HYDROGEN PURI FI CATI ON DEVI CES, COVPONENTS, AND FUEL
PROCESSI NG SYSTEMS CONTAI NI NG THE SAME Field of the
Di scl osure The present disclosure is generally rel ated
to the purification of hydrogen gas, and nore
specifically to hydrogen purification devices,
conponents, and fuel processing and fuel cell systens
C HNDROGGENEURFRICATEQN BEAI S 66 MPONBNF S AND
Pur iFUEL, PROCBSSING SYSTEMS QO NEAINING T BfS Ay
products including netals, edible fats and oils, and
sem conductors and Iﬂ&ﬁ&ﬁﬁhg Lapigs. Purified
hydrogen also is an*%nportan?héuei—source for many
energy conversion devijces.  For exanple, fuel ceILF use
purified Hyeipesent disglosure bxsenastlly selicsyine theapurification of
el ectrical potential. Various processes and devices

hytygdie seedahd® Bopdussedifiealby dioodenirgaen t patfitaiion devices,

consuned By the fuel cells. Many hydrogen-production

cRBREERRS St ARG on B R B SR BEMLRER the s

stream that contains hydrogen gas and ot her gases.
Prior to deliveriBackaipend ot denbisglasufaiel cell or
stack of fuel cells, the m xed gas stream may be

purified pisdt a§dideheiiised iHNHEShambagtur @M hihe products
Summary of the Disclosure The present disclosure is

. directed to, hydr n purificatiaon devjces, .conpanents

lngpdﬁﬁﬁréﬁ@ﬂmpur@ﬁggbt&@ﬁ d cégg’aﬂﬂl uéFhB?3gE§gFﬁg and
and fuel cell systens that include hydrogen

mijpnoélecteaticon Poeviedds dragen algdris garimpoutant %@letSiourpe for many
devi ces include an enclosure that fornms a pressure

en¥fSB Bhnvetibievices. For example, fuel cells use purified hydrogen and

an oxidant to produce an electrical potential. Various processes and devices
may bé used to produce the hydrogen gas that is consumed by the fuel cells.
Many hydrogen-production processes, however, produce an impure hydrogen
stream, which may also be referred to as a mixed gas stream that contains
hydrogen gas and other gases. Prior to delivering this stream to a fuel cell or
stack of fuel cells, the mixed gas stream may be purified, such as to remove
undesirable impurities.

Summary of the Disclosure

The present disclosure is directed to hydrogen purification
devices, components of hydrogen purification devices, and fuel processing and
fuel cell systems that include hydrogen purification devices. The hydrogen

purification devices include an enclosure that forms a pressure vessel, which
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10 contains a separation assenbly adapted to receive

under pressure a mxed gas stream containing hydrogen

gas and ot her gases and to produce a streamt hat

contains pure, or at |east substantially pure,

hydrogen gas therefrom In some enbodinents, the

encl osure i s seal ed w thout gaskets. The separation
cogtayR|sgparation dssembly adapted r@ﬁﬁa\ff‘ogeﬁerpeﬁeﬁ%maemlxed gas

and/ or hydrogen-sel ective nenbrane, and in sone
streppochiTemisg hiytifodeydssoant selee akseand i pasdudesa stream that

permanently and directly secured to the encl osure. In

cogg%%seenbo%giﬁg} 23t E‘SIFS%%IW E%’é&){%ﬁ g&gro Sgga% thg%eﬁtolllﬁ' 98 some

enbodi nents, a portion of t he hydrogen-sel ective
enthodimants, f emsnalospisr tis oseaded t wethewial gsgketsc| obhe eseparation
and, in sone enbodinents, an interface is formed from

asé‘e‘?ﬁ'ﬁ?'ni%@hﬂféé tak QBst %etﬁ}ﬁer% pERRcaHE QalIof hyRSRsASEective
and encl osure. Many o her features of the present

closure will beco mani f est t hose, versed i
mipBfass, Ao PP PedEab e TEoh o BiRRaIH aye ThemBrane s
description which follows and the acconpanying sheets
pehauerlyi mys dinctihiscturegreftbe cadoswisodimeone embodiments, the
i ncorporating the principles of this disclosure are

méfh&%n@%?@v%ed |d1ﬁ%§ioﬁtﬁdfﬁe8)%ﬁ'rﬂ%h§&i antatly € Blel &lclosure. In

Description of Draw ngs Fig 1 s a schematic view

a en purif.icatjian Vi ce.
SO RO s 8 RUHPR ot %, TG S nzp el Ggiribrane forms a
purification device illustrating exanpl es of

postbparodt tho nscaksie ghtlossre! faatl, iimcloute emmbodiments, an interface is
formed from consumed portions of the hydrogen-selective membrane and the
enclosure.

Many other features of the present disclosure will become
manifest to those versed in the art upon making reference to the detailed
description which follows and the accompanying sheets of drawings in which

preferred embodiments incorporating the principles of this disclosure are

disclosed as illustrative examples only.



hydr ogen-sel ective nenbrane. Fig. 3 is a schematic
cross-sectional view of a hydrogen purification

devi ce constructed according to the present

di sclosure. Fig. 4 is a fragnentary cross-sectiona
detail show ng portions of the hydrogen-selective
menbr ane, the nmenbrane support, and the perneate- side
end plate of thBrghlessriptiopiaf thaDrawingss js a
schemati c cross-sectional view of another hydrogen

puri fi catFign 1deyiseRera@is viave bed haaesedi pgificatioRlevice.
present disclosure. - Fi 6 is a fragnentary

ig.
cross-sectd onal. detai,l show ng the hydrogen-selectiv
nenbr ane,” Bhée tenbr g%erg{}bcpoqprg’ss-ts%cél%g%?lgﬁve %t;aa %(%ogen
the perneate-side end plate of the device of Fig. 5.
puEificatipni devicd lhigtreting eyamples oisepatatioal assmbli¢s tglabmqhgde a
a hydrogen purification device containing a variation
hﬁro%&ﬁs&%@@&@ﬁﬁnﬁﬁ@n&f Fig. 6. Fig. 8 is a fragnentary
cross-sectional detail schematically illustrating a
perimeter_seal .forned by welding the nbrane to the
encl osur eFlgog thel h ¥ p?fpﬁgﬁ‘?,%'ﬂna ey & Rydjogen
9 is a fragnentary cross-sectional detail
pwdfiatiohi dealdeyconstriuotedratording te dul presentelisddgsude.f f usi on
bondi ng the nenbrane to the enclosure of the hydrogen

puri fi catg:gn [ i ESad : :
P bt SadBpAdeY Efambiilry sk Se@idd AR Boing portions of
seal. fornmed by brazing the nmenbrane to the encl osure

the thydreeem P%%‘éﬁ‘n H}ﬁwbn%ne,aﬁ]eowea&m% support, and the permeate-

side end plate of the device of Fig. 3.

Fig. 5 is a schematic cross-sectional view of another hydrogen
purification device constructed according to the present disclésure.

Fig. 6 is a fragmentary cross-sectional detail showing the
hydrogen-selective membrane, the membrane support, the membrane pad, and
the permeate-side end plate of the device of Fig. 5.

Fig. 7 is a fragmentary cross-sectional detail showing a hydrogen
purification device containing a variation of the membrane pad of Fig. 6.

Fig. 8 is a fragmentary cross-sectional detail schematically
illustrating a perimeter seal formed by welding the membrane to the enclosure

of the hydrogen purification device.



Fig. 11 is an exploded isonetric view of another

hydrogen purification device constructed according to
the present disclosure. Fig. 12 is a schematic
cross-sectional view of another hydrogen purification
devi ce constructed according to the present

di sclosure. Fig. 13 is a schematic cross-secti onal .

vi ew of dfigt Rets rg dfragmentagyr Frasesestivnadedetaal schematically
constructed according to the present disclosure. Fig.

illhératingan sexipforaied bys aiTBidide bvh&Mgothe anbmBra@etd the enclosure
purification device according to the present

{sclosure th i.ncl udes an insul ated heati ng
Ofgbgg‘?fgmg.enﬁuéﬁicféopééglcgchemati c di agram of a fuel

processing systemthat includes a fuel processor and
a hydr ogdngpll i si eatiagmeiéaryc eresrrectionale detadk sehematcally
to the present disclosure. Fig. 16 is a schematic

ill%t@e&fr%“hoieaﬁ thHREd MO BESIANGhS ¥aéRBEdRato tHdehdd§Sredof the
fuel processor integrated wth a hydrogen purification

evi ce cor di(gqgv.to the present disclosure. 4 Fig. 17
hydgogenpuraticatiof 4fVAgram of anot her fuel processor t hat
i ncludes an integrated hydrogen purification device
const r uctiig. htcisr din ngxptloded hisometsenvtiedi ¢l asother HHidgogen
18 is a schematic diagramof a fuel cell systemthat

pub IR S e BHASRABRI RGN R HENFRi R uCt ed

according to the present osu Det ai ['ed

Descri ptign Best Mode of the Disclosur
P F?g. iaf ?s a sc ema’gc cross-sectional view o? another hydrogen

purification device constructed according to the present disclosure.

Fig. 13 is a schematic cross-sectional view of another hydrogen
purification device constructed according-to the present disclosure.

Fig. 14 is an exploded isometric view of a hydrogen purification
device according to the present disclosure that includes an insulated heating
assembly.

Fig. 15 is a schematic diagram of a fuel processing system that
includes a fuel processor and a hydrogen purification device constructed
according to the present disclosure.

Fig. 16 is a schematic diagram of a fuel processing system that
includes a fuel processor integrated with a hydrogen purification device

according to the present disclosure.



A hydrogen purification device is schematically
illustrated in Fig. 1 and generally indicated at 10.
Devi ce 10 includes a body, or enclosure, 12 that
defines an internal conpartnment 18 in which a
separation assenbly 20 is positioned. A m xed gas
stream 24 contai ni ng hydrogen gas 26 and ot her gases
28 is delliigelads ihaeherpatie diggramo of anatherefugd| processor that
conpartment. Mdre specifically, the m xed gas stream
in¢18dee hh Viafepdate® 1By dibE&f pafiSich8Gh QRvAR &nstiiRted Bé& iRl to
conpartnment and into contact with separation assenbly
th20. ngﬁr@tion assenbly 20 includes at |east one
HPHSEYEHSSPEEL i ve and/ or hydrogen perneabl e nenbrane
46 and upon recei pt of the m xed gas stream under
pr essur e Hig. Hiispa echanoatpr didgeamtaier Bfel oall syplermiut encludes
or hydrogen-rich, stream 34 containing hydrogen gas
a drS%&ﬁﬁlﬁ‘iﬁ@éﬂdﬂ FeviBRBor stricha 5@(96%%%% 118 pRABhEASCIBsure.
yproduct stream 36 contalning at |east a Substantia
portion of the other gases. Stream 34 typically wll
contain pure, or at |east substantially pure, hydrogen
gas. However, it within the scope of the disclosure
that stream 34 may at least initially also include a
carrier, or sweep, gas conponent (wth the appropriate
addition of at |east one input port in the perneate
region for the sweep gas). In the illustrated exanple,
the first portion of the m xed gas streamthat passes
t hrough the separation assenbly enters a perneate
region 32 of the internal conpartment. This portion
of the m xed gas stream forns hydrogen-rich perneate
stream 34, and the second portion of the m xed gas
streamthat does not pass through the separation
assenbly forns a byproduct 6 stream 36, which
contains at |east a substantial portion of the other
gases.



Illustrative exanples of these "other gases" that
individually or collectively nay be present in the
byproduct streaminclude one or nore of carbon

di oxi de, carbon nonoxi de, unreacted feedstock from
whi ch the m xed gas streamwas forned, water,

ni trogen and nethane. The fore ng exa Ies are not
requi r edDetasleddDescaiption and Emt?\&o isclosuigs, as
the conposition of the "ot her gases” present in a

particul ax Ry&edesaurslicRRM Felicet RNSchHematially illustrated in
accordl ng to such factors as the process by V\,hl ch the

S stre f the nts ch
Fignk S0l BERY B107 Dot 1DRBCHRRE Aoyt SRR e,
condi ti ons durr ng the formati on of the m xed gas
1% thag defines en iBgprad dompastmentnd & which awpwatmy assembly 20
contain a portion of the hydrogen gas present in the

is gﬂo?éﬁﬂ)n%ﬁs Alinpas %ést stréam 846 QoNfaldih g Hyla?oééhogé‘s U3 dlﬂeother

sclosure that the separation assenbly IS adapted
tra erW|se retain at |east asubtant
24581 4 D JlehVRouAdT PESSEIC IQnihen fpma DR aMore
a byproduct stream as the assenbly is repl aced,
speeifrealy athednixed gashstreains & delivaed éol a thixedi gas region 30 of the
streans 24, 34, and 36 are neant to schematically

in{e?ﬁ’{l%g) S arti&it a‘?lﬂqgt(%orﬁﬁ&e@{fﬁ sgé raaé a%ﬁ?i@ySe raration

nore that one actual eam ['ow ng-into

out  of device 10. For exanpl devi ce 10, may ceive
aspaphyl %Oeelacmleéaﬁts Igast HOng; ﬁt}tdéogftfr%f‘dﬁ‘? thf 14p0n shydrogen

divided into plural streans prior to contacting
pesepablet memtaase M@ yndOupar recdipl Yfahsi mikel ghs etrvatthamder
Is delivered into conpartnment 18. Simlarly, the
{ Y
prOSUEEEL S4h L SEABEELIENTR reffeit, SE R, sream

or nmore streans. )
34 containing hydrogen gas of greater purity than in the mixed gas stream and a

byproduct stream 36 containing at least a substantial portion of the other gases.
Stream 34 typically will contain pure, or at least substantially pure, hydrogen
gas. However, it within the scope of the disclosure that stream 34 may at least
initially also include a carrier, or sweep, gas component (with the appropriate
addition of at least one input port in the permeate region er the sweep gas).

In the illustrated example, the first portion of the mixed gas
stream that passes through the separation assembly enters a permeate region 32
of the internal compartment. This portion of the mixed gas stream forms
hydrogen-rich permeate stream 34, and the second portion of the mixed gas

stream that does not pass through the separation assembly forms a byproduct

60



Device 10 typically is operated at el evated
tenperatures and/or pressures. For exanple, device 10
may be operated at (sel eécted) tenperatures in the
range of anbient tenperatures up to 700 C or nore. In
many enbodi nents, the selected tenperature will be in
the range of 200C and 500 C, in other enbodi nents,

strepm S61 avhiell qomitgias £t deastvd |subgiantipl pariqnapfdhefothersgases.
C and 400 C. and in still other embodi ments, the

198k &L exhPREr 6f ke Wthér Pese400Gh&t imlilvitekllYSorCeolbdttively
C, or 75 C. Device 10 nay be operated at (selected)

ressures in.the ra f approxjmtely 50 i and .. .
b B8 FErERs sy DS e RE RS o miee BT B8R joride,
pressure will be in the range of 50 psi and 250 or
caggm pminoxide, omneactethiendistaskt Gom: whidethscmaxed gas swgam was
will be less than 300 psi or |ess than 250 psi, and
fohﬁe&,t\k/éﬂer,q{iﬁ%geﬁ HRO RIS Thd ore gbﬁg_té?ﬁmrﬂ?é§§&q{cﬁ required
w il be 175 pSi either 25 psi, 50 pSi, or 75 psi. As
result, enclosure 12 typical IS a pressure vessel ’
to biegrerest i Gl TS Srea i p dnt comwOsltiopsiothe “OTier gases
tenperatures and/ or pressures di scussed above.
présdai tin anphiticpldar hmixenic pass streamuasil]l bendstdf Vagi eaddrging to such
seal ed for proper operation of the hydrogen

faRBfd &Lﬁl%t 'r8@es‘§€?:ﬁi' ‘?E%Chl tthe?}ﬁ‘&‘éh%ag gtﬂgn SR ?&%%d? Ale ASctants

used herein wt erence to cl osure, e teen

"sealed" refers to the gas _.tightness or integrity of .
from e ighithe GiEed 6aS SHEARDYRS fgrnesd. e OBgrRtiBg foBditpns during

contain gas streans and prevent those gas streamns

thafishheationt dicthe gaixedtgas atmafy, eto. Bypeyducy stacah G6 weill tyipically
the encl osure except through intended ports, such as

e G i T
alstohaftith?nsth%ssec%pgegfetihg dvi\gctlgsurree ftﬁerltet?lgesei)gra(t)iggra%tsei:rplgly is adapted
to trap or otherwise retain at least a substantial portion of the other gases,
which will be removed as a byproduct stream as the assembly is replaced,
regenerated, or otherwise recharged.

In Fig. 1, streams 24, 34, and 36 are meant to schematically
represent that each of streams 24, 34, and 36 may include more that one actual
stream flowing into or out of device 10. For example, device 10 may receive
plural feed streams 24, a single stream 24 that is divided into plural streams

prior to contacting separation assembly 20, or simply a single stream that 1s

delivered into compartment 18. Similarly, the permeate and mixed gas streams



paraneters |ike tenperature or pressure, the term
"selected" refers to defined or predeterm ned
“threshol d val ues or ranges of values, with device 10
and any associ ated conponents being configured to
operate at or within these selected values. These
sel ected operating paraneters may be defined or
3dprdidp enay nespecaveyrivi withteaven ah sfgde sireams or 198 two or more
particul ar application in which the corresponding
stiehhjéct ure i s being used, the conposition of the fluid
streans present therein, the structure and conponents

¢ equl ot orOURRID: ESFADY s SO Gt PV Bl cierergjures and/or

further illustration, a selected operating
pressupes: af oir examaplebdewine demay ibegoperated raat(selectedp taneparatures
bel ow a specific tenperature, within a specific range

10 U s ent Oy dr B4 efd ool frgm
inOfhel ff‘%i?ger YfUbmBient fe’n’ﬁ%eta%t’ﬁﬁ]%s? It%”ﬁﬂ) ©! & RGR. T 'Mpany

speci tenperature in 5% 10% etc. of

specific, tenperature. I n enbodiments of the hy n
er%@frdqmee&e i S9LaAted lpppTtyRi %1? fenén dyirenss s& 8684 "ana
operated at an el evated operating tenperature, heat

5008 €4 d9n tothdreemb@dihiends, tthe télecddvbngetatuteewill bean dby irareze of
to the selected operating tenperature and/or to

25@3@5{% rhdoh%.%\ﬂf fiF ﬁltl 5‘[?&13 eﬁl%%ﬁ{lé'ﬁlwﬁueogel‘é’&ttep't@r@erature

sel’'ected range o fhi's enperature. For exanple, this
heat may be provided by any suitable  heating assenbly

wiligbe A6 cF aithor 263 amales. 6 TReGti MyviessHhmay e ongrpeed at
been schematically illustrated in Fig. 1. It should

(sdlectadyiprestiaed in {taf rangs @fhppraidmaray S0kt aadyl 090igsabt enore.
form 1ncluding mxed gas stream 24 itself.

