtr O&cﬁwhﬁf a
t wo- st age adsor bent menbrane system that a preferred operat| ng _node :
exi sts for megﬂ%ajeamwwesmab@ﬁﬁﬁopﬁ@ ifte PresSHiRMERg adsarpiandFSA) bet ween
overal |l product recovery and overall product purity for the two-stage
system | n tsystesm é8df feed Sopdheadsasbent memhraee zones{ ‘sd?ﬁlp%é%ﬁﬂa rROTRATEFROT
stages are operated such that the ratio of the recovery of the prinmary
conponent i 3¢ isaitiizedsto previdrocerapressad nanpeuaeate 41 asreedioi R systempdndhigh i n
the second stage is |ess than about 1.0 and preferabl%/ | ess than about
0.8. This rapurtty pimatyeprpduatdbyrnd svastmstreant € akpovithslsawns thaeafione dAdssplione
stage recovery ratio for that conponent. Recovery of a primary component in
any gi ven sYSt 43 caebeecressire Rwingragiserpten éYs“E@r(B@ﬁ} eletype kpown it ey
conponent in the feed to that stage which is recovered in the nonperrreate
product st r ediamatiyely: ahermst swjag aﬁ?@?@’hﬂﬁﬁm REa peknawy inthe@icanerary
conponent in the first stage is | ess than about 75% Referrlnq to Fig. 1,
the pref err edfiliged in pacepfea BEASHStER if ﬁ%ﬂpeﬂﬁ@a@ﬂgg@“tﬂf@&w&fﬁs‘%@ﬁ?cf’féﬁaw
adsor bent menbrane separation zones 7 and 23 is |ess than about 1.0 and
preferably |exBPQneats wieh arestipngifrdspiegasrtpe aesarpentyiilizes iy adenrplensistam

adsor bent 43rrbr ane separation zone 7 is |less than about 75%

The adsorbent membrane and staging configuration of the present invention are
particularly well suited for the purification and recovery of low molecular weight primary
components such as hydrogen, helium, or methane from mixtures which also contain
higher molecular weight secondary components such as carbon oxides, water, hydrogen
sulfide, ammonia, and hydrocarbons. A beneficial characteristic of adsorbent
membranes used in such separations is that the heavier contaminant components
selectively perm‘eéte through the membrane and the lighter primary component is
recovered as a nonpermeate at near feed pressure. Recovery of the primary
cémpone‘nt at relatively high purity, at acceptable recovery, and at high pressure is_
particularly advantageous when final purification of the primary component by pressure
or thermal swing adsorption is required.

As illustrated in the Examples which follow, operation of the two-stage adsorbent

membrane system in this preferred mode allows the overall recovery of the primary

component to be increased with no penalty or a relatively small penalty in decreased



19 . Nonpernmeate 17, which is enriched in the primary conponent
and contains one or nore residual secondary conponents, optionally is
further enriched by introducing the nonperneate at about 100 to about 500
psia Ifnto pressure swi ng adsorption (PSA)20 system 43. If feed 5 to the
adsor bent nenbrane zone 7 is below 100 psia, conpressor 39 is utilized to
provi de conpressed nonperneate 41 as feed to PSA system 43. H gh purity
primary product 45 and waste stream 47 are withdrawn therefrom Adsorption
system 43 can be a pressure swi ng adsorption system (PSA) of a type known
in the art; P’%FF‘{‘%PHP iweyth%“{%gﬁaﬁﬁ@dﬁﬂ@'ﬁ ?.smer@ygpw&ﬂdy a4 type
known in the art can be wutilized in place of a PSA systemif nonperneate
17 cont ai ns @ndiipes eusida ohinissuretargdmode; B%BY%’n‘f‘ﬁ"eﬁ)Pﬁsc‘ﬂ 0&19@" ﬂ%ﬁgte@vew
adsorbed on the adsorbent utilized in adsorption system

adsor bent neH® ?ﬁ?fﬁ“%ﬁﬂ?%@b’@ﬁﬁf‘%ﬁﬂﬁ"ﬁ decrenssne ’BP"Q"HS‘ piies e'ﬁtﬂ"‘F Hﬂﬁéﬁfﬁ%ﬁ'"ﬂ? e
particularly well suited for the purificatign and recove | ow nol ecul ar
wei ght pri medfhe iByentiondie.at 8 stagesecoupy sjiesT legs thangboyt 1 Hgtafﬁﬂéerfﬂ"

m xtures which al so contain higher nolecul ar wei ght secondary corrponents
such as car Fsbosankesatiajpadder a B&Y&F’ Syeill peqluct psoveryRempared Al the a¥dR¥ar bons.
A beneficial characteristic of adsorbent nenbranes used in such

separ at i ons gtiginedy aneeatingputside BemrefriTad modedid Gha Hage regquest faligof greater
perneate thr ough t he menbrane -and the lighter primary conponent is
recovered ag ﬁ"i‘n&)rperrreate at near feed pressure. Recovery of the pri mary
conponent at relatively high purity, at acceptable recqvery, and at hig
pressure is par tT‘lﬁﬂe&?Y%WgWSM‘H&@bﬁ%mﬂm t i gaeh Sﬁﬂelcﬂf‘"&?aWOﬁaQﬁ SX%“

primary component b ressure or thernmal sw ng adsorption is required.

As i1l ustrat® hecanfe ﬁ(‘%ﬁfp@%" %‘ﬁ‘%‘ﬁ"%me 3'95‘ a&pie ing condiio ’%%‘é{b

adsor bent rrenbra l‘r%$/stem in this pref node all ows the overa
recovery of & ant RATRMELRT RIRURGS e FeroNery L g ?W“%“ry a
relatively smal I enal ty in decr eased, .

component ina 3/ ven stage is the ratio of the effective membrane surface area (A) to

the feed flow rate (F) to that stage, commonly designated as A/F. In a given stage, a
lower value of A/F yields a higher recovery and lower purity, while conversely a higher
value of A/F yields a higher purity and lower recovery. The separation propetties of the
adsorbent membrane material, namely selectivity and permeability, also will affect the
primary product recovery. Adsorbent membranes having different separation properties
can be used in each stage if desired. The ratio of feed pressure to permeate pressure
also will affect primary product recovery in each stage, as will the stage operating
temperature. These design and operating parameters can be selected for each stage to

give the-desired stage recovery ratio for the present invention.

EXAMPLE 1

An adsorbent memhrane was prepared by coating the bore side of a

macroporous alumina support tube having a length of 30 ¢cm, an internal diameter of

:
LN



20 * product purity. Wien the two-stage adsorbent nenbrane systemis
operat.ed at conditions outside of this preferred node, however, increases
in overall product recovery are acconpanied by nore significant decreases
in prdéduct purity. In the preferred node 2%t the invention (i.e. at a stage
recovery ratio of |less than about 1.0), a higher product purity can be
attained for a given overall product recovery conpared with the purity
attained by operating outside the preferred node (i.e. at a stage recovery
ratio of greater than 1.0). The recovery of the primary conponent
in each st ag®.56 crnandawal thickoess G165 cawitha hisriniform Eyebyf polyyrdlidene

sel ection of the design and operating conditions for each stage. An

i nport ant deshigridgacoiate tarpelymenlatextvérich sontaingdbpolynenkaags baving diametetsrof
conponent in a given stage is the ratio of the effective nmenbrane surface
area (A) to Ohe.1qmlinfaroaqueatie efrEjsiarocantaining #ag¥; salidsmdbing goatingiveasadried as
AlF. In a given stage, a |ower value of A/F yields a higher recovery and
| ower purity,undeinittogematéd05€lapddhdcegted tubeavascneatedoBOGT @ Linkder anitrigeheaurge
purity and | ower recovery. The separation properties of the adsorbent
menbr ane mat 4@ catbonize e goatiog @pd farm § layatiofmsisabant ¢aregn. Eiescomplietedafitbulan
the primary product recovery. Adsorbent nenbranes having different

separ ati on progiebiane yvasdeguiied insopressire yesses shajesuch thad prassgrizetiifeed gas could
feed pressure to perneate pressure also will affect -primary product
recovery in dgdntredusgd intathepare sidecansiragpverssbataieantpedipssasarefrom dhe Rreside,
desi gn and operating parameters can be selected for each stage to give the
desired st ageviileqeraeste gasicouldde aoflected bemyihe sheleside Hra countercurrent mode at

EXAMPLE 1 An adsor bent nmenbrane was prepared by coating the bore
side of a low pressure. Pressures and flow rates of the feed, non-permeate, and permeate gas

streams were measured by the usual laboratory methods.

The tubular adsorbent membrane was then subjected to laboratory testing for tﬁe
separation of a mixture representative of an offgas from a petroleum refinery fluid
catalytic cracking (FCC) unit which contained 20% hydrogen, 20% methane, 16% -
ethane plus ethylene, and 44% propane plus propylene on a molar basis.

The results of the tests are plotted in Fig. 2 which shows the performance -
characteristics of the tubular adsorbent membrane in a plot of hydrocarbon rejection vs.
hydrogeh' ;'ecovery for each of the hydrocarbons in the mixture. A plot of A/F vs.

hydrogen recO\iéry is also included.
EXAMPLE 2

The performance data of Example 1 were used to estimate the performance of
the two-stage adsorbent membrane system of Fig. 1. The system is operated at a feed
pressure of 3.0 atm (abs) and ambient temperature, with a first stage hydrogen recovery

of 55% and hydrocarbon rejections of 98.8% for propane plus propylene, 85% for ethane

LY



macr opor ous al um na support tube having a length of 30 cm an internal

di ameter of 21 0.56 cm
and a wal | thickness of 0.165 cmW|th a thin uniformlayer of

pol yvi ni li dene chl giee ; : poI%Zrer | at ex whi ch cont ai ned pol yner
beads -havi ng di anet 0. ai¥flerr]min an aqueous emnul sion
containing 4 wt % so} i ds. REHEA&EDAU ng jwas dried wunder nitrogen at 50[err]C
and the coated tube~Was ne T 10 o00[err] C under nitrogen purge to

Cuburar et t"aﬁ%%ﬂ%’ o 10t et 86 sACHRLSEN ofiifep By £OR fiiReh
Bt Tnear | { ccdsrenEa LR el B ek i o B BredofioPRte R b
Pressur o5 afloRI9R S@?@gp@*ﬁde?wégweiac ””ﬁ#%&répieﬁ%e@dﬁae%mﬁ e

2dSor bent L&%”Férsﬁie%‘i%gr%ﬁ o SR ST R MrBed ik o Lgl‘{‘éetﬂane "

separ ation of

0Ty o A P b o R o
oo e B Uiy B Mo S R P R

shows the per orrra ct, s of the tubul ar adsorbent nenbrane in
a plot of h s&ﬁte%i%%é‘?qndﬁtﬁ\?éfethdrogen recovery for each of the

hydr ocar bons | n the mxture. A plot of A/F vs. hydrogen recovery is also
i ncl uded. EXAMPLE 2 The
performance data of Exanple 1 were used.rtagleqsti mat e the performance of

Two-Stage Membrane System with FCC Offgas

Stream No. Flow Composition, Mole%
(Fig.1) ~ MMSCFD H, CH, C,H+C,H, C,H,+C.H,
1 1.00 20.0 20.0 16.0 44.0
3 0.24 37.9 48.4 7.4 6.3
5 1.24 23.5 25.6 14.3 36.6
15 0.93 14.1 18.6 18.1 48.2
17 0.31 . 51.8 43.5 2.9 1.8
31 0.69 5.7 9.4 21.9 63.0
Stage 1 _Stage 2 Qverall
H, Recovery, % 55.0 70.0 - 80.3
CH, Rejection, % 57.0 358 82.5
Ethane and Ethylene Rejection, % 85.0 89.4 94.4
Propane-and Propylene Rejection, % 98.8 96.8 98.7
Relative Membrane Area 0.59 0.41 1.0

’"‘Tﬁiii‘fii‘ilﬁﬂi“lm



t he two-stage adsorbent nenbrane systemof Fig. 1. The systemis operated
at a f,eed pressure of 3.0 atm (abs) and anbient tenperature, with a first
stage hydrogen recovery of 55% and hydrocarbon rejections of 98. 8% for
propahe plus propyl ene, 95% for ethane

22 pl us ethylene and 57.5% for methane. The second stage operates at a
70% hydrogen recovery and hydrocarbon rejections of 96.6% 89.4% and
35.6% for propane plus propylene, ethane plus ethyl ene, and nethane
respectively. The first stage yields aEXAMRdE deate product stream

cont ai ni ng 51. 8% hydrogen, 43.5% nmet hane, 2.9% et hane plus ethylene, and
1. 8% propane plus propylene (nolar basis). The overall hydrogen - recovery
for the two-stage systemis 80.3% A stream and operating sunmary for the
t wo- st age syst em iThedulwiar adsorbent membrane of Example 1 was then subjected to laboratory

Table 1 Two- St age Menbrane Systemwi th FCC O f gas

C H +C H St tesding fer the sepgratinn of a mixture representative of @5|9ﬁg§$ freoa stmgo)gthane
[err] (Fig. 1) MM SCFD H err L ﬂay

1 1. @eformer pressmswmg adsorptiouz &A) system whigt @ontamed 35%hydyogen, 10%3
0.24 37.9 48. 4 7. 6.3 1.24
23.5 npstha@ne, and 55%iearigon dioxide on@gng!ar basis. 11@ testing and dptggeductxon was
14. 1 19.6 18.1 48. 2

51.8 cogdupted in the samegnanner as Example 1 except tggt the feed presqprg gtas 4.0 atm
5.7 9.4 21. 63.0

Stage 1 @Qﬁj@ng no sweep @?é\faélqsedH[ err] Recovery, %

55.0 70. CHerr] Rejection, % 57.0
35.6 32. 5 TE@H&ﬁ'étseﬁf@"ﬁeﬁSﬂ aif Plqtter &t Figo® Whigh shows thgspefformance gg 4
94.4 Propane and Propylene Rejection, % 8. 96. 6 98.7