P BB GPol B 5 BL FlE si an
258?%85&@925%;gﬁémg&bgéﬁémg,otﬁy sst’atl(i,c(zgd E)Egsisgrne %?l?tbe less than
300 psi or less than 250 psi, and in still other embodiments, the selected
pressure will be 175 psi + either 25 psi, 50 psi, or 75 psi.

As a result, enclosure 12 typically is a pressure vessel that is
configured to withstand the elevated temperatures and/or pressures discussed
above. Additionally, the enclosure must be sufficiently sealed for proper
operation of the hydrogen purification device. It should be understood that as
used herein with reference to the enclosure, the term “sealed” refers to the gas
tightness or integrity of the enclosure, or the ability of the enclosure to contain

gas streams and prevent those gas streams and/or other gas streams from

entering and/or exiting the enclosure except through intended ports, such as the

8 o]



exhaust stream heat exchange with a heated fluid

stream ot her than m xed gas stream 24, electric

heaters (cartridge, band, etc.), etc. Wen a burner or

ot her conbustion chanber is used, a fuel streamis

consuned. Byproduct stream 36 may formall or a
_portion of this fuel stream For exanple, the hydrogen
inpuk produeti ol biauoductigrtsn’d. s iagd &8 discyspestibeleva Moreover,

byproduct stream containing as mniml an anount of

it uRD e dRdeRtodPBAabag, usdterebdin MwithmréfeRehden€ operating
yield of purified hydrogen gas. The hydrogen

urification devjce additionall ar._al teg.nativel
oo B BmOSTA 8 R BN b Mitber e Rl OBt o i fifea or
sufficient hydrogen gas to provide the required fuel
precb@texanmméresiwkgwblu,esm ramges todi valedse Wiyl deyme 10 and any
purification device at a desired operating

asb&TRRH Ao Fonehits 6gihéidﬂ)nﬁ redlto 868@FRAS 6r within these selected

representations have beenm made to illustrate that the

eat | assenbly nay .deliver the heate luid stream .
vabier Hise Sy oRBAtGE YRt WA B feliedh Oy BisoCieRined

surrounds or at least partially surrounds the
aceocliog utce, suzh afastoreaas t thet pextierlds apylocatioa enclivdsdn ethe
or through passages 1in the enclosure, or by

g o i . .

cof P EHE BroabiRd, AeChHifulEn] Stanendtams
el ectricall enerated heat. The required heati .

pr%?é:nb thsreige &;/%s%r%t%ﬁer@decma@m%ﬁs 9k %SPSPSW %gxwe, ¥1ser
conbination of two or nore heat sources. As

preffesenees.e degslapayatandforasatomd! ye@firdnmetsidesc.oneAsr amforther
hydr ogen- per neabl e and/ or hydrogen-sel ective nmenbranes

el A S REINES AR BRI B R B
abggg o? %E:ﬁ)nvsges;)gcilﬁnc t\ékr}{p%?atﬁyer, Ivffilt}figtal s%%cgﬁecvlira%ege 10% tier?lperatures,
or within a defined tolerance from a specific temperature, such as within 5%,
10%, etc. of a specific temperature.

In embodiments of the hydrogen purification device 10 in which
the device is operated at an elevated operating temperature, heat needs to be
applied to the device to heat the device to the selected operating temperature
and/or to maintain the device at this temperature or within a selected range of
this temperature. For example, this heat may be provided by any suitable
heating assembly 42. Illustrative examples of heating assembly 42 have been

schematically illustrated in Fig. 1. It should be understood that assembly 42

may take any suitable form, including mixed gas stream 24 itself. Illustrative

90



operated and which permts hydrogen gas to perneate or

ot herwi se pass through the nenbrane while preventing

ot her conponents of the m xed gas stream from passing

t hrough the nenbrane. In other words, the nenbranes
should be forned frommaterials that are chemcally

and thermal |y stable at the operating tenperatures

exampley exfsothes Biippble dieatingi assgmblice moludsspaei enf Igore of a

when exposed to the m xed gas, product and byproduct

reSiktaf@8theaied/ 2buthGnor 6ihel RAnIRIsYIBA TebiRAt BEf BFRRRES laZigthted
use configurations, and unheated/ depressurized

on-use configurations.. Ex esof  suitabl.e teri.al
expastrpa sl s HAnge giigt SRR SHkehD ahen JRamiRed gas
al l oys, and especially thin filnms of such netals and
streatal4 at¢leclyis. hdaadrs { dartintgd, | beyd, kv epr. oWélen a burner or other
particularly effective, especially palladiumw th 35

co%bﬁs&i}?gf&?lgié%é} ‘fé’%%gié a 146 Btr8Smas TBRAIASE B Yocﬁﬂc‘ﬂ%ﬁ%&ﬁ 36

er. e nmenbranes are typicalfy forne

froma thin foil that.is _approxi mtely 0.001 inches
mayfern 34 ars2 poripm afhdis é%%gsta?an@-h of 151{ 8§@ﬁ9&3, thé hydrogen

di scl osure, however, that the nenbranes nmay be forned
putrifivatiby dfevienmap drentaideedagodproduby driopeodis Iseehmveontaining

materials, including netals and netal alloys other

t e, di e . -metal ljc.
o BB oL ST IR PSR a3yl NGRS, Bl ing e
_may have_t hi cknesses that are greater_or. |less than.
vieldsefupwalied bydweendasexifphrdrogss nveHisatiag %ﬁ%%ﬁ%ﬁ@ﬂy
thinner, wth conmensurate increase in hydrogen fl ux.

or anwfﬁhtﬁ?@elyfméjdiﬁeﬁlﬂbﬁ%néd to motdacd snbyproducte searn gedmsining
t hi ckness of the nenbranes include rolling,

suﬁﬁ?@%ﬁtﬁéﬁ@x%gﬁg[g%ée&%}?gﬁe fﬁesrléiqtuﬂ*gh Gl £ a{]%uﬁ{e‘fca%émbﬁ/ to
maintain the hydrogen purification device at a desired operating temperature.

At 42’ in Fig. 1, schematic representations have been made to
illustrate that the heating assembly may deliver the heated fluid stream external
device 10, such as within a jacket that surrounds or at least partially surrounds
‘the enclosure, by a stream that extends into the enclosure or through passages
in the enclosure, or by conduction, such as with an electric resistance heater or
other device that radiates or coﬁducts electrically generated heat. The required
heating may be provided by a single heating assembly, or by a combination of
two or more heat sources.

As discussed, separation assembly 20 includes one or more

hydrogen-permeable and/or hydrogen-selective membranes 46. The
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No. 6,152,995, the conplete disclosure of which is
hereby incorporated by reference for all purposes.
Exanpl es of various nenbranes, nenbrane
configurations, and nmethods for preparing the sanme are
disclosed in U S. Patent Nos. 6,221,117 and
6, 319, 306, the conplete disclosures of which are i
mémbednes nayobpdouned dfyamefraateniek thayr isapwitghle pos atse imthe
Fig. 2, illustrative exanples of suitable
op%?ﬁ&r}%g WhalrbARRnt Ond PRARKARRA( 1 WRIA" Pufifiedfion Afevice 10 is
showT, nenbrane 46 includes a m xed-gas surface 48
whi ch i s ori.ented f.or cqntact by m xed S stream 24,
OPSFHCR. a1l PHUSH PRI SIIERET 7% O] BETRAARS o PUBHES§25s
to surface 48. At 46', nenbrane 46 is illustrated as
theoufghi theomehitrame Athikbprevehtngetheranempsnenip pdr thedmited gas
an underlying support 54, such as a nesh or expanded
a 3 ot her r i
S o B e e U P lefbranes
ot herwi_.se bonded to a_porous mber._56. It shoul d he
shgplebe fosated: g matcsiakethat arf?ecr@wcﬁlé)a Piad HesrenibsUyaE af the
above have been illustrated schematically in Fig. 2
oparulingl eerfipératuite ndrl pressuepr eggericreedr in dosisebl@ especially
configuration within the scope of the disclosure. For
a , h 46 Qs i . .
WP R Gredou M PR, FREAE drft blpidShEEL e B vhen
scope of the disclosure that nenbrane 46 may have
cypled- pl dbriweennf | denrigdigpssusigedel | UsFor ERBHBIEANODRe  and
shape of the nmenbrane may be defined at |east in part

unh)éaﬂ'ehﬂie’ﬁl’@@ﬁri@éd Ao uppesifigddtiopd or menber 56 upon
whi ch the menbrane is supported and/or forned. As

f] g(r:] h p | gﬁ xra?r%el%s 4§f nsatﬁta%?é/ CnGRAGAY SforC MNEHraREs Ch6 Clnclude

palladium and palladium alloys, and especially thin films of such metals and
metal alloys. Palladium alloys have proven particularly effective, especially
palladium with 35 wt% to 45 wt% copper, such as a membrane that contains 40
wt% copper. These membranes are typically formed from a thin foil that is
approximately 0.001 inches thick. It is within the scope of the present
disclosure, however, that the membranes may be formed from hydrogen-
permeable and/or hydrogen-selective materialé, including metals and metal
alloys other than those discussed above as well as non-metallic materials and
compositions, and that the membranes may have thicknesses that are greater or
less than discussed above. For example, the membrane may be made thinner,

with commensurate increase in hydrogen flux. Examples of suitable
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configurations, especially when device 10 is operating

at an el evated pressure. As another exanple, nenbrane
46 may have a tubul ar configuration. As discussed,

encl osure 12 defines an internal conpartnment 18 in

whi ch separation assenbly 20 is positioned. In the

enbodi nents shown in Fig. 2, enclosure 12 incl udes %.

meedianisons dpy refueiag e tfngkn%ﬁ eof sheranemprapes p@pﬁm gplling,

shell 62. It should be understood that device 10 has

spBf8Ang SaNEBRhinGa! WYsuitdbles ttcdiRdpiotesd & didclosed hOW.S. Patent
representati ve exanples of the general conponents of

Nosohrorris haasabialg S 0R-ER Wik, FLAGERE tpromporeigd by

typically are thicker than the walls of perinmeter
refchedde 60r dutpurposssi s Eramplesuof e@riogs mneattirgnes; h@embrane
t hi ckness of the end plates may be greater than, |ess

t i t .
cogpgtﬂreas‘f.ﬁfng,s Jﬁgi ?fgffﬁ)(ﬁsf& gge%ﬁ{getﬁé Qaletareancldsee ieNAS. Patent

rther e t he thi ckness of

NG 1t T and o e, T PRI i doukel AL ame gieeby

stream 24 is delivered to conpartnent 18 through an
intarpotatpdby réfrertvgdiooghpurpeses(or permeate) stream 34
is renoved from device 10 through one or nore outl et

or produgf, p t23_@ﬁstf%ﬁ?ﬁr%%g?ﬁé@r&dk'&ﬁab%r&ﬁfﬁg&%tions for

renoved from<évice one or nore byproduct
ports 68. The ports are shown extendi ng _t.hrough .
mRPTangEs) oHe 1o showe. éﬁoﬁi&% e@e@gr@f}q %étlflﬁ][“gg? Rati¥gflsgas
particul ar | ocation on enclosure 12 fromwhich the
suffase 4§ aqliish ajseotlehiedef@d comtaan dyr arirved dasr simeatev24eand a
10 may vary. It is 13 0 also within the scope of the

e R S R
mgmggnierzsg i%rilhelgt?aeteg fas tahf%il or film. ‘At 46”, the membrane is supported
by an underlying support 54, such as a mesh or expanded metal screen, or a
ceramic or other porous material. At 46, the membrane is coated or formed
onto or otherwise bonded to a porous member 56. It should be understood that
the membrane configurations discussed above have been illustrated
schematically in Fig.2 and are not intended to represent every possible
configuration within the scope of the disclosure.

For example, although membrane 46 is illustrated in Fig. 2 as
having a planar configuration, it is within the scope of the disclosure that

membrane 46 may have non-planar configurations as well. For example, the

shape of the membrane may be defined at least in part by the shape of a support

12 °



end plates. It is further wthin the scope of the
di scl osure that ports 64, 66, and 68 may include or
be associated with fl owregul ati ng and/ or coupling
structures. Exanples of these structures include one
or nore of valves, flow and pressure regul ators,
connectors or other fittings, and/or manifold

54p08 sramnbersS4 baen avkich che imembeaneos pupparedang/asformed.  As
selectively fluidly interconnect device 10 with

SUBRSURAIprand dmWishy €Ay E ORBAGKRRL Scom@ix  @Urdngesnéi-planar
~“1llustration, these flowregulating and/or coupling

structures are. .general]Jy.indicated at 70 in,Fig. ., 2.
oI Se eIl B BoRE yleVidel i fSpEGabhe ADoh Mdsbed Biggsure.
illustrated in every enbodinent. Instead, it should be

Asmisthet exainpleamensuaee 6 nady have & hdbybar canfigsiratzon.
parti cul ar enbodi nrent of device 10 nmay include any or

al I of thesg;shidal gﬁaésuﬂe*@t dERER ROterfl8ESoM aﬂgﬁmg in

to have the sane, | any, structure 70, and that two

or nore ports may _in sone enbodinments share .. or .
whigh, Sé@@rcmnyawm)ﬁbz 215 BerioBcHo, Ins theh SRLOgirBepcpown in

collection or delivery manifold, pressure relief
Figalvenclbbutiedi? | iavludak e paat of ddemplatese $04thatreaye joined by a

nmount ed, supported, secured, and/or positioned within

t t 48 i uirt.a 01

peERE TR 22 1) S kRl T SEARR) R0, s been
feed-side end plate 59 and a_  perneate-side end p] ate

schamatieglly jillpsigatedit iny K1 ohdor ShaW dispresentabiye ﬁxatnﬂ@fes of the

exanpl es shown in Figs. 3-11, although it is within

gehbfl Soafinehtst dfetherdsen withdubimésdihgsobe lihatd thgeometry,
encl osure may be forned from any suitabl e nunber of

sh%ﬁ ngagﬁ%eﬁ%?? fﬁrgé%af eéfseg %fé(!i ﬁfa!t%se ﬁ@ f&lﬁ%aﬁ\}‘ Grd i tran the walls
of perimeter shell 62, but this is not required. Similarly, the thickness of the
end plates may be greater than, less than, or the same as the distance between
the end plates. As a further example, the thickness of membrane 46 has been
exaggerated for purposes of illustration.

In Fig. 2, it can be seen that mixed gas stream 24 is delivered to
compartment 18 through an input port 64, hydrogen-rich (or permeate) stream
34 is removed from device 10 through one or more outlet or product ports 66,
and the byproduct stream is removed from device 10 through one or more
byproduct ports 68. The ports are shown extending through various ones of the

end plates to illustrate that the particular location on enclosure 12 from which

the gas streams are delivered to and removed from device 10 may vary. It is
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separation processes described herein. As indicated in

Fig. 3, each end plate includes an inner perineter

72, an outer perimeter 74, and a sealing region 76

t hat extends between the inner and outer perineters.

As illustrated, the sealing region extends linearly

between the inner and outer perineters. O her
algsowithijuthe sesps afethie isisalesie ihathang omese of Hip streams may be

scope of the present disclosure. Sealing regions 76
demex\edd& WRh&RMRthro@sh PRSBEPlaAd/IraRRfughnspérdhee@lige of the

bet ween nmenbrane 46 and end plates 59 and 61. It

ﬁ ?uld be understood that as used herein wth
enfid¥nce to the enclosure, the term"seals" refers to

structures that prevent a potential gas |eak path

bet ween tlhés fwtiprneithsn tic sdope @nﬁhleogmlesmdh@tr ports 64, 66,

bet ween the encl osure and the nmenbrane. End plate 59

anﬁngé 'gﬁgf ihBRidE Bﬁo'bge%o@ﬁ%d)mﬁpqw-ré’éﬁlﬁuﬁg’an‘ﬂmﬂ. Boupling

1 inc s outlet, or product port

d| scuss |.ustrated r.i entations and i on
SUYEI B %&{r@%%omewawpgas élﬁﬁu%fnsa& ¢ H?P{ah?éa How
scope of the present disclosure. The illustrated end
anfll giresstfe i regjuletess, acontatdisr ororothecefsing84 artor manifold
defines a gas flow path that permts m xed gas stream

v as%%nﬁl?esbet#%f(pgﬁedﬁ%fﬁ@ﬁgdf LLow Rl-0nge A< ed; g@éleéﬂi'@élgceﬂuldly

rane €reby pronoting greater exposure

of the m xed gas streamto the ggn‘orane and t hus
intgrqoseely desice 6P YA HpatreryBnalh sIQnFRE i SosppQpeats.  For

stream to pass to the perneate region of the

p gﬁ&ﬂe@&jﬂ Blustratibhethidst Wdwatgilatiapbadi/oesduplimndtimptares are
i ncl udes a chanber or recess, 86 that is

ocFRINSUB Pt R K 7 FRBRGEISTBAER! BB fave
gas streamthat per msat es through the menbr ane. End

nopbg@ellbx_strgteg,bm every embodiment. Instead, it should be understood that
some or all of the ports for a particular embodiment of device 10 may include
any or all of these structures, that each port does not need to have the same, if
any, structure 70, and that two or more ports may in some embodiments share
or collectively utilize structure 70, such as a common collection or delivery
manifold, pressure relief valve, fluid-flow valve, etc.