Rel ative Mentsharastesstics of the tubular adsorbentgnggbraneam a plot gf methane and carbpn
dioxide rejection vs. hydrogen recovery. A plot of A/F vs. hydrogen recovery is also

included.
EXAMPLE 4

The performance data of Fig. 3 were used to calculate the performance of'-tl"ie
Mo-étaqp, adsorbent membrane system of -Fig. 1. The system is operated at a feed
pressure of 4.0‘,atm (abs) and ambient temperaturs, with a first stage hydrogen recovery
of 40%, and with carbon dioxide and methane rejections of 91.9% and 80.6%
respeo:tiyely. The second stage operates at a 65% hydrogen recovery with carbon
dioxid; and methane rejections of 73.4% and 58.1% respectively. The first stage yields
a nonpermeate product stream containing 72.2% hydrogen, 9.2% met'hane, and 18.6%
carbon dioxide (molar basis). The overaﬂ hydrogen recovery for the two-stage system is

66%. A stream and operating summary for the two-stage system is given in Table 2.
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EXAMPLE 3 The tubul ar adsorbent nenbrane of Exanple 1 was then
subj ected to |aboratory testing for the separation of a m xture
representative of an offgas froma steam#&®thane reforner pressure sw ng
adsorption (PSA) system which contai ned 35% hydrogen, 10% nethane, and 55%
carbon dioxide on a nolar basis. The testing and data reduction was
conducted in the sane manner as Exanple 1 except that the feed pressure was
4.0 atm (abs) and no sweep gas was used. The results of the tests
are plotted in Fig. '3 which shows the performance characteristics-of the

t ubul ar adsorbent nmenbrane in a plot of ygetd@mne and carbon di oxi de

rejection vs. hydrogen recpygStage’MemBianaiSydidm With E‘E@%ﬂ recovery is

al so included. MPLE 4

The performance data of Fig. 3 were used to calculate the performance of
the two-stage adsorbent nenbrane systemof Fig. 1. The systemis operated
at a feed presfganeNel 4.0 aFww( abs) and ambi entg fioAl MbRS, Wi th a first
stage hydrogen oyery o @dFpand WGIHEg8MPoN a1 QWétAaheaNd et nall

rej ections QL&A&W&#M&WM@%&.&L a
65% hydrogen recovery with carbon dioxide and nethane rejections of 73.4%
and 58. 1% respectitvel y. The fli@st stage y3&Pds a nonp@Pneat e proddd

st ream cont ai ni ng 372. 2% hydr &n, 9. 2% netSdne, and 181.8% carbon 3dxi de
(nol ar basis). Thé overall hyd#gen recoV@®§y for the 104-stage sy$0emi s
15 113 303 10.7

58.0
17 0.32 722 8.2 18.6
31 0.68 177 10.3 72.0
Stage 1 Stage 2 Qverall
40.0 65.0 65.6

H, Recovery, %

CH, Rejection, % 80.6 58.1 70.7

CO, Rejection, % 91.9 734 89.3 -

Relative Membrane Area 0.63 0.37 1.0
EXAMPLE §

& +

The p§rformance data of Fig. 3 were used to calculate and compare the overall
hydrogen product racovery and purity for the two-stage system as a function of the
individ;al hydrogen recoveries of stages 1 and 2. The stage recovery ratio for
hydrogen, defined as the hydrogen recovery in the first stage divided by the hydrogen
recavery in the second stage, was calculated at a constant hydrogen recovery of 40% in

the first stage and for hydrogen recoveries of 40% to 70% in the second stage. The

overall hydrogen recovery for the two-stage system was determined at each value of the



66% A stream and operating sunmary for the two-stage systemis given in
Tabl e. 2. 24

Table 2 Two- St age I\/Errbrﬁ n’ﬁw—% as

St r eam No. Fl ow, OIS ISHIEET MANSBEEN [ Fi g. 1)
MM SCFD Hydr ogen Met hane REPLACED1. 00 '
35.0 10.0 55.0 3 o a5

49. 4 11.3 : 39.3 5 1.43

39.5 ;

30 3 calculaie& tﬁrdrogen stage recg\&r% ratio. The hﬁrogen stage recoveé». % o then was
72.2 + ) . 3 .

177 estlmatfg aga constant hydrg%% r@covery of 40%4 in the second stag@aﬁ@for hydrogen

igage 1 e%oggﬁ%@of 40% to %‘%éﬁﬁl Cg-f‘([a i r Eﬁ? g Xxﬁrﬂ){e o{f’raﬂ hydrogen recovery for
g(i g " the %b %age system waécheg r&ﬂé‘%{ ét]e Bﬁ/gﬁ%& 'o?fhe célculated hydrogen stage

Ive rane Are
0. 63 od¥ &
e tted i 4,
EXAMPLE 5 re elVraﬁl% TB%sr %?nésgacrgp atea ‘rc‘) lgF Ig. 3 were used to calculate

o- 5t age. Syst om HE AP SHE B FRpSete ﬁg&f&*‘?ﬂ‘*&@%ﬁ%@%@é"“‘”&

t wo- st age system as a funct lon o i ndivi du ries of

stages 1 an a]ifé%cﬁb REGRYES Valldd d19nd RYdr Jj’é( 129€ Facol 'ré't?djt
r RS a0 Magobery et gléen

hydr ogen re y int flrst stage divi ded covery |n

e e oSy 9 B4 B SR o
stage. The jnthe product gas. These results are plotted in Fig. 5.

Figs. 4 and 5 in combination illustrate an important feature of the invention, as
described in general terms eatlier in this specification, in which a preferred operating
mode exists for each stage which results in the most favorable tradeoff between overall
hydrogen product recovery and overall hydrogen product purity for the iwo-stage
system. [n the preferred operating mode, the first and second membrane stages are
operated suéh that the hydrogen stage recovery ratio is less than about 1.0 and
preferably less than about 0.8, It is seen from Figs. 4 and 5 that below a hydrogen
stage recovery ratio of about 1.0, increasing the overall hydrogen recovery by reducing
the hydrogen stagle recovery ratio results in a very slight increase in hydrogen product
purity. For exampls, if the hydrogen stage recovery ratio is reduced from about 1.0 to
about 0.62, the overall hydrogen recovery increases from about 53% fo about 66% (Fig.
4) while the concentration of carbon dioxide in the hydrogen product actually drops
slightly from about 18.5 mole% (Fig. 5). In contrast, increasing the overali hydrogen
recovery by increasing the hydrogen stage recovery ratio above about 1.0 results in a
decrease in hydrogen pf*oduct purity. For example, if the hydrogen stage recovery ratio

is increased from about 1.0 to about 1.38, the overall hydrogen recovery increases from

This Sheet Has Been R
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overall hydrogen recovery for the two-stage system was determ ned at each
val ue of the 25

cal cul at ed hydrogen stage recovery ratiq. The hydrogen stage recovery ratio
then-was estimated at a constant hydro &y recovery of 40%in the second
stage, and for hydrogen recoveries of 40%to 70%in the first stage, and

again the overall hydrogen recovery for ti g P E gﬁ@ M Was
]ﬁvTh ag

determ ned at each value of the cal cul at eg ecovery ratio.
These results are plotted in Fig. 5. b data of Fig. 3
were used to determne the hydrogen product purity at each of the
cal cul at ed vathout S3%ftotabeutgads (FIg/M)TA R donceamveitivn bfiédrborg diokidead thechydrogen
Hydrogen product purity is represented by the residual concentration of
car bon di oxi preductindréasesifanmaboldads.s mblesctorsout 26maled (Figtg)ed in Fig. 6.
6 Figs. 5 and 6 conbination illustrate an inportant feature of the
invention, as  dTisuy theedbst favoesbis GperaiigegdIthi the twdistage adsbenf membrane,
in which a preferred operating node exists for each stage which results
i n the nost $ysrem abtwes belmdenhfdrogén stege meeveéryratio dhatdodoro whietsin tHe Hyalpegeey v
and overall hydrogen product purity for the two-stage system In the
preferred opemcaverpin thediest stdge i§ lawer, amibrefeeairiyl sigrifiantip owedrathes thee Bydrogen
operat ed such that the hydrogen stage recovery ratio is |ess than about 1.0
and recovery in the second stage. Operating the two-stage system above Hhygrogérer abl y
| ess than about 0.8. It is seen fromFigs. 5 and 6 that bel ow a hydrogen
st age r ecoverecoveryiraticodf abiootit.C ta yieichan acrmiptalple dverairecarery bf/luydpogen, batwither y
by reduci ng t he hydrogen stage recovery ratio results in a very slight
i ncrease i n apeénaltycf decredsed hydrpgen prpdudtqurityx dinid ie jllustratetl by lapdaxagpie st age
recovery ratio is reduced fromabout 1.0 to about 0.62, the overall
hydr ogen r ecwhetejn ameyasalsbydrogennesoary ob8Fktivregbived. Bom Kigi 4it is Seanrthatthishe
concentration of carbon dioxide in the hydrogen product actually drops
slightly froracavenitcan@eschisved 8b ¢ Fydrogsn strge tasavenisatio of eithexaliouy 0t88cor
overal | hydrogen

about 1.32. From Fig. 5 it is seen that a hydrogen stage recovery ratio of about 0.68

yieids a hydrogen product containing about 18.5 mole% carbon dioxide, while a
hydrogen stage recovery ratio of about 1.32 yields a hydrogen product containing about

27 mole% carbon dioxide.

EXAMPLE 6

e

"
+

The tubular adsorbent membrane of Example 1 was subjected to laboratory
testing f?r the 'separation of a hydrogen-hydrogen suifide mixture which contained 50%
hydroge:n and 50% hydrogen sulfide on a molar basis at a pressure of 115 psia. The
testing used the same procedures as Exampie 1.

The results of the tests are plotted in Fig. 4 which shows the performance
characteristics of the tubular adsorbent membrane in a plot of hydrogen suifide rejection

vs. hydrogen recovery for the mixtures and conditions tested.

This Sheet Has Been Re[ilaoed '
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recovery by increasing the hydrogen stage recovery ratio above about 1.0
results in a decrease in hydrogen product purity. For exanple, if the
hydrogen stage recovery ratio is increased fromabout 1.0 to about 1. 38,
the overal |l hydrogen recovery increases 2% om

26 about 53%to about 67% (Fig. 4) but the concentration of carbon dioxide
In the hydrogen product increases fromabout 18.5 nole%to about 26 nol e%
(Fig.6). Thus t he nost favorab%a 2 ating region for the two-stage
adsor bent nenbrane system occurs bel ‘E‘%?ogen stage recovery ratio of
about 1.0 wherein the hydrogen recovery in the first stage is |ower, and
preferably significantly |ower, than the hydrogen recovery in the second
stage. Qperating_the two-stag syfs%em above a hydr,ogen recovery ratio of -
about 1.0 can yi SN§ ReFORRARGS AatR oF Giget Were ysaddg estimate the ardgaancB @ thei th  a
penal ty of decreased hydrogen product puyity. This is illuystrated by an
exanpl e \/\héW81sF?ge§r?q§9é’P§F %eWEQQ?g%fﬁtnge{ﬂgﬂ/W@F ap eguimolar hygiadeadydiogsh Fi g
5it is seen that this. recovery can be achieved at a hydrogen stage
recovery ratﬁ”&'gﬁffe ’F’H‘é‘f’eaﬁgﬁtsy _er@gsgpera%}tafgeq 8'?.38‘#'?&%11%&5’5‘@"% seen
that a hydrogen stage recovery ratio

of about 0.68 i el ds, a, hydrogen .
product cont? Rignide B@;@furgg{rt[q arfﬁ?*e“%%"‘a’? POER rERIVEY O%éﬂgf é”%?W_éEﬂ% SHifige age
o ove ), et ¥ 128 sbbond Sade Speraiad a aBod WthodeR e aa SR A L 6
The tubul ar ,adsor bent, nmenbrane .of Exagple 1 was supjected to | aboratory
Losting 1 o TOREUEBSHNSR FURCET of SATo GBh Tish HAGS YRICSA T RETFaLe B, Ch

. o 0 : .

CO B e oo Ao 0800, RRIALLCFED 2 Wy biodén Slnde Rl bels P @
overall hydrogen recovery for the two-stage system is 77% and the overall hydrogen
sulfide rejection is 98.3%. A stream and operating summary for the two-stage system is

given in Table 3.

Table 3
Two-Stage Membrane System with Hyvdrogen-Hydrogen Sulfide Mixture

Stream No. Flow, Composition, Mole%
(Fig. 1) MM SCFD Hydrogen Hydrogen Sulfide
g 1.00 50.0 50.0
3 1.18 722 27.8
5 2.18 62.0 38.0
15 177 53.6 46.4
17 0.41 98.0 2.0
31 0.59 16.1 - 83.9
Stage 1 Stage 2 Total
Hydrogen Recovery, % 30 g0 77
Hydrogen Rejection, % 99.1 60.3 98.3

Relative Membrane Area 0.81 0.19 1.0



testi Ag used the sanme procedures as Exanple 1. The results of the
tests.are plotted in Fig. 4 which shows the perfornance characteristics
of the tubul ar adsorbent nenbrane in a plot of hydrogen sulfide rejection
VS. hydrogen recovery for the mxtures aRr8 condltlons tested

27 EXAMPLE 7 ﬁ&sfﬂ Eg r mance
data of Fig. 4 were used to estimate the perfornmg ceo tfage
adsor bent nenbrane systemof Fig. 1 with an equi h- hydrogen

sulfide feed m xture. The systemis oOpEXAMPUE® a feed pressure of 115 psia
and anbient tenperature with a first stage hydrogen recovery of 30% and a
hydrogen sulfide rejection of 99.1% The second stage operates at a 90%
hydrogen recovery with a hydrogen sulfide rejection of 60.3% The first
stage yi el ds a noTipepeadatanpe datact Fig diveaenusedtoeestimate 884 E8mpard tageveraihd
2.0 % hydrogen sul fide(nmolar basis). The overall hydrogen recovery for the
t wo- st age syisydragersprédiotaecbvehearamirity for thedwoestage systen de arfajotion iobthei s
98.3% A stream and operating summary for the two-stage systemis given in

Tabl e 3. individual hydrogen recoveries of stages 1 and 2. Thalstage3ecovery ratid far- St age
Menbrane System wi th Hydrogen- Hydrogen Sul fide M xture St ream No.