Membranes 46 may be mounted, supported, secured, and/or
positioned within compartment 18 in any suitable way. For example, in Fig. 3
device 10 includes an enclosure 12 with a feed-side end plate 59 and a

permeate-side end plate 61. This illustrative construction is used in the

examples shown in Figs. 3-11, although it is within the scope of the present
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may include a second chanber, or recess, 90, as shown
in Fig. 6, which is configured to receive at | east
one nenbrane pad 94, which is further discussed

bel ow. None of these chanbers is required to al

enbodi nents, although the perneate region of the
encl osure preferably defines or otherw se includes a

diselpsuis| that dhp sinclasyre waey denforaed fiom anyypeiiahle nyuaber of
flow path through which the perneated hydrogen gas

compyorfdnethandolectitietyvde finathé pessstRevessaibfornie pressure-driven
Simlarly, the m xed gas region of the enclosure

st bt eosh difsiins etel e, RGeS B AR £ Sh iptace

~the nenbrane to be collected and renoved fromthe
inelndep gurienersprrimelsr {78y snghiterppestineter gés ané@. sepking wegion 76
foll owi ng discussion, enclosure 12 is described as

thBed:Rends BtiRen RO MRP AnBl Rk QSp R BndRes. 6As iMhdthhtéd®Ghe 8B4ling
plate i ncluding a chanber or " gas-flow region that is

re gD oAl o IR GaTE MGRE ool T At OfichoberbEeer o fher

end plates or other portion of the enclosure to
codifigiitheicank emen dieossade wiithioat tdepagpimgntratre tlndcope re tha psesent
regi ons. is wthin the scope of the present

It
didi1§§kes @'é?lil{l%?égié Z)g g%ﬁﬁ@%@&%ﬁ?gﬁd@ﬁ%f& l&&gions for seals

regrons o e enc re na romen

| ates tQ whi a separately fo d peri er shell is
befigFerse s 8 qad e plates 39 and Al figbpnfd Piguadersiaed; that

a portion of the gas-flow region of the correspondi ng
assughe bércimevghclefaenee td theneficlbswt, ftike neng tdeels” refers to

encl osure fromend plates that 16 0 do not require a

straERRE eh\%é p%\%eﬁfgﬁotéﬁﬁh l(g(a.h g?eflé;ﬁ%thtﬂ%?wg‘g? E%Swrﬁgwléﬂts of the

have aces forne et wee

abutting portions of the enclaosure) that
enclosure and/or between the enclosure and the membrane.

End plate 59 includes input port 64 and byproduct port 68, while
end plate 61 includes outlet, or product, port 66. As discussed, the illustrated
orientations and positions of the ports is not required and may vary within the
scope of the present disclosure. The illustrated end plate 59 includes a
chamber, or recess, 84 that defines a gas flow path that permits mixed gas
stream 24 to be exposed to and flow along mixed gas surface 48 of membrane
46, thereby promoting greater exposure of the mixed gas stream to the
membrane and thus allowing more of the hydrogen gas in the mixed gas stream
to pass to the permeate region of the enclosure. In the illustrative embodiment,

end plate 61 includes a chamber, or recess, 86 that is configured to receive
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need to be sealed to prevent gas | eaks. Enclosure 12,

i ncluding end plates 59 and 61, nmay be forned from

any suitable material that is chemcally and

thermally stable at the el evated operating

tenperatures and/or pressures of device 10,

especi ally over prolonged periods of tinme and/or wth
mmgweewpn%taéfl rida il PEDGHE wg et flowy ppts forrte padippl of the

end plates may be fornmed from stainless steel, a

mi¥eaegakMtaddn® thatePernidi@dOvhkMigh [tBY mé&hBranet hBhd Silhtead] @ilso

materials and configurations are disclosed in U S

Pat.ent ,No. 6,569,227 the conmplete disclosure o Lo
g S HrsokoBd e PEBEgY oo s AU b F T . which s

purposes. - Unlike conventional hydrogen purification
cogégirsistol neceitve gl 1¢ase onermmmbiass padd4, oducleds Anther discussed

supported entirely within an interior conpartnent of

bel 8. eI BescdENABBS s i réQRRIEHIS et BImRAES 8Rhough the

di sclosure include at | east one nmenbrane 46 that is

peRGF e G OF Jhe SELPUI TR dedlors 43 DeBXFEnaFfges o

at | east between end plates 59 and 61. An
suitablesupportvier exameingbrahe thidl @ aotablgpasafloonpath through which

schematically illustrated in Figs. 3 and 5. Menbrane
46 .
B e P RRaeEh s Traf BBt ARy Dol g mgnbrane.

.referred to as a hydrogen-perneation_regi on and )
Slmélﬁélb’sﬂteomﬂ’ﬁ‘éis ST regen @? t%@ﬂﬂg)wrsggﬁf%bq@dppwes a suitable
menbrane that extends internal of the inner perineters

gaofflothpatbrfdr feap@sioars! theiigbd gepsiredrrshithserimehrssnhdbugh the
conpartnment of the enclosure into perneate and 17 0O

e 5% EBLE TR 0 o v

menbrane i s exposed to the m xed gas stream during use
product port 66. ~

In the following discussion, enclosure 12 is described as being
formed from end plates 59 and 61, with each end plate including a chamber or
gas-flow region that is spanned by membrane 46. In other words, the
membrane extends from a gas-tight seal with at least one of the end plates or
other portion of the enclosure to divide the enclosure into the permeate and
mixed gas regions. It is within the scope of the present disclosure that the
permeate and the mixed gas regions of the enclosure may be formed from end
plates to which a separately formed perimeter shell is joined and extends, with
this shell defining at least a portion of the gas-flow region of the corresponding

side of the enclosure. A benefit of forming the enclosure from end plates that
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of the hydrogen purification device and is adapted to
assist in the separation of the m xed gas streaminto
t he product and byproduct streanms. The outer perineter
region 82 of nmenbrane 46 refers to the portion of the
menbr ane that extends beyond, or external, the inner
perimeters of the end plates. As discussed, the outer
dpapt mguere @ egpasateeperandist isholinis beat thaeaclosered well dage dewer
the end plates (or perinmeter shell) and toward the

1n€61*fa%%s (RS | 7B RiMe@l bdtheef Nbultidd Portidds BF iRE ef@rdzl,are) that
t e nenbrane's cross- sectl onal area (taken at a plane

n et el Lo BrsBl 2t Frabiart dileste f2k dietho gt gffces 59
same plane). In the |Ilustrat ed exan‘pl es of Figs. 3

amin615,mat}hé>eoﬁn*medpﬁ10nnmnwr suitedlo materiak thataise chetically and
extends to the outer perineter of the end plates, with

thE Al I TR0 it t‘h@cﬁﬂé%tgg @I%IQH&% ?)H ‘:s‘r%nd?&' gﬁigs%ures of

at ‘ext ends tO the outer peri

. The ge is pe haps best seen.in Figs. 4 and
eg’ ewﬁér éFSIP?C“il SAGTTRNE %eétp@fso 5 o jtimg; ?F P repeated

scope of the disclosure that the outer perineter
heatigg andofoolimgbsfingcks. iyt exdingsid, omd plgiey nagybd édrmerinfrom
the inner and outer perinmeters of the end plates

st'r% hle S &nl ¥ RSl Ia:I'log ﬁsfnéohgyme%log)g e régl o@ﬁ")er &fltable

he ol er peri et regi on -of
extend beyond the outer perlneters of the end

materigls, a@@@nﬁgmraapns e shigalesedy i U.SnPatent Nawd?, 56,9,2t2ﬁethe

menbrane has a cross-sectional area neasured in the

copipdere dfscladuralofnghidie is Ierebyrihasobdted the rnedsrbh@ndor all
t hat exceeds the cross-sectional area of the internal
p gé) glrtment across which the nenbrane extends. As
scussed, device 10 utilizes one or npre menbranes 46

Unlike conventional hydrogen purification devices in which the
membranes are located and supported entirely within an interior compartment
of the enclosure, devices 10 according to the present disclosure include at least
one membrane 46 that is permanently and directly mounted to the enclosure to
form a gas-tight seal therewith, such as by extending at least between end
plates 59 and 61. An illustrative example of this configuration is schematically
illustrated in Figs. 3 and 5. Membrane 46 includes a central region 80 and an
outer perimeter region 82. The central region may also be referred to as a
hydrogen-permeation region and refers to the portion of the hydrogen-selective
membrane that extends internal of the inner perimeters of the end plates and

which separates the internal compartment of the enclosure into permeate and
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separate the m xed gas streaminto product and

byproduct streans through a pressure-driven

separation process. As such, the m xed gas stream °

tends to be delivered into contact with the perneate

surface of the nenbrane(s) at a higher pressure than

the product stream | eaves the enclosure. The
miredbgaanegsins. RMefetabtys rad least hesubstantiahiportioredd nob ale of the

supported, typically on its perneate surface, against

Ce}r%e%n‘g Fegllgﬁ e nRibYafS iP¥xFostRBAhE mikkl W2k rsﬁ’ehfﬁedurir%‘ruse

supports are schematically illustrated at

of b by oeeRusiRIOR devoh SREI SPISADL Hefst T pparation of

central region of the nenbrane and shoul d be forned
thé nuired gpostoesn dntocthb grodise agd dypesdreabirearss.r uct ur e
t hrough whi ch any gas that passes through the

menbr ane ﬂ?eyozuhe? eﬁﬁﬁ‘é&rarf%]gﬁ& Rood tcrﬁelﬁ’i‘ﬁfe{ e6§P refers to the

#
Preferably, € gas my ow i n bo parall el an
transverse directions through the support. For i
postiamell dhe meppyane thatgagends HeyPREdor PYRIMMhethSINRGT RErimeters
mesh, ceramc, or expanded netal materials. In

ofekpesidnplates. Avpisdissed, At dutel petémategaegion exassdsiloyn the
that includes two or nore screens, such as may be (but

a8 GE Lo BRY, b BT R e

mesh or expanded metal screen nmy be positioned to |
pedimesers| ¢f dherertbplatere heothrainsords the membrape’'seiosessrgional
itself supported by one or nore coarser screens. 19 0

aréd) (Bikén & anBrHAkapEraflePRor its HonEats Nlewdthh eisngrdaggethend the
into a recess, or chanber, 86 of end plate 61.

co BBl S Pk e PR R 0 10 v
illltlst];atﬁe:(? %Xgrlnggei of Figs. 3 and 5, the outer perimeter region of membrane
46 extends to the outer perimeter of the end plates, with the membrane
including an outer perimeter, or edge, that extends to the outer perimeters of
the end plates. The edge is perhaps best seen in Figs. 4 and 6, where it is
indicated at 83. It is within the scope of the disclosure that the outer perimeter
region of membrane 46 may extend only partway between the inner and outer
perimeters of the end plates (i.e., only partially across the sealing regions), or
that the outer perimeter region of the membrane may extend beyond the outer

perimeters of the end plates (i.e., exterior of the enclosure). In other words, the

membrane has a cross-sectional area measured in the plane of, or along the
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and a nenbrane-engagi ng surface 87 of the nenbrane
support are generally coplanar with each other. This
configuration is schematically illustrated in Fig. 4.

As shown, the outer edge, or perineter, 88 of the
menbrane support faces the inner perineter 72 of the
end plate. It is within the scope of the disclosure

sutfage dfhésemparbrent ¢hatpaxceedmtheneipsshsedtariay asdsuof gucinternal

ot her and/or that there may be a gap, typically a

t | aeter of the end
Coﬁﬁmﬁ%cégiwngtﬁgrthgﬁﬁ : ; hegﬁfé gg'out er perineter of
t he nmenbrane, supp rdl ess of whether the end
plate i ne‘ﬁ%@é%cués%*éi?ﬁ ?@é{“ lizgs Qe MPTE dpempEAnes o to

support, the nmenbrane support will be positioned

sephiaid the hxédioas alcanc onp prodestt araf bypwdenc kwsame thaagh a
therefore the nmenbrane support will include an outer

P 558 S 0 S, BAOTHTRY 6ud ol s v

t he encl osure. Because the sealing region 76 of end
depivares 9o eertacthwithehe paraeate satfaes pﬁélesmﬁm&é@eésr) gra higher
menbr ane support 54 are preferably positioned in a

preé@nes ahdry th@ pro@itl Siréint, 1ea0& @@ lentRIsatd. Ol Pnerhbrane(s),
foll ows that there wll be a seam gap, or other

B9 v, S SO S . S men

inner perinmeter of the end plate. As shown in Fig.
sutfaee magdinsinthie pressuse, avichsas bii 8 suppagi t lld#straélgcomembrane
During operation of the hydrogen purification device,

supPErtPEFRPSIAMCEI P § 0N fak &P d4/in Bigs. 3uer i ng thermal and
pressure cycling of the device, the deflection and/or

roror ane, | ScRERET By PERE: AouE aeﬁifmdn R s gantial

or ot herw se damagi ng the nmenbrane.
portion, if not all, of the central region of the membrane and should be formed -
from a porous or otherwise gas-permeable structure through which any gas that
passes througrr the membrane may flow, such as to product port 66. Preferably,
the gas may flow in both parallel and transverse directions through the support.
For example, support 54 may be formed from one or more mesh, ceramic, or
expanded metal materials. In experiments, supports that include a screen
assembly that includes two or more screens, such as may be (but are not
required to be) sintered or otherwise secured together, has proven effective.
For example, a fine mesh or expanded metal screen may be positioned to

directly contact the membrane, with this screen being itself supported by one or

more coarsecr SCrens.
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shoul d be understood that holes, cuts, or other
apertures in the nenbrane provide flow paths through
whi ch the ot her gases may pass through the nenbrane
and thereby reduce the purity of the product hydrogen
stream Accordingly, it is preferable for this
transition region to be as snooth and small as
possi bl e InoFigeduaeembreanki suppptodt ivsheendiang geedieed into a
menbrane. Figs. 5 and 6 denonstrate that hydrogen
re@é’srs fo!r CAh®Rr, Igy 'o?ee?ldlglaté‘%?or@h&ﬂb&o% he sﬁ’ie%lsﬁmecelve and
di stl osure nmay (but are not required to) include at
| east . one rane pad t is ada t ed
pastiomb ¢ mﬁ@bm%gmnoahsw%gﬁhah e, 3631t iR GG StegEd plate
prevent the nenbrane fromdirectly engaging the
anidr anséthbraneregiaging Asfswcd] ofate Membyaneesuppoct adeegeresally
extending in contact wth the perneate surface 50 of
0@% fl%% et Ur ST oo ,%Sl%i[kﬂg id B l?é?ﬂ&?&tlly WIJsFl‘ated in
rane support a e seal ing regiron o
t he erneate side end plate. ,Pad 94 be descri bed
Flgs4e>«%ﬁh@wg ther euter £dgeyr oF pRTIBICtEH S8 %%r@ﬁ %wﬁp@lmport
and across a portion of the sealing region of the

fabgy tRAigrer Pedtineoe 70 af ehe Rad Sldtardy ik neithigetlrnycope of the
suitable structure that is configured to span t he

RPN o B G IFRDY 8y Py

of the menbrane from eng ng the transition region.
thexsr mey drepa @apamn@d,lyp@ rsmglsgmsbet%@m the: irmeg. pesimeiar of the
94 is used to span "soften" transition region

endplaRd of PeAnRY&Ehe ﬁhﬂ@l‘?@o&@r Eéﬁme@ﬁgﬁghegnélhbrane support.
tranS|t|on regi on. Pad 94 may e formed from any

RGHRLRL! 5B BORuE i PO BRI 8 e
the support, the membrane support will be- positioned within the internal
compartment of the enclosure, and therefore the membrane support will include
an outer perimeter that abuts or extends proximate to the inner perimeter of the
end plate (or perimeter shell) of the enclosure.

Because the sealing region 76 of end plate 61 and the membrane-
contacting surface 87 of membrane support 54 are preferably positioned in a
generally, or completely, coplanar relationship, it follows that there will be a
seam, gap, or other transition, or transition region 92, formed between the outer
perimeter of the membrane support and the inner perimeter of the end plate.
As shown in Fig. 4, the membrane extends across this transition region. During

operation of the hydrogen purification device, and perhaps more significantly
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be exposed in the hydrogen purification device and
whi ch reduces the |ikelihood of the nenbrane being
wri nkl ed, punctured or otherw se damaged by contact
with the transition region. Unlike a gasket or other
structure that is used in conventional gas
purification devices and which is required to forma

duging ttheymal amd geressurepesrakivgbloé, thee devises wee rdeaflestion and/or

menbr ane and adj acent structure, pad 94 is not

en@BeheRdof @héser;sarﬁ@ﬁb Bay @ahse ldakh dfitthetiiem®PMHeASUER as by
of devi ce 10 shoul d not be affect ed whet her or not

.pad 94 fo orm of ht, sea meen

i ane Tkl Tae; Meafieeor StBnvS seRfiting dhirorabPfe. 1
Is wthin the scope of the present disclosure that

shohkl padunidsestondt that dales, scugnser wpksrnaiytures enl thbemgsdnane
menbrane 46 and encl osure 12 or support 54. Thus, pad

pr8§id?e ﬂ@v\n tﬂ%e thtfog‘gﬂeafhﬁc{)}f The WRES %%‘SQ eggtﬁgé ethr(ﬁfgh the

or med rom conpr essi e nmaterl not be

MEBPRES R BYS BIcRaRS] Buriia ey Wi PRUSL 1yGroEh stream.

gas-i nperneabl e nmaterial. The pad therefore nmay or nay
Acwirdingly, iy @rppgfonalsiel fec thiy eransitioyde gigarto her asesaindeth aAd small
anot her exanple, the pad may be formed from a gasket

asg)rbg‘glblesto%gﬁée | ¥iceid P?)ypl e a%%scb%‘e lﬂeﬁé 20%

ression or |ess conpr essi gaskets

need at | east_ 30% conpressi on g}rg&i pref er; ¥ ser
to 60% cdift-esanér demengsmie thatghxdrogen puriisatipg gevices 10
seal). An illustrative, non-exclusive exanple of such

ac@o@@ﬁ#ﬁi theygesknt discihesir®hays(bat greipbti requiged kdtinclade fat least
as sold by Union Carbide under the trade nane

on%ﬁ&xgbh% pﬁf 0% BLAK a&a?btec? X3 Wlchid BRGRA tRe Wahsition region

and the membrane to prevent the membrane from directly engaging the
transition region. As such, pad 94 may be described as extending in contact
with the permeate surface 50 of the membrane and further extending in contact
with both the membrane support and the sealing region of the permeate-side
end plate. Pad 94 may be described as extending across a portion of the
membrane support and across a portion of the sealing region of the permeate-
side end plate.

Pad 94 may include any suitable structure that is configured to
span the transition region between the enclosure and the membrane support and
to prevent the permeate surface of the membrane from engaging the transition

region. For example, and as perhaps best seen in Fig. 6, pad 94 is used to span
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gasket is used and conpressed to 4 ml, the desired
protection of the nenbrane is provided even though
this degree of conpression should be insufficient to
provide a gas-tight seal. As a further exanple, pad 94
may be formed from netal, froma rigid material,
and/or_from an inconpressible material (i.e., a )

or fiaelken alrantiaen reginn O2randioquey entmekraestriiog epgaging the
marginally, if any, when assenbled into the device).

trahbitRnRicdbn. PFthd 94 UESH bel fdrifddr by an{ NMaBXC hiasdried) that is
exanpl es of suitable materials include al um num

co r nd/or steel,., I.n Fig. 6..pad 94 is shown,. . . .
thGHERE! e ihemlostly aug' R ghe HnshisiR Cagorigh R Bjcpuis wi
to receive and position the pad so that it covers the
bet eapaiedi om theediydrogend ppoidications devige mandnehmhgagdungs the
surface 95 of the pad in a coplanar relationship with
likEBoS& 1R ﬂﬁ?b%eﬁ%iﬂ% Wingk188! gﬁﬁétﬁf&f g€ ofiltfwicadfinaged
I'n such a configuration, it should be understood that

the i ncI.L17{s1i on of .the pad will offset the copl anar
by s98tact Siithiedransiioms#iMne- engagi ng surface of the

menbrane support and the sealing region of the
per meat e{&ilike £pakket at ethePadrugtiraniddtds used irpeorventipndDgas
are not required to all devices 10 according to the

i. r -Bad: .9 have | o€ -
BTRRGO, RS SR Pt T EAPNAR. or e
. exanples, the pad covers the transjtion region bu )

impeEBeahle, wal befaveen) tha gnembrangrandrdiaesit rsmug%?at%f%ﬂs not

t he nenbrane. Because the nenbrane is 23 0 likely to

rediéredr @efbrinonvihca bdd. manfaciiee spepoioh aflddévie U8 ehotild not be
device 10, it follows that pad 94 should preferably

oBESIARER (g TR g Ao aTheEgH:

engagenent .
membrane and the enclosure or support. Therefore, it is within the scope of the

present disclosure that the pad does not create a gas-impermeable seal between
membrane 46 and enclosure 12 or support 54. Thus, pad 94 need not be
formed from compressible material or, if formed from compressible material,
need not be under heavy compression.

For example, pad 94 may be formed from a gas-permeable
material or a gas-impermeable material. The pad therefore may or may not be
hydrogen-selective or hydrogen-permeable. As another example, the pad may
be formed from a gasket that is under only light compression, such as 20%
compression or less (typically compressible gaskets need at least 30%

compression, and preferably closer to 60% compression to create a gas-
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of the pad by the nenbrane may pronote the use of a

conpressi bl e pad even though the pad is not

conpressed to forma gas-tight seal. As a further

exanpl e, the pad may include a tapered, or sloped,

I nner perimeter 96, such as shown in Fig. 7. This
_tapered configuration may reduce the |ikeljihood that
impgemeahiaticale An dlustrstiveononterelugivecexmmnplgeal Bych a gasket

engagi ng (repeatedly) the pad, such as during
usBd €85 Pad Datik ANeraPHitd gRsIES S sidz A 5818 1f Unlién drybide under the

Menbrane 46 nmay be secured to enclosure 12 by any

ui t abl evand/ or_structure. . For, exanpl e, ™
e T G RABE R e Ao IR SRARRIS. QYRS By e GRARPIL
to enclosure 12, such as to one -or both of end plates
gaSleetandséiland dempsesded sy dimilyiihe ilesiréd pesteetiorofithenniemyrane
of the nenbrane, the term "pernmanently"” refers to

is gg(:)’\?g%@ QvER th@ééfg Elgﬁ Qite%get:et BE cERpraSE shilASh Ainsufficient to

e net once the nenbrane is
mount ed, di sengagi ng the nenbrane fr t he encl.osur.e
providgia gas-Haht pory; Agrﬁlh)i%rmpgﬁs%f Oh iay i Eigiedefrom
damagi ng at | east a portion of the nmenbrane or the
mexak; | fosmir £ rigidddateriahadnd/or donueaditvengirassiblehmaterial (i.e., a
reference to nounting of the nenbrane, the term

me;tgxii{lleﬁltalt ¥s nbo %%&?ceﬁoinnﬁﬂ&ﬂe@? hoe Bl Q:?%nﬁl?y,t H%nlyé when

encl osure w the “use of 'Interned a stTuctures

that interconnect the nenbrane to the _enclosure. For .
asgerabipd dntogthgelayieme I ganciad pagd Pé%d»dﬂuétfﬁltﬂ‘éﬁ‘n@}OWCSWIVe)
is itself supported wthin the internal conpartnent

ex@hpldiofanihbRuneteriats Metuddi dlesinym nesppeechridior $teel. 24
encl osure. As a nore direct exanple, a permanently and

di I ' .
ai st osul BT £ o FAEY AREFRERERP ih 3 xSl LFRRber o0

enclosure 12, which is the %ri mary pressure vessel of .
thathis sized to receive and position the pad so that it covers the transition -

region and positions a membrane-engaging surface 95 of the pad in a coplanar
relationship with the sealing region 76 of the permeate-side end plate. In such
a configuration, it should be understo'od that the inclusion of the pad will offset
the coplanar positioning of the membrane-engaging surface of the membrane
support and the sealing region of the permeate-side end plate. Pad 94 and/or
compartment 90 are not required to all devices 10 according to the present
disclosure.

Pad 94 may have any suitable configuration and thickness. In the
illustrative examples, the pad covers the transition region but does not extend

along most of the central portion of the membrane. Because the membrane is
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hydrogen purification device, into the m xed gas
region 30 and the perneate region 32. As discussed in
nore detail herein, the nenbrane interfaces directly
with the enclosure to provide a gas-tight seal with
the enclosure that does not require the use of
_gaskets or other conpressible seal nenbers to form .
likethy g0 dsanrgeNapianh élie memsbrane syippedtdyringhuspef weniaet 19, it

secured to the enclosure through the formation of an

follB{arthaCFadl khauRPprefé@bly BeaklaHoENe@ sb e MR ABROGIde a
and the enclosure. The interface pefmanently and

B A NN REAT

the enclosure. By "gas-tight," it is nmeant that the
ofrthg gad das thesme edomanes mayewentadd thie ose phgsiomgpriesobiet pasl even
m xed gas region of the enclosure's internal

th?’l}?%ﬁ%% outghst ?ﬁ{e Q%g@%r&%regofo Fbrrh Ne g(%ﬁ-‘iig% Weg1. 0t RETa efurther

Ined ports in e "perneate-sid
end plate and/or to the perpeate regi.on of .the
xRS r1RF DEgTPAY (TANAS BUHIETCq oI B h ARRTTRPTIRFIST R, BURD a5
hydr ogen-sel ective nenbrane itself. In other words,
shbhva indtigt 7Tnd his capesal poefiguratiby nest adoluce ties likelilsemal that the
bet ween t he nenbrane and the encl osure that prevents a

kPRSI hBLB0 IEHEE ) U e ot e pod
An

regions and the exterior of the enclagsure. .
suph pg gBFIRE Pressupzatibanddenigasurization Mphederice: suit abl e
process for permanently and directly nounting

menbr ane (Mpmbaric046 haag el ssourel ité en2slrd N2 ddiglng suitable
destructive bondi ng process in which portions of at

T o sl RS g AR o fgenty and
bet ween the nenbrane and the enclosure. As used herein
dixgictly seeured dpeaclosure 12, such as to one or both of end plates 59 and 61.
As used herein with reference to mounting of the membrane, the term
“permanently” refers to mounting the membrane to the enclosure using a
suitable method such that, once the membrane is mounted, disengaging the
membrane from the enclosure requires cutting, removing portions of, of
otherwise damaging at least a portion of the membrane or the enclosure.
Additionally, as used herein with reference to mounting of the membrane, the
term “directly” refers to mounting the membrane to the enclosure without the
use of intermediate structures that interconnect the membrane to the enclosure.

For example, a membrane that is mounted on a frame, which is itself supported

within the internal compartment of the enclosure, is not directly mounted to the
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to the gas-tight seal, the term"consuned" refers to
changi ng one or nore physical and/or chem ca
characteristics of the nmenbrane and the enclosure to
establish a seal or bond therebetween, including
formng an alloy fromthe consuned portions of the
menbrane and/ or the enclosure and/or mnutually.
englgsuirsi rys &t Brpse FHISkE cxampie.n MsTERIBCRAY apﬁeglrecﬂy mounted
enclosure. Illustrative exanples of destructive
mEOBHNRY decorkss et ithel pessene! discigsared wiilll fdisiden the internal
bondi ng. I n anot her exanple of a suitable nounting

e, [§ oRRAClRIG, 17y Meldfic BeR Prfsureorsssehef the

gas-tight seal by brazing. Each of these illustrative
hyelxeggsl purifisatiors davisedinitp theronixedegasi tegbyl 3 amddthe permeate
schematically illustrated in Figs. 8-10, respectively.

directly nounting nenbrane 46 to enclosure

incl ude | aser wel di hg, soldering, | t enper at ur
with £ RECIoHg torrovideed epntight sead with thy bglosyigytat does not

fornmed by wel ding menbrane 46 to sealing regions of
reginec draisesafrgasksts oh odwertdoemesdiblegeakgicobsroto fomn this seal.

plates 59 and 61. The wel di ng process creates a seal

108 bet POt |

consumed oT PP 0P B e g R AARE sy the
as has been sonewhat. schemat.ically depicted.in Fi 8.
enclostFfa BN 1B SBRASian Of AR 1Bor e 168 iAsedofisicsoer Hisfeen

t he consunmed portions of the nmenbrane and the 26 0
thendempbadres andniesendlahire. wilhdi irgenpacec psamamsntlye and edirectly

to wel d nenbrane 46 to end plates 59 and 61 (or to
m3is fc FRARANCF 1B RIGw R ahTprBlBLr 3 Eight ial Between

di scl osure that the welding . . i
the membrane and the enclosure. By “gas-tight,” it is meant that the mixed gas

regfr?gefz. | AL Usdctigdddvig sl &hie hBRIMNAHE nh@hbRae qﬁt@@ﬂa%ydirecﬂy

stream is prevented from passing from the mixed gas region of the enclosure’s
internal compartment to the exterior of the enclosure other than through the
defined ports in the permeate-side end plate and/or to the permeate region of
the internal compartment other than by passing through the hydrogen-selective
membrane itself. In other words, the mounting process preferably establishes a
seal between the membrane and the enclosure that prevents a leak path from
existing between the mixed gas and permeate regions of the enclosure, and
between these regions and the exterior of the enclosure.

An illustrative, but not exclusive, example of a suitable process

for permanently and directly mounting membrane(s) 46 to the enclosure is
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process may introduce at |east one additional netal or
ot her conponent into alloy 109. For exanple, tungsten
inert gas (TIG welding may be used. Inthe TIG )
process, wire (such as Ni chrone and/or Monel wire) is
i ntroduced into groove, or weld joint, 57. During the
wel di ng process, a_liquidus phase is . forned fromthe
thigugh aaa@stwwledwdmg prreese b MaReh RREIQseolepicleat! gne, 1f not
The inclusion of the additional conmponent pronotes
botle neathcbinkhibta@ dné tth®ichtloguef aret Eshsaaleddiof foeth thas gawfight
w re, nenbrane and encl osure. Although interface 100

T LR S

the scope of the disclosure that the interface my
to ghe egas-tiglixsamht ther remi fipersupesd neglers teghamrgingfone or more
menbrane 46 and encl osure 12, along any one or nore

phpSichl AMtFoP theBlal RarR&rRASs 68 th@Rtibraad¥indith8kenclosure to
Suitable location to establish a seal or bond between

t menbr ane and,the ,enclosure. .In ather word the
esplifish Fnsgi PoRg heisbry sst: dhtudinh SBfinga Alpy fom the
bet ween the outer and inner perineters of the wel ded
copsurhedortiong hd thec nembrene awldor dlse endloshizet end®® muthally
61. Although not required, the interface established

dii?%séﬁg"‘@ﬂo%@ DHRWRES SthePh rgﬁﬁl'?lley ah8' M at@foshid Or Ififstrative

nner perineter of t enclosure (1.e., does not

extend i.nto the interpal conpartnen In Eig. 9, ... .
expplsty gEepiyenye fbp ugroggwasﬁnsh?dgomlﬁﬁagoﬁnd diffusion
menbrane 46 to end plates 59 and 61. Diffusion bonding
bondiegt efn ansthal ekafpl@ of dstivabden monsing cheplood,i the rd@brane

of nmenbrane 46 and consuned portions 114 and 116 of

SRS Ry T ST BB N 088
gag—%izgt geegleli)}? b\é\gztirt;g.r %a%%egf(: tehetsg iltllt;s%rative examples is discussed in
more detail below and schematically illustrated in Figs. 8-10, respectively.
Other illustrative suitable methods for permanently and directly mounting
membrane 46 to enclosure 12 include laser welding, soldering, low-
temperature brazing, and the like.

In Fig. 8, interface 100 is formed by welding membrane 46 to
sealing regions of the enclosure, such as the sealing regions of end plates 59
and 61. The welding process creates a seal 108 between consumed portion 102
of membrane 46 and consumed portions 104 and 106 of end plates 59 and 61,

as has been somewhat schematically depicted in Fig. 8. In the welding process,

an alloy 109 is formed from the consumed portions of the membrane and the
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menbrane, the term "diffusion bonding" refers to a

process where there is a nutual diffusion of atons

and/ or nol ecules of the materials to be bonded.

Al t hough interface 110 is forned along at |least a

substantial portion, if not all, of sealing regions

76, it is wwthin the scope of the disclosure that the
enidpletesaddy suijatle webding pratass gnaphpe vsesl tor walsk membrane 46 to

portions of sealing regions 76, between the outer

en@ﬁ;sl' R 2P g& ©f o6 ﬂ%{@()ﬁﬁ@ﬁpéﬁﬁ)dsftﬁf tBBChORWIR). While
and r

or any oth suitable location to establish a
seal or bond between nenbr 46 and ..enclosuyre 12. .
NQRGERUAFH a8 OH L0, e TG OBR O LABF dIPeepts cisitosurs, et G wyding
or other conposition that was not present prior to
probessd@ay rintrbduee hoietish gnpragdésenal Fnetal D dthéusdmpadeent into
the formation of a gas-tight seal between nenbrane 46

c r : i t

BRI F O IR, WM R0 RAgRR Sl BeNREL 1n e
nenbrane i s consuned. Instead, a _brazing material 126

T ppracessd Wis ushpasablichrame apdar Mondli Wehes ﬂ@F‘?A&JC&g into
gas- tight seal 128 between the nenbrane and the

greoed,osteld Suizh, 83. bBuwaenthehweldieg pgrogessegi hasidos phase is
pl ates 59 and 61. As used herein, the term "brazi ng"

feor A A . a7
tofed o Yk B A BIRBRE BEin Dok B M pdbure. The
_brazing material may be used, but preferably that .
inplusion; of theurdditipngluéamponrant IsABOteseeaPatiRiliey apd stabily of
menbrane and the end plates. The brazing nateri al

thé @bBifRddAasd b Rire eRémbrdchaid@filodRabraieodh indéface 100
and end plates 59 and 61 (or other portion(s) of the

. enclosure) .. Al though seal 128 is. shown between th

is SIFUPIEL AR hefs BREBMTE By obfeE nrinloiahEeslfib BR dndrtBrane 46
enclosure, it is within the scope of the disclosure

angrenclossad 1228 ismyitiie thoseapedof the disclosure that the interface may

extend proximate the inner perimeter regions of membrane 46 and enclosure
12, along any one or more portions of sealing regions 76, and/or any other
suitable location to establish a seal or bond between the membrane and the
enclosure. In other words, the interface will typically extend at least partially
between the outer and inner perimeters of the welded portions of the enclosure,
such as end plates 59 and 61. Although not required, the interface established
by a welding process preferably terminates prior to the inner perimeter of the
enclosure (i.e., does not extend into the internal compartment).

In Fig. 9, interface 110 is formed by diffusion bonding of

membrane 46 to end plates 59 and 61. Diffusion bonding creates a seal 118
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al ong any one or nore portions of sealing regions 76,

and any other suitable location to establish a sea

or bond between the nenbrane and the encl osure. The
illustrative exanples of Figs. 8-10 may be descri bed

as providing exanples of nmenbranes 46 that thensel ves
forma portion of the sealed enclosure. By this it is

betvgan qonaemed @asties slireol; swsebrang 46apnd gpnsurded ipegdons 114

by the nenbrane, instead of the nenbrane sinply being

arRHBPOT SfechdMpldied) SHNgnd 6Nt Withaht EGHmIAL dTEQLidRs piiBe of these
seal ed encl osure (pressure-vessel). ot her way of

pirfofe: ot paet [ Reoi RrutE b, pred ast B TR BEnes o the

encl osure. Al though the seal s discussed above are _
msmbnme, dhd¢ermoidiffusios bandaigS’ tedfensetona peotasanehet6 there is a
(such as outer perimeter region 82) and enclosure 12,

mirfuall Sdéﬁu&i'&hnof ReomSs /& oS %kﬁﬁé‘ rrﬁattegiﬁfs Ed""geollionded.

nmore distinct or noncont 1 nuous seals may be used. or
m r

aml e, first.gas-tight sea b f ormed .bet ween
Afihusth fisedace hi) i firmed @Qe?g Abieast & SHESteRGH Grrian. 4o all
as a first one of end plates 59 and 61. Thereafter, a
ofsswating rggiont i7ghit seaithimathelseopé af ke diselovnen thidtehe interface
second one of end plates 59 and 61 and the nenbrane

SR orh U8 g 0RO 1R IR 3 SRR e
to a sealing region_of one of the end plates and/or

the guigipervmeeneazian pf tieemembrpee ait thesencdosugpnd/or any other
thereafter the end plates or 29 0 other portions of

sulitablee Medativur €o nexyatishsacsgaddoit dgeidheetweens @admblae 46 and
pressure vessel. Preferably, however, the gas-tight

R P03 80, BRI L1 L R RS AR 0E e

and
composition that was not present prior to the destructive bonding process.

Fig. 10 illustrates the formation of a gas-tight seal between
‘membrane 46 and enclosure 12 through a brazing process. In the brazing
process, neither the enclosure nor the membrane is consumed. Instead, a
brazing material 126 forms a liquidus phase that upon solidifying forms a gas-
tight seal 128 between the membrane and the enclosure, such as between the
sealing regions of end plates 59 and 61. As used herein, the term “brazing”
refers to joining components by flowing a brazing material between those
components. Any suitable brazing material may be used, but preferably that
material turns liquidus at lower temperatures than the membrane and the end

plates. The brazing material forms a gas-tight seal 128 between membrane 46
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directly mounted to the enclosure to formthe

gas-tight seal described herein. Although the

preceding illustrated exanpl es depict the nenbrane

extending to the outer perineter of the sealing

regions of end plates 59 and 61, or beyond, it is not

requi red that the nmenbrane extend conpletely across
andhend platdsi 71 ane §il djos otherrortiph(s) off theenelesBiedndilthough seal

extending to, or even beyond, the outer perineter of

12808 SIRAVh MW BRS offer Ri@iRetet ir@fion9loftthe MBmbeAY &nd the
to which the nenbrane will be ditectly and

permanent|y.mounted is that phe seal

RSB b e D R seorg iane dincTesiie hdrseah 28 gy bp located
the enclosure, with this seal typically extending at

albreaahy paret oailoye tpowaons dfiscaligerégronsof 6.t med any ladker suitable
Fig. 11 illustrates a | ess schematic exanple of a

lo&M %%tab?%ﬁ'aﬁ e‘é?#)f B @ B¥ven e SO BiaRE %ﬁd.‘%ﬂ% enclosure.
encl osure that forns a pressure vessel with an
i nternal conpartnent 18 that i ivided into m xed ga
and per mebice Hystptiyss esyng Qg Igs&ag-h e 833y @ﬁeéescn cd as
hydr ogen- sel ecti ve nenbrane 54 that spans the

providéig akamphgast membrands Wi that itserdieleed Fyrnardportion of the
permanent|ly secured to the enclosure to define a

seglga'etn'cﬂ)ghres. eﬁ% ﬂgllg qf £ Edht thhd ﬂﬁ%&{g@ﬁtsh}[eev%ggfﬁg;arﬁa&r geﬁned

above- “described el ement's and subel ement’s t may be
present in devices 10 according to the present o

bydthe anembranea irsteads of Hreapentapng simplyaing supperted within the
11. The enbodi rent shown in Fig. 11 may include any

infndl @nyHrirathtonS thRnsHa®ed eBélouren(presiate-sEdsebt UABother way
descri bed herein w thout departing fromthe scope of

of siber BT onch® S Pt e % B ERIR e eas-

_thereof, discussed above and which have been
tight seal of the sealed enclosure.