FI ow, hydrogen, definecbapihsitlytmgen m:ioeé«w in the fir§trstage diyided by the hydrREFD
Hydr ogen Hydrogen Sul fi de .00

50.0 recovery in @ s@cond stage, ws calculated at a constant hydr@gen recovery of 30% in
72.2 27.8 5 2.18

62.0 the first stag®Bwith hydrogen recaeries of 30% to 80% in thelsegpnd stage. The overall
53.6 46. 4 17 0.41

98.0 hydrogen recgv@y for the two-stage system was determined at each value of the

calculated hydrogen stage recovery ratio. The hydrogen stage recovery ratio then was
calculated at a constant hydrogen recovery of 30% in the second stage with hydrogen
recoveties of 30% to 90% in the first stage, and again the overall hydrogen recovery for
the two-stage system was determined at each value of the calculated hydrogen stage
recovery ratio. These results are plotted in Fig. 7.

The performance data of Fig. 6 were used to determine the hydrogen product
purity at each of the calculated values of the hydrogen stage recovery ratio above, :and
the results are plotted in Fig. 8. Hydrogen product purity is defined by the residual
concentration of, hydrogen sulfide in the product gas.

Figs. 7 and 8 in combination illustrate an important feature of the invention, as
describ:ed in general terms earlier in this specification, in which a preferred operating
mode exists for each stage which results in the most favorable tradeoff between overall
hydrogen product recovery and overall hydrogen product purity for the two-stage
system. In the preferred operating mode, the first and second membrane stages are
operated such that the hydrogen stage recovery ratio is less than about 1.0 and

preferably less than about 0.8. It is seen from Figs. 7 and 8 that below a hydrogen

i



31 . 0.59 16. 1 83.9

Stage 1 -~ Stage 2 Total Hydrogen Recovery, %

30 90 77 Hydrogen Rejection, %

99.1- 60. 3 98. 3 Rel ati ¢8 Menbrane Area

0.81 . 0.19 1.0

28 EXAMPLE 8 The

performance data of Fig. 4 were used to estimate and conpare the overall

hydr ogen pr Ogi?%% gelrce%%%ab SubolUH bl icle@Sing B éoé?aua{yag%eﬁy@é@@yasy fedubmgt i on

of the indiv hydrogen recoveries of “stages 1 and 2. The stage _
recovery rattge t;;&:efogeméw G8&overSiativ PESURS irf A Slighy eRG8E il RERYEIYprodudtipririfyl. r st
y

stage divide t he hydrogen ‘recovery In the second stage, was cal cul ated

at a const angoUARRUS K the sRKBEN Sthge AdédvBry rafieisirbdutied HoaDEboM: t b B)boREEN
recoveries of 30%to 90%in the second stage. The overall hydrogen

recovery forggh@etlalerallfadgel $é RVeWFRcrdgisy fam aBol3geaeiaboat s, qFigl Mewhile |
cal cul at ed hydrogen stage recovery ratio. The hydrogen stage recovery ratio

then was cajnghakadciin & HyapsgeARuIfiaY mergdfo@eﬁmmpdms@%gmymm seqend

stage with hydrogen recoveries of 30%to 90%in the first stage, and again

the overal |l Bydse9gHort @XPOgFY. BRI In doRastyMcihsiag theydleedl hyafogépiretoiene by at
each val ue of the cal cul ated hydrogen stage recovery ratio. These results

are plotted jnrdasthg tife hydrogen stagd bstoperiratidiaise aatied .0 teduity infa detreassid t 0
determ ne the hydrogen product purity at each of the cal cul ated val ues of

t he hydr ogennhgdragén proaasteiuyity. dor @xanplesit tiitydrodehestagesetdviarpratiofé tictemdedn

Fig. 8. Hydrogen product purity is defined by the residual concentration

of hydrogen fruinfdtdet 1.0 to BBoytr108|uné ogerall hydrogen recovery increases from about 38% to
about 54% (Fig. 7) while the mole fraction of hydrogen sulfide in the hydrogen product
increases from about 0.025 to about 0.045 (Fig. 8).

Thus the most favorable operating region for the two-stage adsorbent membrane
system occurs below a hydrogen stage recovery ratio of about 1.0 wherein the hydrogen
recovery in the first stage is lower, and preferably significantly lower, than the hydrogen
recovery in the second stage. Operating the two-stage system above a hydrogen
recovery ratio of about 1.0 can yield an acceptable overall recovery of hydrogen, bﬁt with
a penalty:of decreased hydrogen product purity. This is illustrated by an example
wherein an overall hydrogen recovery of 70% is required. From Fig. 7 it is seen that this
recovery can be achieved at a hydrogen stage recovery ratio of either about 0.4 or about
2.05. From Fig. 8 itis seen that a hydrogen stage recovery ratio of about 0.4 yields a
hydrog;n product containing slightly less than about 0.02 mole fraction hydrogen sulfide,
while a hydrogen stage recovery ratio of about 2.05 yie!ds a hydrogen product
containing about 0.08 mole fraction hydrogen suifide.

A generic definition of the preferred operating region for the present invention is

that region which exhibits a large siope in the curve of overall hydrogen recovery vs.

[
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Figs.-7 and 8 in conbination illustrate an inportant feature of the

i nvent+ on, as described in general terns earlier in this specification,
in which a preferred operating node exists fPp Nadh resul ts
in thé nost favorable tradeoff between o%8rall %H§§§§§§%E§g;§%ﬁct recovery
and overall hydrogen product purity for the twp: in the
preferred operating node, the first and second nenbrane stages are

oper at ed sudidiogsn Stage rageuenyiatio five Figs: 4 @pdd) gnd asmallslopedr e qusye about 1. 0
and preferably less than about 0.8. It is seen fromFigs. 7 and 8 that

bel ow a hydfwgegen product impurity level vs. hydrogen stage recovery ratio {i.e. Figs. 5zand 8). st age
recovery ratio of about 1.0, increasing the overall hydrogen recovery by )
reducing the hydrogen stage recovery ratio results in a slight increase in
hydr ogen product purity.- For exanple, _if the hydrogen stage recovery ratio
is reduced fromabout 1.0 to about O.BXAMREeE8verall hydrogen r.ecovery

i ncreases from about 38%to about 52% (Fig. 7) while the nole fraction of
hydrogen sul fide in the hydrogen product drops slightly fromabout 0.025
to about 0.020 (Fig. 8),. In contrast, ingreasing the oyerall hydrogen
ocovery by i nerBeadts HEGTREE S0 e e eaTRTFa Rt an SRR 1 o
results in a decrease in  hydrogen produ urity. For exampl.e, _if the

hydr ogen ot RFSTEHEG53698, 0% e PERSBEt NKSTIORs d0eSq reSHIS &8 SUmmasIZeg T Fable 41 5.
the overall hydrogen recovery increases fromabout 38%to about 54% (Fig.
7) while the nole fraction of hydrogen sulfide in the hydrogen product _
i ncreases from about 0.025 to about 0.0?5 %ﬁlg. 8). Thus t he nost
favorabl e operating region for the two- #88¢* adsor bent nenbr ane system
occurs bel ow a hydrogen _stage r SCOV rﬁ@i of .abou Q wherein the
hydrogen recovery in ERes O RN T e R {Or SIS e £ 80T £ .
significantly lower, than the hydrogen recovery in the second stage.

Qperating the two-stage system above a hydrogen recoy %ralerﬁg'il o of about

1.0 can yield an ge¢cept able overal | recovery—ai—hyerafth—Bt—wih—a
penal ty, of decreag'@ffe"ﬁ?ﬁﬂ%ﬁﬂeﬁ'r fuct pur Qe OfHRS | £3A PSS at el ~BlyS

exanpl e

Stage 1 55 40 30
Stage 2 .70 65 80
Overall 80 66 77
Hydrogen Stage Recovery Ratio 0.79 0.61 0.38

Hydrogen Product Purity, Mole% 51.8 . 722 8.0

. o !
?

| These E)ngples for three different gas mixtures illustrate the preferred operating
mode for separa‘tion by the two-stage adsorbent membrane system defined in Fig. 1,
namely, Ewydrcgen stage recovery ratios of less than about 1.0 and preferably less than
about 0:.8. Operation of the two-stage adsorbent membrane system in this preferred
mode allows the overall recovery of the primary component to be increased with no
penalty or a very small penalty in decreased product purity. When the two-stage
adsorbent membrane system is operated at conditions outside of this preferred mode,

however, increases in overall product recovery are accompanied by more significant
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wherei'n an overal | hydrbgen recovery of 70%is required. FromFig. 7 it is

seen t-hat this recovery can be achieved at a hydrogen stage recovery ratio

of either about 0.4 or about 2.05. FromFig. 8 it is seen that a hydrogen

stage recovery ratio of about 0.4 yields a hydrogen product containing

slightty I ess than about 0.02 nole fraction hydrogen sulfide, while a

hydr ogen stage recovery ratio of about 2. 05 yields a hydrogen product

cont ai ni ng about 0.06 nole fraction hydrogen sulfide. A generic

definition of the preferr operatin eqgi,on for .t he present jinvention is

t hat region c{ﬁﬁfe@ﬁegmfﬁ?‘f‘gggﬁﬁalj@@esq%{ﬁgggH‘%‘i?e"fﬁﬁ'%&gpﬁg\?%ra&ﬁs dr ogen

recovery vs. . . . Q 1ydr agen

Gt g6 r bcovdPSPYERY oo of legs thanabout LAY ajshssproductaity gan e aRAneA BN S AN of

E?/g; ?gegngr %glglgatﬂ p'r:r:?uucE 'retc\évér?r\fﬁén oan bthtgarir?e%ebny gge%gt?ngroetgd\%éra}e}r%d (rrlvo'cﬁa'

The resul ts of anples 2, 4 and 7 were c ared to illustrate the

preferred db%@géi%eﬁ&ﬁa\ée%?a*ﬁé%%%féﬁ?“ ?ﬁention. These results are

summari zed in Tahle 4 ; . .Tabl.e 4

Conpari son of m&*}ﬁ%%@'%é‘% Membrans; and siaging sonfiguration of the present invention are
0,

Fﬁ?g ﬁa)s( @5% laIENvgerﬂos%ﬁgd %?’?t?é/ g&r}ﬁbaté)n and recov%%co%\]:vggéeculaprswp‘eigtf ia%ys

88 g,ggglzl components such as hydrogen, helium, or methane égm mixtures whigg' also contain

oL O R P B Ry corgonghs oo cpog i, e ot

sulfide, ammonia, nitrogen, and hydrocarbons. A beneficial characteristic of adsorbent

H

membranes used in such separations is that the heavier contaminant components
selectively permeate through the membrane and the lighter primary component is
recovered as a nonpermeate at near feed pressure. Recovery of the primary
component at relatively high purity, at acceptable recovery, and at high pressure is
particularly advantageous when final purification of the primary component by pressure
or thermal swing adsorption is required. |
The essential characteristics of the present invention are described completely in
the foregoing disclosure. One skilled in the art can understand the invention and make
various modifications without departing from the basic spirit of the invention, and without

deviating from the scope and equivalents of the claims which follow.



These Exanples for three different gas m xtures illustrate the preferred
operattng node for separation by the two-stage adsorbent nenbrane system
defined in Fig. 1, nanel y, hydrogen stage recovery ratios of |ess than
about 1.0 and preferably |ess than abow$20.8. Qperation of the two-stage

adsor bept—renbrane—systemin this preferred node all ows the overall

recovery “ nponent to be increased with no penalty or a
very smalfi mgu E@!ﬁ eased product purity. Wﬁg > qe
adsor bent n s operated at conditj onsrs'ﬁg_?a ﬁt@ri s

preferred node, however, increases in overallijrad E veryjlare
acconpani ed by nore significant CLAIMS -

31 decreases in product purity. In the preferred node of the invention
(i.e. at a stage recovery ratio of |ess than about 1.0), a higher product
purity can be attained for a given overall product recovery than can be
attai ned by oper atA p@tridiior sepatatirgR mlmiesagorieptigas fhixtiere cBnpAsiff afRase&RYer y
ratio of greater than 1.0). The adsorbent menbrane and stagi ng

confi gur at i orprigtary BEmpowsie Ahd afiéast drieseabrdarp 8orpenint inty/a YRdducstidasidl f or
the purification and recovery of |ow nol ecular weight prinmary conponents
such as hydr aggishedilthe ptimary ¢oafigoneat aiddhedrrhote aiditibhal preduedstesimsémtiched
hi gher nol ecul ar wei ght secondary conponents such as carbon oxi des, water,
hydrogen sulihtiesece icompBhénito@Reveinathe nintilbdoesmigrzes.. A benefici al
characteristic of adsorbent menbranes used in such separations is that the
heavi er contam nant conponents selectively perneate through the nenbrane
and the lighter primary conponent is recovered as a nonperneate at near
feed pressure. Recayitrpdeding 8 teqty gasarhixture ocompising thatprivreinabny SéeonBagh

purity, at acceptable recovery, and at high pressure is particularly
advant ageous when damiineptsrintbiacfirsi raembfanilsepaatiomeoneclavingnepérmaabler essur e

adsorbent membrane comprising adsorbent material which divides the zone into
a feed side and a permeate side, wherein the gas passes through the feed side

of the membrane separation zone and a portion of the secondary component is

selectively adsorbed by the adsorl.)ent material and permeates through the

membrane to the permeate side;

(b) withdrawing from the feed side of the first membrane separation zone a first

nonpermeate stream as the product stream enriched in the primary component;

(c) withdrawing from the permeate side of the first membrane separation zone a

permeate stream which is entiched in the secondary component;

(d) introducing at least a portion of the permeate stream as a feed gas into a
second membrane separation zone having a permeable adsorbent membrane
comprising adsorbent material which divides the zone into a feed side and a

permeate side, wherein the feed gas passes through the feed side of the
< it T
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or thermal swing adsorption is required. The essenti al
characteristics of the present invention are described conpletely in the
foregai ng disclosure. One skilled in the art can understand the invention
and make mmmmtm ons w t hout @@parti ng fromthe basic spirit of
t he mvent“ﬂ‘mg i deviating fromthe scope and equival ents of the
claims which fdl | dw ™ 32