Although the seals discussed above are shown to be continuous
seals between membrane 46 (such as outer perimeter region 82) and enclosure
12, it is within the scope of the disclosure that two or more distinct or
noncontinuous seals may be used. For example, a first gas-tight seal may be
formed between membrane 46 and a first portion of the enclosure, such as a
first one of end plates 59 and 61. Thereafter, a second gas-tight seal may be
formed between the second one of end plates 59 aﬁd 61 and the membrane
and/or the first one of the end plates. For example, membrane 46 may be
permanently and directly mounted to a sealing region of one of the end plates

and/or to the internal surface of the enclosure, and thereafter the end plates or
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schematically illustrated herein are not intended to

represent every possible configuration within the

scope of the disclosure. Simlarly, the thicknesses

and other dinensions of the illustrated nenbranes,

supports, enclosures, etc. have been exaggerated for

t he purpose of illustration and are not intended to be
otherepoions e Bseencdesusngnay bentecuehiogeshasi thescabfthe paessure

conponents. For exanple, the thickness of the

veBRID TRBRSabIFS hBReNe Xind g8s-abhtl seadi tBtivad the inRembeligPend the
and relative dinensions of the end plates have been

sjmplified for the purpose of. . illustration. As
enjlBBisb @R i eTllE sp Fep bich theifBtBRtAse s aFFmepently and
of the end plates, such as proximate sealing regions
difestliraotrged &pdreeehadosuot be fuins the gasatighfiseebideseribed horean.
a gas-tight seal. For exanple, the end plates may

I ncl ude [-Yar o ¢ ;
%lgl?&% e Qéséﬂimog ﬁ!ruﬁfa@&i’gxarﬁlb'l‘éb défict the membrane

illustrated 1 m Figs. his optional region my
have any suitabl e shape that i.s configured to
exteging {athe ower BrigMstes of thiefalmsed olbend Plates %and 61,
to enclosure 12 by welding or brazing. Further
orébezonlielt isfndtydquiged thpt rthé imembomedextené sotpletely across the
constructed according to the present disclosure are

SR oL AT 4 S,

sel ectively  .include any of tge el enent subel enent s, .
ouggipeyRetar Phke sealingaegionsof g postionssal the| qnglgsnrg tywhich
descri bed, and/or incorporated herein. Illustrative

thd ARmRiae wdllve) direxigraldeserafanichds enpureed duglay the seal may be
di scussed conponents are indicated in Figs. 12 and

cs 3B BATLBT 125 B BHE MR UL MBS AR oo i sa

pressure vessel with an internal conpartpent 18
typically extending at least partially toward the interior of the enclosure.

Fig. 11 illustrates a less schematic example of a hydrogen
purification device 10 containing an enclosure 12 that forms a pressure vessel
with an internal compartment 18 that is divided into mixed gas and permeate
regions 30 and 32 by at least one hydrogen-selective membrane 54 that spans
the internal compartmeht and which is directly and permanently secured to the
enclosure to define a gas-tight seal therewith. Illustrative ones of the above-
described elements and subelements that may be present in devices 10
according to the present disclosure are also graphically illustrated in Fig. 11.

The embodiment shown in Fig. 11 may include any of the variations and/or
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that is divided into m xed gas and perneate regi ons 30
and 32 by at |east one hydrogen-selective nenbrane 46
that is permanently and directly nounted to the
encl osure to forma gas-tight seal therewith. The
i llustrated exanple of enclosure 12 includes a pair of
end plates 59 and 61, as well as a perinpeter shel
opstongk strwstuse daseribeddiergipnvithout dep%tftmgefrem heepsoper af the
ext ends between the end plates and defines with the
disfldsue! ates the internal conpartnent 18 of the
encl osure. The perineter shell may also be referred

veseal -of TEnEon ERbUBTBr BBt Tl P B B, aud the

menbrane 46 is permanently and directly nmounted to
indhadyadr icostpenestselthereaki chsqussedir above padrawieich| yhagedbeen

directly nmounted to the adjacent portions of the

scBBmbASMIE ill8tfe @Bl Reah&Sint@aN®h @dpredéift every possible
previously descrlbed destructive and other processes

CREIRHFE VAT AP PRE B SRR BRHre, SRy dpf ot fesseland

shell to the end pl ates. Accordingly, gas-tight seals
otheredinf @rsid, ofSthehillastriatedtrhembbanes; s@gmrishedclosures, etc. have
destructive bondi ng processes, between the nenbrane

be@ﬂdeﬁag%eféﬁéd %{ﬁlﬁe %tﬂlgﬂ)esea@fj/ dstltﬁh?i%ne%’d AU 1ﬂfé‘ilnded to be

d the en at es ese seal s are

I ndi cat ed ner al at. 218 in F| 32 In
Pregiae Jepre Sransotdbers! B sHase it bewwqr&m y#gr excriple,

nounted to a perneate surface 216 of the perineter
the tiekknessiofthé hemteraheshss bdeai exgqggepped.t Stndarly.tthe shape and
perneate surface 50 by a nenbrane support 54. It is

remtlﬁlrg'dhrfeﬂgﬁ)ﬁg Qﬁetggfentd e?lr?%rr%e ;bgér%&bﬂﬁecﬂ 5&?%183}%’8086 of
111u§crz£t1ho% mA)é ed?sc%%gec? ;Jnr In%%g dg’]ccallt ITeereIc’nh et{lé o%?e%/p%rrmtleoter of the end
plates, such as proximate sealing regions 76 may be tapered or otherwise
configured to promote a gas-tight seal. For example, the end plates may
include a tapered region, or groove, such as illustrated in Figs. 8-10. This
optional region may have any suitable shape that is configured to facilitate
strong seals when membrane 46 is secured to enclosure 12 by welding or
brazing.

Further examples of hydrogen purification devices 10 constructed
according to the present disclosure are shown in Figs. 12 and 13 and generally

indicated at 210. Unless otherwise specified, device 210 may selectively

include any of the elements, subelements, and variations as the other devices
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anot her portion of the enclosure. It is also within

the scope of the present disclosure that two or nore
perineter shells nmay be used. Perineter shell 214 may
be formed fromany suitable material that is stable in

the operating environnent in which the hydrogen
purification device is used. Shell 214 may f or nred

lllpsfesaﬁetihéess:arbédnanéfror an%@poré?éed rher%stﬂlaﬁtr@%\ée ?non exclusive)

encl osure, but this is not required. Therefore, shel

exahtpleRyf ahdserpratiomly dieuisednemnpormfact ifdcaed in Figs. 12
conmposi tion than the end pI ates. Perineter shell

o1 S BRI PSS MAEL 500 56 e n

enclosure s pressure vessel and internal conpartnent.
enclosube 12| thats defines @ freaspe evessdvimith rarFingernep compartment 18
perimeter shell portion, or franme, 214 has an inner

thREIs! ARIRE inf nliREE tga§ dhfl 3eemeatéégidiRt3 (PR 8OLISy lame@st one
t he encl osure's i nternal conpartrrent relative to the

boiogtnes SRR eRrong Ynht 15 peruineal v iR otyed

i nner perimeter 222 of the perimeter shell is snaller
the keaclosire tofoen apgasi-ngiteeal therevdtfe, 88 of the nenbrane
support Expressed in different terns, the perineter

shel | porfyeo ﬂlL%Yt%Eécfsﬁa%feh o RABIRNR $ Hﬁelhtde§4a Paigmfsend

constructlon not on vi des anot her exanple o

DIRiFB B phr 9 Wel o PARUIES Sk OnSEEmIGET LPpEicg. 214.

conpressi bl e, or other, gasket to forma seal between
Perhretor shelh2d 4 andendebeterech tharendt plathisvarde defires with the end
encl osure's internal conpartnment into m xed gas and

pl%%g Eﬁéﬁrﬁeﬁﬁg 'c8Hx?a{tnpéﬁtt 13! SOHY Qi fkge 2 215 r'iﬂ‘l@fek ‘%Hel‘l hay

ere transition reglion ween

encl osure and the nenbrape support that
also be referred to as a frame that forms aplgortlon 01‘a the pressure vessel of the

enclosure. In the illustrated examples, membrane 46 is permanently and
directly mounted to the perimeter shell, which in turn is permanently and
directly mounted to the adjacent portions of the enclosure, such as end plates
59 and 61. The previously described destructive and other processes for
forming gas-tight seals may be used to secure the membrane to the perimeter
shell and the perimeter shell to the end plates. Accordingly, gas-tight seals are
formed, such as by the above-described destructive bonding processes, between
the membrane and the perimeter shell and/or the end plates and between the

shell and the end plates. These seals are indicated generally at 218 in Fig. 12.
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directly engaged by the nmenbrane. A potential benefit
of utilizing a perineter shell is that at |east one
of the end plates nay be (but is not required to be)
formed without a chanber or recess for transverse
flow of gas in the direction of the plane of the end

pl ate. Instead, the J)eri meter shell portion defines at
| east a dobEigsandiZapnd dds tnembrane #oiis rarmagentiyand directly
respective perneate or m xed gas region of the

mented SU rep& mdate sidhcec 2 1H af the perimdtaashdiinglith thet membrane
wWithin the scope of the present disclosure to size or

o S € ShTE PR AIT 3 S 2 BB e oon . 105

plates) that provides a selected or desired gas_ flow
witlkigi the ssopth ofs the xwesephsdiselgseie Smatop penhsage 54 may be
region 32. Fig. 13 denonstrates schematically that

perMeh&Rsy) Bed BRecHANEEHNES fo tHel mBeed gdisugiast dftRe edledor to
the m Xed gas and perneate surfaces of the perineter

anpifircnen ot Sadigngr ot o SVEhim BRLIAPE oftns prsent

paths, or regions, such as illustrated with respect to
disdhesure tleat tymsor mgro perimeterasets may be uséd.s Ppomesiern shiell 214
manuf acturing benefit, nanely, not having to form

méive %}zﬁ%ﬂf{&ﬁ 835 shltaMePARSRUR Mat Nk Nstable! BAShe cg%%?ating

f the plates,” is the fact that the inclusion

the perinpeter ,shell portion..34.0 i,ncreases th r
engfropica Rap hisdoiie sFORsPRHErAI ks pased: "Shdll 3PF inay
particularly, the inclusion of the perineter shell
beafosimed dcpm ties same neateral(Or assthalrsst aithe lkativsere, bubhis is not
shell and a first one of the end plates, and one

4TI ASHEISN, W RSBARSs Shk 08  cn
| eak,  path, care should be taken to ensure that the
cogmgsifion ah tasecrd Dlagecs.

Perimeter shell portion 214 spaces the end plates apart from each
other and thereby defines at least a portion of the enclosure’s pressure vessel
and internal compartment. In the illustrative example shown in Fig. 12,
perimeter shell portion, or frame, 214 has an inner perimeter, or inner surface,
222 that projects into the enclosure’s internal compartment relative to the inner
perimeters of one (Fig. 13) or both (Fig. 12) of the end plates. In both
illustrative examples, the inner perimeter 222 of the perimeter shell is smaller
than the outer perimeter, or edge, 88 of the membrane support. Expressed in

different terms, the perimeter shell portion overlaps with membrane support 54.

This construction not only provides another example of a gasket-less hydrogen
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As di scussed above, hydrogen purification devices 10

are typically operated at el evated tenperatures and
pressures. These pressures require the enclosure to

be a durabl e pressure vessel that can withstand these
forces, which act to urge the conponents of the

encl gsure away fromeach other, typically with )

pugiigatian detilvgr(eq- fordrogen pﬂ@?@é’@lony Vs ipe metsgquire a

must be able to withstand the thermal and pressure

cofipgtdsitle! babtlhdre g@ﬂ@t a6 Ubem ®xpdrbanees ths mémbmne and the
repeatedly heated and pressurized for use, then cool ed

a depr L ’ j [,S
enf s BEURAEE e EHRTR | Rlsehia S gl RS Bisg 1S hnd
device to an elevated tenperature, a variety of .
perogatenggiensanbut also prgyides asastrpetiomyn avkishplere is not a
desi rabl e, though not required, to insulate the

trafl§tioRe regibt Moetwet® thediicodiRe ARBIhO InéMBINECSEIPost that is
and/or to protect adjacent structure, operators, etc.

d.fr m cont act i thebouter surface of the encl osure.
1ef Yeﬁaaiﬁ%gw SPER st rati ve exanpl e of an

i nsul ated heating assenbly 300 that may be used with
a hydr ogen potantial denebn ofleNilizéngl @ pasimetenishell as that at least
encl osure 12 according to the present disclosure. As

onHS(?fdﬂjgzeEﬁ(ii !f)latEg“?laéﬁ WO (bR Ve RaeRqRiel ftoCBE) Ritmed without a
assenbly” i's used to refer to one of the hHydrogen 35

O purificatign devices 10 described and/or i strate
chafgPE  147CEo i RS BREUICR OF Goh Fhic et ol (e o SF the

such as, but not limted to, the insulated heating
endgdeteb| InBEH, dhes grarheetenishell | partibn adedthesi dthleassp esobstantial
Fig. 14. It is also within the scope of the present

rol P FHEATSS e MRSHER BUERHAES) i eckon of e

subsequent |y descri bed insul ated e
enclosuregs ?ntem%l compartment. Accordingly, it is within the scope of the

present disclosure to size or otherwise select perimeter shell 214 to have a
thickness (measured as the distance between the end plates) that provides a
selected or desired gas flow region, such as mixed gas region 30 or permeate
region 32. Fig. 13 demonstrates schematically that increasing the thickness
(i.e., the distance between the mixed gas and permeate surfaces of the
perimeter shell portion) of the perimeter shell portion increases the size of one
of fhe enclosure’s gas-flow paths, or regions, such as illustrated with respect to
the mixed gas region. A tradeoff with this potential manufacturing benefit,
namely, not having to form this chamber or gas flow passage within at least

one of the end plates, is the fact that the inclusion of the perimeter shell portion
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heati ng assenbly 300. As shown, a hydrogen
purification device 10 is positioned between an
illustrative pair of heating assenblies 42, which are
i ndicated specifically at 322 and include heat
conductive structures 323. Heat conductive structures

323 are forned frommaterials that are wel| -suited tg}
ingrsaertherianberpiceemah st for the epelosiire More particylarle the
324, such as an electric heater 326 that is received

inthisforaof @vd b¥rigrteri shellhglsoat@uive twéleRedridrestlss oue desween
rmy be used in place of or in addition to the

BB, £ 57 SS9 5 EEE B 9P e

surfaces, 330 of the hydrogen purification device's
seeoind @8a108 the end plates abince o cerl/providase pelestialkoy apgas leak
made of any suitabl e heat- conductlve material that is

pathed@khyulané takEL0 &duky think @k &alldareBedpLleakd.ng
enV|ronnent exterior enclosure 12, such as at the

ooVt ed ASTRELELUC 4RSS SSohialn SR EARISER 0 e

exanpl e of a suitable material is alumnum although
typichHy sopagteldeatu s earateldntenhgeratulres tndt mesaxasipl Bhest apressures
330 and the corresponding surfaces 332 of the heat

reg\gﬁ‘g lﬂﬁé 'eﬁt oStifeUt BE @SdlayR n’@le E eR8d1 @Hf 84l MithsBAd these

ese structures Irectly abut each other

acr 0S I east a substanti aI ion

Fofksisr MAYER St J0rgedBe GAMpAIEHS ﬁ?ﬁh? ichsypi ayey frgm each

present disclosure that the heat conductive structure
otherd typichlhye wettt evierrl hofmdrdiependls ¢ff fares Thy encloburdealsoy must

be coupled to a suitable nmount that positions these

L ABRORE %ﬁh%t%&“ %%etﬁegm%fl%do bR&SuAN W Blind 888 thd &R losure

St ructures

experiences as it is repeatedly heated and pressurized for use, then cooled and
depressurized when not in use.

As discussed, when it is desirable to heat the hydrogen
purification device to an elevated temperature, a variety of heating assemblies
may be used. It may also be desirable, though not required, to insulate the
device, such as to reduce the heating requirements and/or to protect adjacent
structure, operators, etc. from contacting the outer surface of the enclosure.
Fig. 14 provides an illustrative example of an insulated heating assembly 300
that may be used with a hydrogen purification device 10 containing an
enclosure 12 according to the present disclosure. As used herein, the term

“hydrogen purification assembly” is used to refer to one of the hydrogen
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Also shown in Fig. 14 is an insulating shroud, or
housing, 350 that is sized to receive device 10 and
heati ng assenblies 322 (when present). Housing 350
may be formed fromany suitable insulating materi al,
such as a refractory ceramc, and preferably encl oses
the hydrogen purification device and optionally, at .

purgfaeatioa ¢roregso) dﬁsqrmdrmwrn@l@@g@dmefemr1%%@%4@@11@% with
(such as assenblies 42 or 322) to reduce the heating

a RAHhE ARBIDIY Y2TBdudhabs) Budest Nadited eiopahat nselatdd @eating
reduce heat l'oss) and to provide an exterior surface

352.1h i,S t .a l.awer tenperature,. .a preferably a...
asSembr 200, féscrisd g Bt BRIP4 T e "I LRI Fnin

conme into contact therewith. In the illustrated
thexsoope eof thi psesegt 35Eclosure ahatd hydtogen hauvkeat@s? devige 10

include internal conmpartnents 354 into which device
antPorr 1855610 ﬁlﬁ% bedfsed Rith&R&hY %ﬁbs%d%ﬁﬂy described insulated

configurations y be used, such as configurations

t hat i ncl u]g,e re than two conponents, a nonolithic
hegtipg @s3FORRAY-i s cast or otherwise fornmed around the

hydrogen purification device, differently sized

conponentAs stosvn,Faghydbgehs purifioxticte sdaicé | 1St r positiened

exanpl e of an optional retainer 360 that is adapted

3 e . y | . .

boiBett 8 NBRERECh Y HOAT DU 92, SRl P pdicated

shown, retainer 360 7 0 includes plates 362 that are,
spaeidically s§ a2 andhyclyds %%ﬁ GoRgLEtIES piEaetERS 3% dFleat conductive
preferably by springs or other connectors that bias

stiueeurb$ 308sart forndd famh mbfeeials thaeaad seell-hetdy tiy ogeduct heat
purification device includes a seal ed encl osure that

o BB 00 AR 23 gk 1

_connectors nerely are urging these structures into .
is pegpsyeshinto a cavity 328 in the material. Other heat sources may be used in

place of or in addition to the illustrated electric heaters. The heated structures
distribute heat across the opposed exterior faces, or surfaces, 330 of the
hydrogen purification device’s enclosure 12. The heat conductive structures
may be made of any suitable heat-conductive material that is thermally and
chemically stable in the operating environment exterior enclosure 12, such as at
the elevated temperature used to heat the enclosure and its contents to a desired
operating temperature. An example of a suitable material is aluminum,
although others may be used.