W claim 1. A nmethod for separating a nulti Oﬂ?g BER yre
conprising at |east one primry conmponent an secgndary
conponent into a product stream enriched int nt and one

or nore additional product streams enriched I n the secondary conponent,
wherein the nmethod conpri ses: i ntroducing a feed gas m xture
conprising the primanbragedepaEsnvzene an aportron of the sgRendlaaneamponest i fir st
menbr ane separation zone having a perneab adsor bent nenbrane
conpri si ng adsor besfiectuely riserbegh by ecﬁqﬁpfh?@t pgterial and permeates thrgpgh the o a
feed side and a pernmeate side, wherein the gas passes ' t hr ough
the feed side of tHemhmmetahe pemenia side: angthgrawing bherefomman additional of
t he secondary conponent is selectivel adsorbed by the adsorbent

material and per neRfeductsieam@niched indhe peqoadary coRopeMheat e si de;

(b) wthdrawing fromthe feed.side of the first nenbrane separation zone a
first nonperneate stream as the product streamenriched in the primry

conponent; c) rawing fromthe perneate side of the first
nenbrane separati o )wrthdrawing from thezféﬁé sdepérhwpen%meamﬁmqmrat@n@ﬁne@hed
in the secondary conponent; (d) introducing at |east a portion of

the pernmeate stre a$fcqad gopmeggebstrq%whrch is further enriched in the primary component,

and combining at least a portion of the second nonpermeate stream with the
multicomponent gas mixture to provide the feed gas to the first membrane

separation zone; and

(f) operating the first and second membrane separation zones such that the ratio
of the recovery of the primary component in the first membrane separation zone
to the recovery of the primary component in the second membrane separation
zone Is less than about 1.0, wherein the recovery of the primary component in
any mgmbrane separation zone is defined as the molar flow rate of the primary
component in the nonpermeate stream withdrawn from the zone divided by the
molar flow rate of the primary component in the feed gas introduced into the

Zone.

2, The method of Claim 1 wherein the ratio of the recovery of the primary
component in the first membrane separation zone to the recovery of the primary

component in the second membrane separation zone is less than about 0.8.
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a second nenbrane separatlon zone having a permeabl e adsorbent

rrenbrane—een:pﬂ—y—ng—adsm_be,nt mat eri al which divides the zone into a
side and a iJermaate si de, wherein thg feed gas passes through the

f eed
feed side H'J E H epar ati on zong%and a portion of the secondary
conpongnt

dsorbed by the adsorbent material and perneates

through the menbr ane to the perneate side, and w thdraw ng.therefrom an
addi ti onal product streamenriched in the aﬁ%)g £V HASNERENENT ; (e)
wi thdrawing fromthe feed side of the second ne mgepepar a ion zone

a second nonperneate streamwhich is furt hg fpri mary

conmponent, and combining at |least a portion of the second nonperneate
streamwith the mihein ﬁﬁﬁla"@é@hﬁr%f‘ﬁ‘i‘%@@’w 8l ihgrimasy eeraponand in the first
the first nmenbrane separation zone; (f) operating the first and
second rrenbrM“%@B&ﬁﬁ?@fém&g?@slﬁﬁﬁhqm%ﬁwiK§°° ratio of the
recovery of the primary conponent in the first nenbrane

separation zone to the recovery of the primary conponent in the second
nmenbrane separation zone is _less than about 1.0, wherein the recovery

of the primrd conpiesthosd ﬁ’fQH“W‘ﬁ‘é’ﬁ’?ﬁ"ﬁ’ﬁé"’%B‘f?&?‘gﬁl%wezféﬂ%g?‘%"%‘ﬂfﬁﬁ@@ef“St
as the nolar flowrate of the primary conponent in the nonperneate

st ream wi t hdrma@nbreng sepaation zenads\Biadaldo oy Steqter tanthe presguregidhe feedigas to
primary conmponent in the feed gas _introduced into the zone. 2. The

met hod of cl éhw&cqmén@nhfanﬁéew@w &M% he recovery of the primary
conponent in the first nenbrane separation zone to the recovery of the
pri mary conponent in the second nmenbrane separation zone is |ess than

about 0. 8.
5. The method of Claim 4 wherein the pressure of the feed gas mixture to the first

membrane separation zone is at least 30 psia.

6. The method of Claim 1 which further comprises compressing the feed gas ptior

to the second membrane separation zone.

7. The method of Claim 1 which further comprises compressing at least a portion of
the second nonpermeate stream prior to combining with the multicomponent gas mixture
to provide the feed gas to the first membrane separation zone.

8. The method of Claim 1 wherein the multicomponent gas mixture comprises
hydrogen as a primary component and one or more secondary components selected

from the group consisting of hydrocarbons having from one to five carbon atoms.

8. The method of Claim 1 wherein the multicomponent gas mixture comprises
hydrogen as a primary component and one or more secondary components selected

from the group consisting of carbon oxides and methane.
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3. The nethod of cl ai m 1 wherein the recovery of the primary conponent in

the firs lon zone is |less than about 75% 4. The

met hod oftlmmﬂlwmﬂtﬂmﬁ he pressure of the ' o the first

menbr ane sépafat fon zdhe *i s equal to or @Beat EMHIHSHEEREASHBEENU ¢ of the

feed gas to the second nenbrane separation zcEne. REPLACEDe nethod of claim
fFT73ST nenbrane

4 wherein the pressure of the feed gas m xturé

separation zone is at |east 30 psia. 6. The nethod of claim1l which
further conprpses The HEtRES oM Tlainh ¢ whesin RSmiititehporient demixane REmpHSEy ane
separation zone. 7. The nethod of claim1 which further conprises

conpr essi ng ﬂ%dﬂoﬁéﬁ bs & giieidry 8dmpétent B8d 8RS BNRoRPEREHIRA CEmpbRGAS EBEtRE t O
conmbining with the nulticonponent gas mxture to provide the feed gas to

the first neserane gFeuPédisistng sPaiimonid, nitrodée, amathyarbgeh saligé.m 1 wherein
hydrogen is the primary conponent and a hydrocarbon having fromone to

five carbon atons is the secondary conmponent. 9. The nmethod of claiml
wherein hydrogen is the primary conmponent and a conponent selected from

the group congi st iThe méth6@bbORInY X ivheseintth aguoisent materiadhaesedsiadentiat v
conponent. 10. The nethod of claim1 wherein hydrogen is the primary

conponent antnembransgepaatiorseineds sdleéted frolhibiegrougncarsisting of auvatkd aarbon; a,
nitrogen, and hydrogen sulfide is the secondary conponent
zeolite, activated alumina, silica, and combinations thereof.

12.  The method of Claim 11 wherein the adsorbent material used in the second
membrane separation zone is selected from the group consisting of activated carbon,

zeolite, activated afumina, silica, and combinations thereof.

13.  The method of Claim 1 which further comprises intraducing the product stream
enriched in the primary component into a pressure swing adsorption system and
withdrawing therefrom a final product stream which is further enriched in the primary
component. :

14.  The'method of Claim 1 which further comprises introducing the product stream
enriched in the primary con'}ponent into a thermal swing adsomtion system and

withdrawing therefrom a stream which is further enriched in the primary component.