In the illustrated example, faces 330 and the corresponding

surfaces 332 of the heat conductive structures have planar configurations so
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contact with each other. A hydrogen purification

devi ce 10 constructed according to the present

di scl osure nmay be coupled to, or in fluid

conmuni cation with, any source of inpure hydrogen

gas. Exanples of these sources include gas storage

devi ces, such as hydri de beds and pressurized tank
6 ath e

thatrfbesie stragfuresemipy drectiypphii a6 &t a8t Ak &ashA Substantial
exhaust or waste stream from whi ch hydrogen gas nay

poBgor &forer ederldppihg sapficber Koigr withirs the fseope of the present
processor, which as used herein, refers to any device

Rt TR S PR a1 S3Bir o, e

contai ning a feedstock. Typical Ig, hydr ogen gas w ||
plates may rin¢lodetgr be equpledide & syifBBleamauat thelr ppyHops these
the m xed gas stream produced by a fuel processor. A

colfRneRisGeREIVR o BBYh BIRAUAR/OFXEEk BidSe Sthicarsidgdthenugh
a variety of mechani snms. Exanples of suitable

mechani s i ncl ude. st.ea t ef or.m .and, aut ot her mal

r ef or ni ng 5P ﬁ%mncﬁl & obhihan éﬁﬁ%ﬁ% Shrgud lj)gglbm{sglg, 350

produce hydrogen gas froma feed stream contai ning a
thatais baredcntezieniendeviee d @sarst heating agsemblieex32@r (véhgn prsisent).

nmechani sms for produci ng hydrogen gas i nclude

H(ﬁ))éfr% %50 Sm%“@e%?ﬁ'eﬁtﬂr&npﬁ’gﬁ bt A1 AR Yatérial, such as a
car bon-cont’ai ning 38 feedstock, in which case fhe

eed stream contain car bon- cont ai nj n f eedst ock .
rekOBoEHBE. S AT PRl P e ShGEREen SUrTpiGn deviee
mechani sm for produci ng hydrogen gas is electrolysis,
and wptiohahy aakast heoftémdef drkhdasingetssembhnar aksembhies (such as

i ncl ude a carbon-containing feedstock. Exanples of

as g@l?&g%eoﬁgggg%éﬁgggég@ g%gﬁgﬁh%ﬁﬁnw@ Hdhitah a desired
temperature (i.e., reduce heat loss) and to provide an exterior surface 352 that is
at a lower temperature, and preferably a temperature that is not likely to
damage objects that come into contact therewith. In the illustrated example,
housing 350 is formed in two halves 352 that include internal compartments
354 into which device 10 and assemblies 322 are received.  Other
configurations may be used, such as configurations that include more than two
components, a monolithic structure that is cast or otherwise formed around the
hydrogen purification device, differently sized components, etc.

Fig. 14 also provides an illustrative example of an optional

retainer 360 that is adapted to urge the sealed hydrogen purification device,

heating assemblies 322 and housing 350 together. As shown, retainer 360
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Exanpl es of suitable hydrocarbons include nethane,
propane, natural gas, diesel, kerosene, gasoline, and
the |ike. Exanples of suitable al cohols include )
nmet hanol , et hanol, and pol yols, such as ethyl ene
gl ycol and propylene glycol. A hydrogen purification
device 10 that is adapted to receive mxed gas stream
inglndes griptest ) thetoaissyeged; sogeterin xcamé/rrﬁrmlampmctor and
Fig. 15. As shown, the fuel processor is generally
preRehBBt8dssHinAQst: otBBcdiR eI AFiADIhe hted (bweld each other.
processor and a hydrogen purlflcatlon evi ce may be
referr as a cessrn stem
BEh Fh toSfi priftedt SORY' GRS o TG cafloRfre that is
whi ch as di scussed provides heat to device 10 and may
itsehikdesagnealr tioaeyist thie ihternal, foseasihalsaat o separhtecersetberwise open
and/ or incorporated herein. Fuel processor 400 may
thE %ﬁ%l(ﬁﬂi/e Ghe tcloﬁnfe@rbi’és nférSG USRS St MRse Eaulhdedif8! physical
l'ustrate that a hydrogen purlflcatlon devi ce
accordln he present disclosure may al so receive
C%t%‘ééf“géga&?téﬁrn 24 from sources other than a fuel
processor 400, a gas storage device is schematically
i || ustr atAdchyatrod@6 parificationpleaicet U8 cohstructpd aduorskng to the
m xed gas stream 24 as a waste or byproduct streamin
C f a f : - St
g RN mal D B PR & Efe?ﬁ‘*‘a% 8???2%13%{%@ Ve Y
scheoPtlc representatlon of gg rocessor 400
SOpEGEN@T HRPUIgdIYIrogRn gfe B¥MA thesecsonass lﬁglude gas storage
assenbl i es, feedstock delivery systens air delivery
des¥sdseRBeh faeelﬂycﬁ‘tdeebﬁd§ and gassqurizedpphkes, Arbdiher Buefce is an
processors are often operated at el evated tenperatures

ap%g%(tgg t e?ﬁgglﬁ&%aﬁxﬁalfsf Bi‘” asté gtég%%{cig&l"d‘%ﬁ{c?‘ﬂ(ﬁo%& gas

egra ogen “purification

processor 400 at | east partially, as_opposed to
may be recovered. Still another source is a fuel processor, Whlch as used

herein, refers to any device that is adapted to produce a mixed gas stream
containing hydrogen gas from at least one feed stream containing a feedstock.
Typically, hydrogen gas will form a majority or at least a substantial portion of
the mixed gas stream produced by a fuel processor.

A fuel processor may produce mixed gas stream 24 through a
variety of mechanisms. Examples of suitable mechanisms include steam
reforming and autothermal reforming, in which reforming catalysts are used to
produce hydrogen gas from a feed stream containing a carbon-containing
feedstock and water. Other suitable mechanisms for producing hydrogen gas

include pyrolysis and catalytic partial oxidation of a carbon-containing
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havi ng device 10 and fuel processor 400 connected by

external fluid transportation conduits. An exanple of

such a configuration is shown in Fig. 17, in which

the fuel processing systemincludes a shell or housing

412, which device 10 fornms a portion of aﬂd/or

extends .at l.east partially within. In such a .
fe@ﬁ?ﬂof‘ ARt PAHCH ¢ &‘%C’L&§§o§trﬁ@§ CRPLARS o s bPgontgining

i ncludi ng device 10. Integrating the fuel processor
feedstothdrut sines ceotofontamedragas  StitleamotBér whitdble hesloa®in for

purification device 10 enables the devices to be nore

PRSI IRHEoR 3000, Wil .2 RARBEALEE LRl s water

proceSsor' s~ conmponents, ng % ; t
eat ed by .a common heati ng asse and/or for a )
afﬁ%eae‘?s gkdn¢lndggt carongeon amnguéaﬁc?(aﬁ@ck.ecﬁﬁmw@m@ gitable

device 10 to be satisfied by heat generated by

capbacesstainidg Ofeedstodks dusingd, atf kelst PirRC BFaRIcafRf 0 ABY¥hol.
sui tabl e device that produces a m xed gas stream

L Ni . nd preferably a m xed as
R Y it RO Bn OB BB Feliat e el eas
.purposes of illustration, the follow ng discussion
digel,| kegasene; Basqling, apd sbediker Eromples loéisniabladdguheds irwlude
receive a feed stream 416 containing a

meéthamsinetanbRiafd [}b@l}f_(&?,dsi&ﬁ G _etl@lgné‘@g/cw&ﬁ] g?(ﬁ@hler%s%l]ycol.

shown in Fig. 17. wever, it is wthin ope

the 400 di,sclosure that . .the,fuel essor 400, may i
t ake ot heéj l}sy(girﬁ%en &)élrg}% Eﬁgs@%VlC%bﬁ{/gﬁataﬁd adapted rlge geceive
Stream 416 mai/ have ot her conpositions, such as

migeéhteas e yram cafisb precassar isi stpvire edsmeaticatly iarfig. 15.
wat er. Feed stream 416 may be delivered to fuel

APIERIIR LD 0% £ A RSB p B OO iain
of a fuel processor and a hydrogen purification device may be referred to as a
fuel processing system 402. Also shown in dashed lines at 42 is a heating
assembly, which as discussed provides heat to device 10 and may take a variety
of forms, such as those discussed and/or incorporated herein. Fuel processor
400 may take any of the forms discussed above. To graphically illustrate that a
hydrogen purification device according to the present disclosure may also
receive mixed gas stream 24 from sources other than a fuel processor 400, a
gas storage device is schematically illustrated at 406 and an apparatus that
produces mixed gas stream 24 as a waste or byproduct stream in the course of

producing a different product stream 408 is shown at 410. It should be

understood that the schematic representation of fuel processor 400 is meant to
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shoul d be understood that nore than one stream 416 nay
be used and that these streans may contain the sane
or different conmponents. \Wen the carbon- containing
feedstock 418 is mscible with water, the feedstock is
typically delivered with the water conponent of feed
stream 416, such as shown in Fig. 17. Wen the i
inchdsoany mssediatedgheasigs petmblics, nisedgiopk ededivern|systems, air
slightly mscible with water, these conponents are

detlm'ffg{_éta/mg,eﬁew§fr@91nts%uf¢eglor@ﬁgﬁﬁ§s§%tc. 400 in separate
streans, such as shown in dashed lines in Fig. 17. In

solidlines, in Fig. 17, feed stre 416 j s sho
bei ng deInITe rEﬁPCFBqurﬁle"f‘reprogt@BsQB?rai%O %yeigva‘rﬁgeggmperatures
stream delivery system 417. Delivery system 417

andhal possuasy AS taabésalt, e ahayi lsandedeebleefo ontegrate hydrogen
conbi nati on thereof that delivers the feed streamto

purHRlatio R5555 96 R0 r’f;uoér'_l ?ro@é%@ﬂp ht@ﬂ diN€ad ?JahYeﬁf}yﬁ eaéycﬁ)tp%géd to

may 1 ncl uae one or punps at deliver t

conmponents of stream 416 from upply. Addjtionally, . .
haying| d@sfat |V enyd &%tmq@wré@i RBntecd byl guemal fluid

assenbly adapted to regulate the flow of the

tragppastod scondaits.a pmessamplkedf ssuehl ¥ . colifgusatppl iieshowyn in
be |located external of the fuel cell system or may

.he;cont ai ned. Wi ki ' : t
Figehbr FYRER AR BrBfesGl AR m shOGueY 3 GBI dondude 412,
400 includes a hydrogen-producing region in whjch, .
which elevipes1 & foraana Portien op padies satands Al fleasy pattradynwithg. In
As di scussed, a variety of different processes nmay be
subh Ial écaetburaxidyy, dueDproceEse UOONGaYy &@ descfiBed adinelnding device
of such a process is steamreformng, in which region

R MR TP s SR segp 24 v

aut ot hermal . ) ]
hydrogen purification device 10 enables the devices to be more easily moved as

a unit. It also enables the fuel processor’s components, including device 10, to
be heated by a common heating assembly and/or for at least some if not all of
the heating requirements of device 10 to be satisfied by heat generated by
processor 400.

As discussed, fuel processor 400 ‘is any suitable device that
produces a mixed gas stream containing hydrogen gas, and preferably a mixed
gas stream that contains a majority of hydrogen gas. For purposes of
illustration, the following discussion will describe fuel processor 400 as being
adapted to receive a feed stream 416 containing a carbon-containing feedstock

418 and water 420, as shown in Fig. 17. However, it is within the scope of the
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reform ng, in which case region 432 includes a

sui tabl e autothermal reform ng catalyst and the fuel
processor is operated at tenperatures and pressures
suitable for autothermal reformng. In the context of
a steamor autothermal refornmer, mxed gas stream 24

may al so be referred to as _a reforrmte stream
disslequae Aibpt the Huek papcesperc 484 omay stakgapther fogmpy ashigcussed
substantially pure hydrogen gas, and even nore

abevef endbihat fde@ btd€dmp4 o6 ea9r have adbaet edniposhiodducech as
pure hydr ogen gas. For the purposes of the present

cofl RIS 25283 B sRb sk P GRS o osos

pure, nore preferably greater than 99% pure, and even
more pr effeedisineaygy 46 enayt hadleB9eseh toplinek praveasqs Y wvia any

suitable fuel processors are disclosed in U S. Patent

sul¥ble Rreédnidh/. A& l@gfeéh Sstreﬁﬁ{ ank ﬁpﬂ{dv@@tlh (%S@V' Bt it
No 09/ 802, 361, whi led on March 8,

Rl e R S0, 1 R B e e

which was filed on March 19, 2001, and is entitled
stredipd rmgyemo@eaiacﬂhievmrmetoal dikfendntacrenpomtirites Windn thiet ¢eotion-
of Form ng the Sane," each of which is incorporated by

coh&fiffh nfe%détgg:( tnéglyii efgtrhfsgitbl’e Wifn E\Mtepuﬂféoi?feﬁstoﬁ% 2 Eﬁﬁéally

proce sor ut does not necessar

a_polishing region 4 such a
delipéreds oVithnitisg el eRmna tt ol £ St r?%r‘ibé i shotlin in
stream 34 from device 10 and further purifies the
FigtreaWlinn thedearbog-doheaicimgctendstatk as iminiscbler ermoriyngightly
sel ect ed conpositions therein. In Fig. 17, the

iSSP S S 8 I8, AURTBY Pl prgpsor
408%3 rsggzggtessttlre%?n@ 31\1/?:‘]}?23 ghown in dashed lines in Fig. 17. In solid lines
in Fig. 17, feed stream 416 is shown being delivered to fuel processor 400 by a
feed stream delivery system 417. Delivery system 417 includes any suitable
mechanism, device, or combination thereof that delivers the feed stream to fuel
processor 400. For example, the delivery system may include one or more
pumps that deliver the components of stream 416 from a supply. Additionally,
or alternatively, system 417 may include a valve assembly adapted to regulate
the flow of the components from a pressurized supply. The supplies may be

located external of the fuel cell system, or may be contained within or adjacent

the system.
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processor 400 does not include polishing region 448,
hydr ogen-rich stream 34 forns product hydrogen stream
414. For exanple, when stream 34 is intended for use °
in a fuel cell stack, conpositions that may danage the
fuel cell stack, such as carbon nonoxi de and carbon
di oxi de, may be rempved fromthe  hydrogen-rich
stream i4s rgeasslly yndivaedcahdht ihthignl bf fuddr prggessor 400
nonoxi de should be | ess than 10 ppm (parts per

inBhuldes C&‘)hﬁd@o%é’rﬁpﬁmucir%e refivhr ¢ Witidhe fhixkd 0gad Seleain 129 is
the fuel cell stack. Preferably, the systemlimts the

concentrat o f ca n nopoxide.to | ess t 0
prefRCE AR sl PE A ORE B YRS O R PRocesses
concentration of carbon dioxide may be greater than
mahde vfilizet bohydoogsti-podurimg sgaeml482. c it enampls ohssuch a
of less than 25% carbon di oxi de may be accept abl e.

proE&E ek adam rERBNBRECRNWHAH P8kiba 432Sfclidedn 3¥m 8d@rming

even nore preferably, less than 1% Especially

referred, concentrati.ons are |ess, than 50 | t
caliigt 43 4 A IS E Node $IRA PHE2Y RECISEADI @ A i AHtothermal
concentrations presented herein are illustrative
reforanipg,eia, whizhccas b atgionriS@ninchtdes rsswitabby aytotrermad seforming
presented herein may be used and are wthin the scope
calflydt"EnPriBE eﬂferlrg;‘)r%gés%%y '8 op&hatceX %mleﬁlgepeﬁﬁfés CHh @ pressures
users or 43 nufacturers nmay require m ni num or
maxi mum concentration | evels or ranges that are
Sufpbe R RIS e gt 1 IHecoURRs Al aralgATe Pt apgothermal
i ncl udes any suitable structure for renoving or
refoenhiee, mngxddhgascstneamn Ddaiiagralss bt refesmddetet ada reformate stream.
conpositions in stream 34. For exanple, when the