15.  The method of Claim 14 which further comprises introducing the stream which is
further enriched in the primary component into a pressure swing adsorption system and

withdrawing therefrom a final product stream which is still further enriched in the primary

component.
<
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35 "11. a| m 1 wherein the adsorbent material used in the
first «<me im mﬁﬂ zone Is selected fromthe group consi sting of
activated L A0kl te activated al uni na, _ nations
thereof. 12. The method of claim 11 wh&®€ein ?g% 'tﬂ)nrl al used
in the’second nenbrane separation zone is selecte he_grbpup
consisting of activated carbon, zeolite, activated alumna, silica and
conbi nat i ons 18her dB @ methad for sRBaratinga MulicopIPAnATt gagMIKTe SRRpRSING. 3hieast oae

i ntroducing the product stream enriched in the primry conponent into a
pressure swi IRIMAN 6PHPPRAN 304 abignsipne W?Mﬁ?’ﬁ@"ﬂ%“’&q f BFﬁdé“’? $TRAM product
stream which is further enriched in the primry conponent, The

met hod of cl anschedun the pf’mﬁmm%!ﬁﬁws%@q W%’&@éﬁﬁgﬂ%’ﬁ@%ﬁfmm%m@aﬁﬁ
enriched in the primary conmponent into a thernmal sw ng adsorption system
and wi t hdr aviP St $erepdany GRmRoRentewReraln the methqd ipeldess enri ched in the
primary conponent. 15. The nethod of claim 14 which further conprises

i ntroduci ng the stream vvhich S further enriched in the pri mary conponent
into a pressure svmnga ion system and wi,thdraw n refromaflnal

product stream V\hl@l"ﬁt"@ E‘E"F ngeﬁi{g "‘@ﬁ?FE‘H@EF‘“% '™ Wonent

16. In a nmethod for separating. a nmulticonponent xture co ng at
| east one pri mar W%B?ﬁf@ﬁ@rﬁ‘m istinem gg@sgﬁgrag%g i?%)“%?rﬁ?ﬁl@ ﬁi‘l

Pr;(r)gu g;[j d ;5 E :‘ gﬁg} pr ’Baﬁ@fa”ft‘?’@%ﬂ]ﬂ“”dgg ﬂ'xe :?one lnto% fegg1 sn%e %gggop%%%teat%nsgde, w?xerein

the gas passes through the feed side of the. membrane separation zone and a
portion of the secondary component selectively permeates through the

membrane to the permeate side;

{b) withdrawing from the feed side of the first membrane separation zone a first

nonpermeate stream as the product stream énriched in the primary component;

{c) withdrawing from the permeate side of the first membrane separation zone a

permeate stream which is enriched in the secondary component;

(d)'intrdducing at least a portion of the permeate stream as a feed gasinto a
second membrane separation zone having a gas permeable membrane which

- 'divides the zone into a feed side and a permeate side, wherein the feed gas
passes through the feed side of the membrane separation zone and a portion of
the secondary component selectively permeates thtough the membrane to the
permeate side, and withdrawing therefrom an additional product stream enriched

in the secondary component; and
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enriched in the secondary conponent, wherein the nethod includes: (a)
i nt roduci’ ng a feed gas mXxture conprising the primary and secondary

conpdnent s rane separatjon zone having a gas
per neabl e rmmmm mmm vides the zébe into a feed sic d a
eg et ‘

perngate side, fwhérekn ¢ as passes through t he
nmenbrane separation zone and a portion of t e gﬁg:orrpo ent
sel ectively perneates through the nenbrane tp reateSI de; (b)

wi thdrawing fromthe feed side of the first br ane separatlon zone a
first nonperneate $)vétdraveng fremphe thedtside ofdhersesondcharobriane shpargtiomeene a
conponent ; (c) wthdrawing fromthe perneate side of the first
menbr ane separ at i osecond nonpermeate stream avhinbrisfuather strichadintneiimasy eompaorend,
in the secondary conponent; (d) introducing at |east a portion of
t he perneate streaandsombingitissast apodion of the second nogpesmeatedstreambwitinthe
separation zone having a gas perneabl e menbr ane whi ch di vi des
the zone into a fe@uitdomponent gaspaikieatoeprovide the feed gas to the firstimsmabrane he
feed gas passes through the feed side of the nmenbrane

separati on zone andepargtien zane: of the secondary conmponent sel ectively
pernmeat es through the nenbrane to the perneate side, and

wi t hdrawi ng therefrom an additi onal product streamenriched in the .
secondary conponent; and r? wi t hdrawi ng fromthe feed side of the
second nenbr atfe Twseyerens whichremprises utilizing an adsaiiephEreAFAE CRSAMSING: r eam

which is further enriched in the prinmar onent, and

conbi ni ng at PeadPent PaterialAs the gan Ee@&%’ﬁjﬂ‘ﬁﬁ‘ﬁm&?@" of the frst and second
membrane separation zones in which a porticn of the secondary component is
selectively adsorbed from the feed gas to each zone by the adsorbent material and
permeates through the adsorb-ent' membrane to the permeate side of each zone, and
operating the first and second membrane separation zones such that the ratic of the
recovery of the primary component in the first membrane separation zone to thé
recovery of the primary compaonent in the second membrane separation zone is less
than abdut 1.0, wherein the recovery of the primary component in any membrane -
separation zone is defined as the molar flow rate of the primary component in the
nonpermeate stream withdrawn from the zone divided by the molar flow rate of the

primary cémpoﬁent in the feed gas introduced into the zone.

17. -The method of Claim 18 wherein the ratic of the recovery of the primary
component in the first membrane separation zone to the recovery of the primary

compaonent in the second membrane separation zone is less than about 0.8.
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streamwith the milticonponent gas mixture to provide the feed gas to

the fjrst nmenbrane separation zone; the inprovenent which conprises

utili 2| ng ﬂﬂﬂﬂmnﬁwmm ne conprisin adsorbent material as the gas
perneable F the first ﬁad second nenbrane separation -
zones.in which & pbrtfoﬁ(ﬁ*the secondary conponent is selectively
adsorbed fromthe feed gas to each zone by the adsorbent material and

per neat es through t he adsorbent menbrane to the perneate side of each zone,

and operat i ng hﬁ}% %laﬁpmﬂhéﬁmhe?&ovewaﬁ thd primang seRPSTRH 17 t he
ratio of the'™rec ry he primary conponent in the first nenbrane

separation z K s lb&than iabeuty75¢nponent in the second
menbr ane sep@?gppﬁw zoﬁgkﬁgﬁﬁgggngzhan about 1.0, wherein the recovery of
the primary conponent in any nenbrane separation zone is defined as the
nolar flow rate of the primary conponent in the nonperneate stream

w thdrawn fromthe zone divided by the nolar flowrate of the primary.
conmponent in the feed gas introduced into the zone. 38 17. The
met hod of claim 16 wherein the ratio of the recovery of the primary
conponent in the first nenbrane separation zone to the recovery of the
primary conponent in the second nmenbrane separation zone is |ess than
about 0.8. 18. The nethod of claim 16 wherein the recovery of the prinmary
conponent in the first nmenbrane separation zone is |ess than about 75%
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