.St [ I.nt j
PG R PLERIHE L el By e by
device that wll be damaged if the
gas, and even more preferably, the fuel processor is adapted to produce pure

hydrogen gas. For the purposes of the present disclosure, substantially pure
hydrogen gas is greater than 90% pure, preferably greater than 95% pure, more
preferably greater than 99% pure, and even more preferably greater than 99.5%
pure. Examples of suitable fuel processors are disclosed in U.S. Patent No.
6,221,117, pending U.S. Patent Application Serial No. 09/802,361, which was
filed on March 8, 2001, and is entitled “Fuel Processor and Systems and Devices
Containing the Same,” and U.S. Patent No. 6,319,306, which was filed on March
19, 2001, and is entitled “Hydrogen-Selective Metal Membrane Modules and
Method of Forming the Same,” each of which is incorporated by reference in its

entirety for all purposes.
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stream contai ns nore than determ ned concentrations of
carbon nonoxi de or carbon dioxide, it may be

desirable to include at |east one nethanation catal yst
bed 450. Bed 450 converts carbon nonoxi de and carbon

di oxi de into nmethane and water, both of which wl]l

not danmage a PEM fuel cell stack. Polishing._ region,

448 may gElsQi proegsseied Ot s1aye buh jaeoBeingseswidy ngriey inude
452, such as another reform ng catal yst bed, to

a PRM¥RIg af%oﬂmm,%m heedhar kni Pig0 17hy FrodigRIhgd @saioh 48
e

such an odinment, it is preferable that the second

LTSI AP SRR (T g s o

carbon di oxide or carbon nonoxide downstream of the
stregtrh Apateidoeing dhal gasiceizatiorsiodaot rerhovimgs sekeyisidcedrhyositions
operate at tenperatures in the range of 200 C and 700

th&rei@Nth ﬂ% AF7eARWeRSItING di8nl ANE8i@tedR P aftPhal Wereferred

psi, a ough tenperatures outside of this range are

within the scqpe of the discl.asyre,. such as dep in
to 5o PIIOGL T AERCS: SEHBR SinGUUBEH: BIEERD UgRT Ly hen Tuel
processor being used. Any suitable heating nmechani sm
procesder 0@ doay nbe incdede pohbshingregient448 hydatgensuichh sasara 34
heat er, burner, conbustion catalyst, or the like. 44

folnd ??o&lﬁ:@%k?%{%}fn%?%&?h}y g ['?Z (l)?% eﬁ%ﬁl@[ﬂé,‘ ?k%%ﬁrécaﬁﬁ g? i¥ intended

processor usti er t orns

part .of the fuel processor. The fuel for th eati
foas%wayﬂﬁﬁye@ étE\SEOGP@@SSWH{S [{Rat; pay ‘{?H?é@s‘glﬁ rféef;?el? Ytack,

fuel cell system by an external source, or both. In
subh gas tdrbohuelonoxide a8dr catB0ni diosideymay cheidemgved sfieil the
412 in which the above-descri bed conponents are

hyﬁ%‘ée%i-ﬂgg'sn%g&l,lif Aﬁle%ess\é@l.c il $8ncentration of carbon monoxide
should be less than 10 ppm (parts per million) to prevent the control system
from isolating the fuel cell stack. Preferably, the system limits the
concentration of carbon monoxide to less than 5 ppm, and even more
preferably, to less than 1 ppm. The concentration of carbon dioxide may be
greater than that of carbon monoxide. For example, concentrations of less than
25% carbon dioxide may be acceptable. Preferably, the concentration is less
than 10%, and even more preferably, less than 1%. Especially preferred
concentrations are less than 50 ppm. It should be understood that the
acceptable minimum concentrations presented herein are illustrative examples,
and that concentrations other than those presented herein may be used and are

within the scope of the present disclosure. For example, particular users or
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may be referred to as a housing, enables the

conponents of the fuel processor to be noved as a

unit.” It also protects the conponents of the fue

processor from danage by providing a protective

encl osure and reduces the heating demand of the fue

processor because the conponents of the fuel processor
mamyfapRIrersamay Eesjudreu MINIMSKe T MARITHHEY, CRRAeniaden nlyvels or

necessarily, include insulating material 433, such as

rafg&Othalarend fchdrit iBarMHoRE iddntiffeldaidke. | nsul ating
material, or an air-filled cavity. It is within the

scope.of ki3t G, IR TEbeh S, MiShimovin o

VWen fuel processor 400 includes insulating nmateri al
red@dngtthe ¢comehtrafioy ofnthcesdledtedregpnieositionsr falstremm 34. For
shell, external the shell, or both. Wen the

e)d.ag‘gﬂé,a hef tﬂegﬁé‘w@ét P i€ 1ARhdéd IBehke GA™ BtdtbA%Lxchgnge
abové-

escrib reformng, separation and/or

d

pol i shi regl ons,. the fuel processor may. further .

m{mBTanFe (VD JUELFAIL SHACK O OfHRE GV sy that wfl b, damaged if the
insulation. It is further within the scope of the

stidhac bostairs moad tlome determireel odncentretionsrpbrarticn ofonouile or
processor 400 may either extend beyond the shell or be

. Xt | . J .

coBPUEHIBIEAD RSB e Bellagbdcaf ehertaRphic s
shel | 412, as indicated in Fig. 16. As anqther .

beghdbafl BEd 430 casvers Rerhar mane e iandiarbib i prceingo methane
polishing region 448 may be external shell 412 and/or

and wardr] bothobdf kdelo gail- potodarnagg arRGVD fued 321 stackh d¥lishing
portions of one or nore reform ng catal yst beds) may

P08 AR IO IE S By PR IR B s
anzél{;rz]? (ngg‘g?m?nrg %;gﬁ;sq[t b?:g,d rtg gcegn\ietrtr ea%? i%?eefc(t)edatfeé s%gék into
hydrogen gas. In such an embodiment, it is preferable that the second
reforming catalyst bed is upstream from the methanation catalyst bed so as not
to reintroduce carbon dioxide or carbon monoxide downstream of the
methanation catalyst bed.

Steam reformers typically operate at temperatures in the range of
200°C and 700°C, and at pressures in the range of 50 psi and 1000 psi,
although temperatures outside of this range are within the scope of the
disclosure, such as depending upon the particular type and configuration of fuel

processor being used. Any suitable heating mechanism or device may be used

to provide this heat, such as a heater, burner, combustion catalyst, or the like.
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cell stack, which produces an electric current
therefrom In such a configuration, the fue
processor and fuel cell stack may be referred to as a
fuel <cell system An exanple of such a systemis
schematically illustrated in Fig. 18, in which a fue
cell stack is generally indicated at 422. The fue

The [heating aasrembladagt ¢ extepraldibee fugl BIOSEISOr cOLc Grayedorm a
fromthe portion of product hydrogen stream 414

cot@buisyiheshansdrethar fofind part of thet fivdl goedROL! MERL fued for the

single fuel processor 400 and a single fuel cell

st.ack 422 are shown an SCl I , .. however. 4t shoul
hegling b Bomad iy Prvnaed REARe Al prolfysle op bl P Yyetem.

these conponents may be used. It should al so be
byuardextstmmbdotiteas ot bethe conponents have been

schematically illustrated and that the fuel cel

system lfi'g‘?l[l?‘dﬁlel gitiiééés!s@mbo GORRENANhEldNeS aaéh%]lclgﬂtédZ in

specificallySillustrdated in the Figures, such as

p.u , air delivery systens, heat exchangers,,6 heati.n
whieE R Dok dRar bab e TRENORS e confisethe BTEDA 1o i elso
at |l east one, and typically multiple, fuel cells 424

manat rafeercadimpised hoasipgp dnadesatheet@oponents of tka fudl rppoTessor
the portion of the product hydrogen stream 414

. : : . tr
R INFEEL S8 0 T BrOb RO ComBARRL: T SR o
of at |east one , associ ated, energy-consum ng device X
fromsdampge, i REVIAINE anprosectiye gacipeue and refueasy e heating

but should not be limted to, a notor vehicle,

denegideaf itlan fhelvptdicessor bdeaade tHeoobmpohegbtaf thie fiedptrocesor
assenbl i es, appliances (such as a household or other

e P R R

_that device 425 is schematically . . . .
insulating material 433, such as a solid insulating material, blanket insulating

material, or an air-filled cavity. It is within the scope of the disclosure,
however, that the fuel processor may be formed without a housing or shell.
When fuel processor 400 includes insulating material 433, the insulating
material may be internal the shell, external the shell, or both. When the
insulating material is external a shell containing the above-described reforming,
separation and/or polishing regions, the fuel processor may further include an
outer cover or jacket external the insulation.

It is further within the scope of the disclosure that one or more of
the components of fuel processor 400 may either extend beyond the shell or be

located external at least shell 412. For example, device 10 may extend at least
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illustrated in Fig. 18 and is neant to represent one

or nore devices or collection of devices that are
adapted to draw electric current fromthe fuel cel

system A fuel cell stack typically includes nultiple
fuel cells joined together between common end pl ates
423, which contain fluid delivery/renmoval conduits
partially bhpond shatk 4 assindicased inabige 16uels amdther ¢xanplecand as

PEM fuel cells and al kaline fuel cells. Fuel cel
sy ARG IR QP LV, T, ol g atEon Y BRg e SEMAMhell

|ternatively, b elivered, via a.suitable conduit,

4120And(9% & ROTAHG: Ak bygwﬁa@aﬁgeaﬁgwﬁgw 4%? deuds as ggrtienp of
for fuel or heat, or stored for later use. Industria
ondpg mosdbiefbinyinghatdlystriege hmayraxtémmbb ¢yomddbeishels,,

conmponents and fuel processing and fuel cell systens

di scl osed j I [ I :

processi nAgy ﬁ{(ﬁ&eﬁegéﬁf),@&gﬁ# 8P Cg?stoi? #@92‘%‘ ?Y g)g ald%p %i tg hdehver
)g%drogen gas is_produced and/or utilized, It is
hysogenyeigh tstrgem B ofi redusiupydrogen rsgiepm 4bhye at least one fuel

enconpasses multiple distinct inventions with

celindeqkndamichit ploduyes WH | dlee@ich vfrehbetereffdm. In such a
i nventions has been disclosed in its preferred form

e PRyEFSE Lo OB o KRS R e PRGEREA o e

limting sense as nunerous variations are possible. )
cefhsystem;j ecAn rexampie off suh iangysiemoiss schematisady Hlustrated in
novel and non-obvi ous conbi nati ons and subconbi nati ons

RIS e pA L aTRal o spotynal o, ami el cl
stag:hfgis\rrgﬁiéﬁgcli ttg I;r%"dugé alIrlaelfeicjtﬁc'ct "curerlereltmf’rrgm e tphoertion of product
hydrogen stream 414 delivered thereto. In the illustrated embodiment, a single
fuel processor 400 and a single fuel cell stack 422 are shown and described,
however, it should be understood that more than one of either or both of these
components may be used. It should also be understood that these components
have been schematically illustrated and that the fuel cell system may include
additional components that are not specifically illustrated in the Figures, such
as feed pumps, air delivery systems, heat exchangers, heating assemblies and
the like.

Fuel cell stack 422 contains at least one, and typically multiple,

fuel cells 424 that are adapted to produce an electric current from the portion of

the product hydrogen stream 414 delivered thereto. This electric current may

46 °



t hereof, such clains should be understood to include

i ncorporation of one or nore such el enents, neither

requiring nor excluding two or nore such elenents. It

is believed that the followng clains particularly

poi nt out certain conbinations and subconbi nations

that are directed to one of the disc]osed inventions
beamdedirte ndtisdy twedenengyobeinends, pavapplicdnboadntrddrbdeash one

ot her conbi nati ons and subconbi nati ons of features,
asbotisfeld oy R LSRRG g RRUOL2 P ORBfiaties examphes 6f QivTBSS 425

t hrough angndnent of the present clains or

se t ofnwcl inthis or,.a relate
infJyie BAf shaaSen e Hinded tor & it Penifie. Tritbfiional, vatjele.
are directed to a d| fferent invention or directed to
baahetoosartighitsvedighting adsetivdies dappleanens (sunhoasierhousehold or
narrower or equal in scope to the original clains,
otﬁ‘érea #)ﬁﬁ’r%creﬁgﬁfoqg&cﬁé 'd?ﬁké’d?%w%?' §ohfens Wh %81tnmumcat10n
i nventions o e pre ent di scl osure.
4 O CLAIM _1. A hydrogen pu cat.i on dey, .
eq@&m@ms.eﬁ@ it %kwléobeewaqug%@ a%@q HFvige af%sr &% sghematically
vessel with an internal conpartnment, wherein the
illdsydte@ ins Fe@nf§ gimdeds traearec e weprastnt tohe oonmpard rdemices or
a m xed gas stream conprising hydrogen gas and ot her
coﬂ%&?@n {J?H 0 ﬁ{a?q H&t@@ rt@tif e?ecli‘r%j Eﬁ’?@ﬁ‘t frbtl‘hlhthe fuel cell
ream con ng at st Su anti a
ure hydr ogen gas and a bypr oduct st ream_cont ai ni
syst@azst Agtug) w@llaﬁ%aqkatypuf?ém ingHdss mwaipds Rl cgHs égmegrgfag%rher

hydr ogen- sel ecti ve nmenbrane permanently and directly
beBREH ecbrh@mohhend plates 423, which contain fluid delivery/removal

conduits (not shown). Examples of suitable fuel cells include PEM fuel cells
and alkaline fuel cells. Fuel cell stack 422 may receive all of product hydrogen
stream 414. Some or all of stream 414 may additionally, or alternatively, be
delivered, via a suitable conduit, for use in another hydrogen-consuming
process, burned for fuel or heat, or stored for later use.

Industrial Applicability

The hydrogen purification devices, components and fuel
processing and fuel cell systems disclosed herein are applicable to the fuel
processing, fuel cell, and other industries in which hydrogen gas is produced

and/or utilized.

It is believed that the disclosure set forth above encompasses

multiple distinct inventions with independent utility. While each of these
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enclosure to forma seal therewith and extendi ng

wWithin the conpartnent to divide the conpartnent into

a m xXed gas region and a permeate region, wherein the

menbrane i ncludes a m xed gas surface configured to be

contacted by the m xed gas stream and a perneate

surface generally opposed to the m xed gas surface,.
inmﬁmsrhasrieeennedﬁtsd@ﬁeg i itsgrefagradetbrig thelspeeifigegmpbodiments

allowa first portion of the m xed gas streamto pass

thiRbPHY RidcNReARARIANSrAtE@ MebdIR aréhsefh BAGonREéRl thQ liRRing
perneate region and to selectively prohibit a second

ortion of the m.xed gas streamfro ssin rough .

sePLAnHBrING ar AP Thett prSC g berSRieh Tt et Hetintions

perneate region, and wherein the perneate streamis
inflodesdllfrrovel tahd Han-ebvipas tconrbindtidriseamd x@togalsingtiowsanf the

and the byproduct streamis formed fromthe second

[ h I, %ed : e 9 - khey; |G :

ek Bnfntd.  RedfhiR SRAZIiShS CATof ppenics RISRUER” Hetein.

.consuned portions of the hydrogen:sg| ei:t ive mea;%r ane
Sigmigriynevhesn dhe clpigns recitened ey adiist EleasAtOr Wreriinalent

the consuned portion of the hydrogen-selective

thereoDraued dloimis skould! beoundérstooidhe trehsleredopsorhiion offone or
the enclosure. 4. The device of claim 3, wherein the

dr, n-sel.eqti e | . e
mJgepréc |S§‘g§ reelgr?lgS Or%aglegg%%\e%%rmﬁkgﬁﬁéﬁ rttgabe And hséuCh
encl osure. 5. The device of claim1, wherein a portion

elggpenthe hydrogen- sel ective menmbrane is brazed to the

enclosure to forma seal between the
It is believed that the following claims particularly point out

- certain combinations and subcombinations that are directed to one of the
disclosed inventions and are novel and non-obvious. Inventions embodied in
other combinations and subcombinations of features, functidns, elements
and/or properties may be claimed through amendment of the present claims or
presentation of new claims in this or a related application. Such amended or
new claims, whether they are directed to a different invention or directed to the
same invention, whether different, broader, narrower or equal in scope to the
original claims, are also regarded as included within the subject matter of the

inventions of the present disclosure.
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menbrane and the enclosure. 6. The device of claim 2,
wherei n the hydrogen-sel ective nenbrane is
di ff usi on-bonded to the enclosure to forma sea
between the nenbrane and the enclosure. 7. The device
of claim1l, wherein the device includes a nenbrane
support within the perneate region of the enclosure
Qlﬁgﬁﬂs configured to support the perneate surface of
t he hydrogen-sel ective nenbrane. 8. The device of
l.claim7, Ahsdedgent herifecationsdevécd, colpdsng first
chanber within the perneate region and is configured
to recei t r . SUPPO 0 he .devj ce.
cl ai‘m %ayﬁe%IWeﬁ?r@%%aneg élbes%%rgt v?:gsegdgg edéﬁt 61ﬁ£rnal
permt the first portion of the m xed gas, streamthat
copappsEBeRth PhgEHn the devige ibeeiiswrd ¢o reeelyr Hie dhecompartment
fl ow through the support. 10. The device of claim?7,
a WheE® ik Sheard NOnYHNiRg Adrddtd) FREBHE@BEher PAREN rHnddef prdduce
a transition therebetween, and further wherein the
devi ce incgludes.at | east. one pad configured to span ..
thGFHE g bYGBESHA pstfiss feoh oS flbrERE et B Agiiatty
the hydrogen-sel ective nmenbrane from engagi ng the _
pure &yﬁ%’og@n gas BndThypeodund stfeapl gontaidingwiieleash at substantial
| east one pad does not <create a gas-inperneable sea
poPEbNBEthe fiehysieeaat sel ective menbrane and the
encl osure. 127 The device of claim 10, wherein the at

| east, ope pad .includes .a .
a hyc{}oggn-selectlve membrane permanently and directly secured to the

enclosure to form a seal therewith and extending within the compartment to
divide the compartment into a mixed gas region and a permeate region,
wherein the membrane includes a mixed gas surface configured to be contacted
by the mixed gas stream and a permeate surface generally opposed to the
mixed gas surface, wherein the membrane is configured to selectively allow a
first portion of the mixed gas stream to pass through the membrane from the
mixed gas region to the permeate region and to selectively prohibit a second
portion of the mixed gas stream from passing through the membrane from the
mixed gas region to the permeate region, and wherein the permeate stream is
formed from the first portion of the mixed gas stream, and the byproduct

stream is formed from the second portion of the mixed gas stream.
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gasket under |ess than 30% conpression. 13. The device
of claim 10, wherein the at | east one pad includes a
tapered internal perinmeter region adapted to mnim ze
wrinkling of the nmenbrane when the device is used.
14. The device of claim1l, wherein the enclosure
includes a pair of end plates to which the
hydrdgen- dékedaviive ofrtdimarde fugher camgrising. amhetedieet dermed
of claim1, wherein the enclosure includes a pair of
fremd dIndh@edt PaktiRC hof ﬁﬁbuﬂ?dﬁigeﬁl’éejﬁéctﬁ%r IA&hBfane@nd the
inner perimeter, and a sealing region extending
bet ween the inner and the outer perinmeters, and 51 0
eqﬁh$%%r wherein the hydrogen-sel ecti ve menbrane
extends fromthe internal conpartnent at |east
par t3.al | yTherdmace ld clemh i higwheriinrtbe oforishmednportion of the
pl ates. 16. The device of claim 15, wherein the
e R S O MLy RHERY prtion of the
pfrineter of the end plates. 17. The device of claim
CntlOSHifer ei n t he hydrogen-sel ective menbrane includes
an outer perineter region and the device includes a
cont4.nuou$hsealevivet wefenclahia @yt evhgrein neicerhydrggem-saledtive
the enclosure. 18. The device of claim1, wherein the
m&%ﬁ%@f?ﬁqg' UEFId HR eﬂ@d&'}@&ffdrﬁl s&8' bee':r\?fh&? i Afbrane and
Menbrane having a cross-sectional "area that 1s
greater than the cross-sectional area bounded by an
the gpelesyer i meter of the encl osure across which the
menbr ane extends. 19. The device of claim1l, wherein

t he &ncl ofliy elebte @N dlAMEr 1, wherein a portion of the hydrogen-
selective membrane is brazed to the enclosure to form a seal between the
membrane and the enclosure.

6. The device of claim 2, wherein the hydrogen-selective
membrane is diffusion-bonded to the enclosure to form a seal between the
membrane and the enclosure.

7. The device of claim 1, wherein the device includes a membrane
support within the permeate region of the enclosure and is configured to
support the permeate surface of the hydrogen-selective membrane.

8. The device of claim 7, wherein the enclosure includes a first
chamber within the permeate region and is configured to receive the membrane

support.
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perimeter that defines the conpartnent and further
wherei n the hydrogen- sel ective nenbrane includes an
outer perineter region that extends external of the

i nner perimeter of the enclosure. 20. The device of
claim19, wherein the outer perineter region of the

hydr ogen- sel ecti ve nenbrane extends external the
encl®sur eThe devingeofqdgine &, wheesinithe membprape suppareis adapted
encl osure includes a pair of end plates and a

toPgdrinTetes fRbepbritch WRItAE thikedhysy egesnshlhephtdes through the
nmenbrane is permanently and directly secured to form

as-tight seal .between t 5 nmenbrane and t he
Bt APty Rm bRt oo wfraue, B FEPMT er e or
shell is ermanently and directly secured to the pair
of efd pl igesi.eviz:z.ochﬂairm gy mdereif t}blb shalosure aurkbthei mentheane
perimeter shell is separately formed fromthe pair of

sugg&_tphé‘ﬁﬁ’é-a ABnsititsh I8Mepervitlent! MdNfakheRE&EEM ttlg@ device

vice includes an interface formed from consune

. portions of the hydrogen-sel ective nenbr.ane d the
infJBftsat &adk it padpn e Gk oen She TRAPHOD R PBvent the
t he consuned portion of the hydrogen-selective
penmghtcaner fice rof e hlydmgenidehedtive commsbrard front iengagiing the
the perineter shell. 25. The device of claim 24,
in the hydrogen-sel ective nenbrane is at | east
tra‘of’iggfong wel ded to the perinmeter shell and diffusion

bonded to the peripeter shel|. 26. The device of
cl ailth 21, Thmslexias of ploimi bh Whexehe th @ desh.one pad does not

create a gas-impermeable seal between the hydrogen-selective membrane and

the enclosure.

12.  The device of claim 10, wherein the at least one pad includes a
gasket under less than 30% compression.

13. The device of claim 10, wherein the at least one pad includes a
tapered internal perimeter region adapted to minimize wrinkling of the
membrane when the device is used.

14. The device of claim 1, wherein the enclosure includes a pair of
end plates to which the hydrogen-selective membrane is welded.

15. The device of claim 1, wherein the enclosure includes a pair of
end plates that each include an outer perimeter, an inner perimeter, and a

sealing region extending between the inner and the outer perimeters, and
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sel ective nenbrane is brazed to the perineter shell to
formthe seal therewith. 27. The device of claim?21,
wherei n the device includes a nenbrane support adapted
to support the perneate surface of the

hydr ogen- sel ecti ve nenbrane. 28. The device of claim
27, wherein the nenbrane support includes  an outer

fupber mehaseinathe hridrqesnisetactive smembraice ekigpds virem theeinternal

menbrane support to prevent the perneate surface of

cdniiSarfrR R ANEast Pl LB Uca6dsi thE stdlen #Hg@(ﬁns dethe Rl §lates.
t he nmenbr ane sgpporl?lfFI 53 0 29. A%y rogen purif?(l:ati on

or ek o WRs ARV, A TRAT ol e RGP e hspeeive

the seal ed enclosure is free fromgaskets, and wherein
membraiwvincbides anomftegperaietey regioni thet exteods heleast to the outer
conpartnent a m xed gas stream conprising hydrogen

pcdRtetendf flehgid 98ges, and to produce therefroma
hydrogen-ri ch ‘perneate stream containing at | east

substantially pure hydraogen _gas .and. a bypr,oduct .
st redm coﬁbﬁi rd%mfeat 8/'qde‘gllg’cma lsupdisritn a‘il?lepc}m#%erﬁ?elecuve

the other gases; and a hydrogen-sel ecti ve nenbrane
melnbpore dndtdéscant oatenspeanmietir| yegron hand tthe device includes a
conpartnent, wherein the hydrogen-sel ective nenbrane

coitnginPSﬁg‘?&? BEdweedtile o@kérﬁfe&}!n%(ﬁétfﬁegﬁ&gaﬂﬁ@tﬂer@m?%lr%sgr e

orma gas-tight sea encl osure a

divide the interpal conpartnent into a m xed gas .
regildh andhe gevieeard ¢lagnod, wHsrein, @ﬁe%@’élg‘?g‘?ng?ﬁlecuve

seal is formed wi thout conpressible gaskets, wherein
mérhbrdneds agesnesallyeplanye neairaad bavingl Adess-3ectiored agesthat is

surface
greater than the cross-sectional area bounded by an inner perimeter of the
enclosure across which the membrane extends.

19. The device of claim 1, wherein the enclosure has an inner
perimeter that defines the compartment and further wherein the hydrogen-
selective membrane includes an outer perimeter region that extends external of
the inner perimeter of the enclosure.

20.  The device of claim 19, wherein the outer perimeter region of the
hydrogen-selective membrane extends external the enclosure.

21. The device of claim 1, wherein the enclosure includes a pair of

end plates and a perimeter shell to which the hydrogen-selective membrane is

permanently and directly secured to form a gas-tight seal between the
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configured to be contacted by the m xed gas stream and
a perneate surface generally opposed to the m xed gas
surface, wherein the perneate streamis formed froma
portion of the m xed gas streamthat passes through
the hydrogen-sel ective nenbrane to the perneate
surface, and the byproduct streamis forped froma

memwbranenanst thenpeniingtar shgl, and durthenshemie dhe periggder shell is
t hrough t he hydrogen-sel ective nenbrane. 30. The

peBRMh &R PinE HREOAYR Secuitb®tEihR pRiPer éidplagds. t he hydr ogen-
sel ecti've nenbrane forns a portion of the seal. 54

31. .The devyice of i.m 30, erein the .
nydrdpen- SB¢ BeriRs T i e hPRE b melss shet is separately
perimeter region and the outer perineter region forns
foemed fiiono thegpait heeséalates32. The devi ce of cl ai m 30,
wherein the seal is fornmed entirely from netal. 33.

The devi cep0{ie6icRi JP 3im Mehakrih A% BSViké dicl@des Afinterface
hydr ogen- sel ective nenbrane is a consunmed portion of

t he nbrane. 34. The deyice. of claim3 wherein the
fOEBG AR DB B ROFTIORO! HYPE B LaETivG dneltg nd the

fornms an alloy with a consunmed portion of the
peeingdtesshiedl. 35. The device of claim 34, wherein the

hydr ogen-sel ective nenbrane is welded to the

enclpsur eT%? ge&fd\%‘séf ReJikd 99, Whe?ﬂﬁ Bealonsdfred Héition of the

devicé of , erein the hydrogen-selective

: ffus on- '
hyg?&?ﬁaﬁyeg@étgﬁd%ﬁ@%z%gqnfo?‘?nr;da%daﬁc?y EVI?t fhe Ccloggllijrglgdtp%rglgrg of the

perimeter shell.

25. The device of claim 24, wherein the hydrogen-selective
membrane is at least one of welded to the perimeter shell and diffusion bonded
to the perimeter shell.

26.  The device of claim 21, wherein a portion of the hydrogen-
selective membrane is brazed to the perimeter shell to form the seal therewith.

27.  The device of claim 21, wherein the device includes a membrane
support adapted to support the permeate surface of the hydrogen-selective
membrane.

28.  The device of claim 27, wherein the membrane support includes
an outer perimeter and the perimeter shell overlaps with the membrane support
to prevent the permeate surface of the membrane from contacting the outer

perimeter of the membrane support.
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37. The device of claim30, wherein the portion of the
hydr ogen- sel ective nenbrane is brazed to the

encl osure to forma portion of the seal. 38. The

devi ce of claim 30, wherein the enclosure is forned
fromat |east two conponents that include sealing
regions, wherein the at |east two conmponents are
secu?®d todvidhegengpun fieatiwadeviee, cogimatseng:o form t he

seal with the hydrogen-selective nenbrane. 55 0 39,

The gleydat@l Oénddbaird) FBfiner £1 PrésherehndsQderyigie! &t internal
menbr ane i ncludes an outer perineter region that spans

S RN T R

region of the hydrogen-selective nenbrane extends
thextewiaeals ¢dndigamed o ueecivd intoTthe chenpatmont &lmixed28s stream
wherein the enclosure includes a nenbrane support

coﬁ%ﬁiéiﬂ 'R ﬂé)gg%?gﬁ’sorefncf Rih&e aB&L eala&”t‘gg\??o&ﬁcet rH‘:r‘?refrom a

0geén-"s ve menbrane.” 42. The ce of claim
41, wherein the menbrane support .is dapted,to permt
hbidﬁ%g%ﬂ@ﬁ FRrIFAteHreRy @am@a@ggtaﬁ &St @%tgrﬁeajh@aw%shyrﬂmgen
t hrough the hydrogen-sel ective nmenbrane to fl ow

gas land ughy produstigtgeant codtdinidgat tkayi £ euladtatiadipmrddn of the other
wherein the enclosure and the nenbrane support define
gagest.raﬁasiti on therebetween, and further wherein the
evice includes at |east one pad configured to span
the trapsition and to prevent the  perneate surface

t he aNXfregetrselerdve mesnbrans Aapesed anleasigagsiagtiohhe Within the
cotrripilr;tirll;rllt? r\:s;herein the hydrogen-selective membrane is permanently and
directly secured to the enclosure to form a gas-tight seal with the enclosure and
to divide the internal compartment into a mixed gas region and a permeate
region, wherein the gas-tight seal is formed without compressible gaskets,
wherein the hydrogen-selective membrane includes a mixed gas surface
configured to be contacted by the mixed gas stream and a permeate surface
generally opposed to the mixed gas surface, wherein the permeate stream is
formed from a portion of the mixed gas stream that passes through the
hydrogen-selective membrane to the permeate surface, and the byproduct
stream is formed from a portion of the mixed gas stream that does not pass
through the hydrogen-selective membrane.

30. The device of claim 29, wherein a portion of the hydrogen-

selective membrane forms a portion of the seal.
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44. The device of claim43, wherein the at | east one

pad does not create a gas-inperneable seal between

t he hydrogen-sel ective nenbrane and the enclosure.

45. The device of claim44, wherein the at | east one

pad i ncludes a gasket under |ess than 30%

conpression. 56 0 46. The device of claim43, wherein
the 3t | edde olewiggadofi ndprimesO0a whapinedhs nhydregen-selective
peri meter adapted to mnimze winkling of the

meRibRARN trclideRNart battydrifietes résiod. artl’ thel bgted @¢tieet&f region
claim 29, wherein the enclosure includes a pair of

fend prlég{.es, £ nd the device includes a seal between the
OF%P & RSYURR G @?eﬁ “and the hydrogen-selective

menbrane. 48. The device of claim47, wherein at |east
- a potd.i onTbE delvice ofectbimad, avhereindhesealas diemnédentirely from
consunmed to formthe seal. 49. The device of claim 29,
miagrein the enclosure includes a frame to which the
hydr ogen- sel ecti ve nmenbrane is permanently and

diregtly cured tao farm s-tight seal

thertbet wibh 400t AHE dDe YieEBmHicRONCoG the By drogen-

50. The device of claim49, wherein the enclosure
sefactivhenermbainede a cansyaed pofti@ndf fheahembtranenhi ch t he

frame is secured. 51. A hydrogen purification device,

conpyy si Q%ie Aevice! £ BRG! S":?,“(x%eg@{i%% ﬁmﬁﬁh‘fedo oftioft of the

pl ates d ning a pressure vess an |1 nterna
conpartnent, wherein the device is _configured to .
hyﬂé%qrwqgﬁt\@ erﬁ&ra@%wmﬂta?@ym gaaswped geition of the
conpri si ng hydrogen gas and ot her gases,
enclosure.

35. The device of claim 34, wherein the hydrogen-selective
membrane is welded to the enclosure to form a portion of the seal.

36. The device of claim 33, wherein the hydrégen-selective
membrane is diffusion-bonded to the enclosure to form a portion of the seal.

37. The device of claim 30, wherein the portion of the hydrogen-
selective membrane is brazed to the enclosure to form a portion of the seal.

38.  The device of claim 30, wherein the enclosure is formed from at
least two components that include sealing regions, wherein the at least two
components are secured together at the sealing regions to form the seal with the

hydrogen-selective membrane.
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and to produce therefrom a hydrogen-rich perneate
streamcontaining at |east substantially pure

hydrogén gas and a byproduct stream contai ni ng at

| east a substantial portion of the other gases; a

hydr ogen- sel ecti ve nmenbrane supported within the
conpartnent, wherein the hydrogen-sel ective nmenbrane

i nclifles dhai deiagasofs diare3857wbersomf thyurleilrogeyeelective
contacted by the m xed gas stream and a perneate

mEMbEARE ind8N& ah! YutePRREBALtEP rEHRNMBR RS &WH6AGE least a
wherein the perneate streamis forned froma portion

of. the m xe as streamthat passes through the
pq{&ﬂ?&gé@ﬁ%@f@gﬂeg’é’nﬁen‘or ane to the perneate surface,
and the byproduct streamis fornmed froma portion of

t he 46.xedl'lyadedte efinlaimal9, ddesremothepager parfmetgy hegite of the
hydr ogen- sel ecti ve nmenbrane; and wherein the encl osure

hy RS AN AERIHh AR BAE L LEATRPEABMTOf the

rane and the pair o at are

permanent |y and directly secure t.ogether to forma
seal4l.52. Theedewge col Hlaig 4% ¥ ,er%%eﬁ?ﬁ r?néL?éHreofm?lHQes a

pair of end plates includes an inner perineter, an

meéubemetippoRt@niigansd o agpornde pegineatet duaface f tiembgdrogen-
between the inner perineter and the outer perineter,

wherein at |east a portion of the
Se%ﬂ%’%%ééﬂg% &hds fromwithin the conpart nent beyond

the inner perineters of the pair of end plates and )
bet iden The dedre mef claimodd, owheredn i membgage support is
pl ates. 53. The device of claimb52, wherein at |east a

adpteti tonpertit iR poRivAr eNtheexiaiidgaexir€imahatt p&meates through
encl osure.
the hydrogen-selective membrane to flow through the support.

43.  The device of claim 41, wherein the enclosure and the membrane
support define a transition therebetween, and further wherein the device
includes at least one pad configured to span the transition and to prevent the
permeate surface of the hydrogen-selective membrane from engaging the
transition.

44,  The device of claim 43, wherein the at least one pad does not
create a gas-impermeable seal between the hydrogen-selective membrane and
the enclosure.

45.  The device of claim 44, wherein the at least one pad includes a

gasket under less than 30% compression.
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54. The device of claimb51, wherein the nenbrane is
secured to the end plates through at |east one of
wel di ng and di ffusion bondi ng. 55. The device of claim
51, wherein the device further includes a nenbrane
support configured to support the perneate surface of

the hydrogen- selective nenbrane, 58 0 56. The device

of ct@i m BBe devéeephclaim Hbrivhensin tepplolensti org padinclagdes a

outer perineter, and further wherein the device

tap &Yl UR@S Al pffiic08aitad toCRMingRE frihRIiAY &3fl B8R Welkbrane
he outer perineter of the nmenbrane suppori to

revent the perneate surface of the hydrogen-selective
Wﬁ%"hﬁ? 149 6H®8ngagi ng the outer perineter of the

menbrane support. 57. The device of claim56, wherein

t he 4it. | ed&t devecepaficlaime |29 edieatin the@atlosnee wiclwles a pair of

gasket that does not form a gas-inperneabl e seal
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48. The device of claim 47, wherein at least a portion of the
membrane and the enclosure is consumed to form the seal.

49.  The device of claim 29, wherein the enclosure includes a frame
to which the hydrogen-selective membrane is permanently and directly secured
to form a gas-tight seal therebetween without the use of compressible gaskets.

50. The device of claim 49, wherein the enclosure further includes a
pair of end plates to which the frame is secured.

51. A hydrogen purification device, comprising:

a sealed enclosure having a pair of end plates defining a pressure vessel
with an internal compartment, wherein the device is configured to receive into
the compartment a mixed gas stream comprising hydrogen gas and other gases,
and to produce therefrom a hydrogen-rich permeate stream containing at least
substantially pure hydrogen gas and a byproduct stream containing at least a
substantial portion of the other gases;

a hydrogen-selective membrane supported within the compartment,

wherein the hydrogen-selective membrane includes a mixed gas surface
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configured to be contacted by the mixed gas stream and a permeate surface
generally opposed to the mixed gas surface, wherein the permeate stream is
formed from a portion of the mixed gas stream that passes through the
hydrogen-selective membrane to the permeate surface, and the byproduct
stream is formed from a portion of the mixed gas stream that does not pass
through the hydrogen-selective membrane; and

wherein the enclosure includes an interface formed from portions of the
membrane and the pair of end plates that are permanently and directly secured
together to form a seal.

52.  The device of claim 51, wherein each of the pair of end plates
includes an inner perimeter, an outer perimeter, and a sealing region that
extends between the inner perimeter and the outer perimeter, and further
wherein at least a portion of the membrane extends from within the
compartment beyond the inner perimeters of the pair of end plates and between
the sealing regions of the pair of end plates.

53.  The device of claim 52, wherein at least a portion of the
membrane extends external the enclosure.

54. The device of claim 51, wherein the membrane is secured to the
end plates through at least one of welding and diffusion bonding.

55. The device of claim 51, wherein the device further includes a
membrane support configured to support the permeate surface of the hydrogen-
selective membrane.
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56.  The device of claim 55, wherein the membrane support includes
an outer perimeter, and further wherein the device includes at least one pad
configured to overlap with the outer perimeter of the membrane support to
prevent the permeate surface of the hydrogen-selective membrane from
engaging the outer perimeter of the membrane support.

57.  The device of claim 56, wherein the at least one pad includes at
least one of a gasket that does not form a gas-impermeable seal between the
membrane and the second end plate, a gasket under less than 30% compréssion,

and gas-permeable material.
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