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METHOD AND APPARATUS FOR CGENERATI NG HYDROGEN 5

CROSS- REFERENCE TO RELATED APPLI CATI ONS Thi s
application clains the benefit of the filing of U S.
Provi sional Patent Application Serial No. 60/739, 495,
entitled "Methanol Deconposition Hydrogen Generator",
filed on Novenber 23, 2005, and U.S. Patent
Application Serial No. 11/561,664, entitled "Method
and 10Apparatus for Generating Hydrogen", filed on
Novenber 20, 2006, and the specifications thereof are
i ncorporated herein by reference. BACKGROUND OF THE

I NVENTION Field of the Invention (Technical Field):
15The present invention relates to a hydrogen

et onMERIREAS keeAfEh I r BRGERYNE Mkaddeegl oo

deconposabl e conmpound. The present invention
preferably uses a hydrogen pernselectlve separator to
separate net".u» Ry Q REAATIRD ' ¥ 0 perneate

.(hy %% %aaor{ angs lh%é]& o{ f?}lg |Ilngﬁ{ yPr?]ws)onal-pq% I‘ etgl?catoﬁtsgnal

Ist

NSO/ B 205, BRtRAEEREHaNoI f)é&ﬁip&éltlbn Hy@odeh @éhétaroM@iRti ob 0 t he
20reactor and/ or pernsel ective separator. Description

Nog¢miRePh 2e0§, adiU-S. Rateet Appligation Serial Bp-| 134RF hep4dindited septpey and
refer Q. 4., r_of ' [ OAS
oL BB TR P MR o8 od BOSE AR ot
ind3RpbRted BEMpih 6 Ridamekgr ound of the scientific
25principles and is not to be construed as an
adm ssion that such publications are prior art for

patentability detgip-Raf NOPHIENRSEFFION

Field of the Invention (Technical Field):

The present invention relates to a hydrogen generating apparatus, method, and system.
The present invention preferably decomposes an endothermically decomposable compound. The
present invention preferably uses a hydrogen permselective separator to separate methanol
decomposition products into permeate (hydrogen) and retentate (primarily CO). The retentate is
then fed to a heater that burns the retentate using oxygen, preferably from air, to provide heat to the

reactor and/or permselective separator.

Description of Related Art:

Note that the following discussion refers to a number of publications and references.
Discussion of such publications herein is given for more complete background of the scientific
principles and is not fo be construed as an admission that such publications are prior art for
patentability determination purposes.

Hydrogen is used in various industrial processes and fuel cells. Most hydrogen is produced
by high-temperature steam reforming of organic fuels. One example is the steam reforming of

methanol, in which the methanol and water are reacted at 200-300 °C over a reforming catalyst:
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Hydrogen is used in various industrial processes and
fuel cells. Mst hydrogen is produced by

hi gh-tenperature steamreform ng of organic fuels. One
exanple is the steamreform ng of nethanol, in which

t he nmet hanol and water are reacted at 200-300 C over a
reformng catalyst: 30 CH3OH(I) + H20(1) --> CO2 +
3Hz -239-286-3930132 kJ/ nol e(1l) This steam reformng
reaction is a two-step Process he first}gf which is

met hanol dec &gt Bl ?(ﬁ%dﬂ?% -> CO A2 AHr xn

-239-11101283kJ/ nolgs2) [db! cogpl et i @sb Qknolehe 1)
reform ng reaction then proceeds via the

&Ster-gas-shift (WES) reaction: 10 CO + H20(1)C2 +
H2AHr xn _-111-286- 39304 kJ/ nol ) if th "
AR P GTHTR P AP BGIER PSS 1 o R Pt deSposion

fuel cell, then product 15water fromthe fuel cell can
be recovered, blended into the reactor feed, and used
in the reforni ngsPElct i-onCOI'M2thi s caséf=neat net hano
can be used as e stored.fuel, whi | mzes the
fuel energy deﬁ%ﬁty. Ano ﬁer%benefﬂ Qggﬁﬁ%at nmet hanol @)
is that it can be used in a burner to supply the heat
for the endothermc reformng reaction. Typically, the
Full seomigtion of tareforminoyeactirnghandrachieds M threratar-gaaminli (WcPe g2 iRy
systemefficiency is maxim zed by the extensive use of
heat exchangers to vapori ze
CO + H0() - COp + H AHpy,

-111 -286 - 393 0 4 kJ/mole 3)

However, if the steam reforming hydrogen generator is paired with a fuel cell, then product
water from the fuel cell can be recovered, blended into the reactor feed, and used in the reforming
reaction. In this case, neat methanol can be used as the stored fuel, which maximizes the fuel
energy density. Another benefit of neat methanol is that it can be used in a burner to supply the
heat for the endothermic reforming reaction. Typically, the amount of fuel diverted to the burner is
minimized and system efficiency is maximized by the extensive use of heat exchangers to vaporize
the reactants and recuperate heat. Such strategies are typically employed for transportation or
stationary applications of considerable power levels. On the other hand, the extensive subsystems
required to manage the water and heat greatly complicate the system, further compounding
operational difficulties as well as cost and reliability.

Amongst such difficulties is the appreciable byproduct CO formed by the steam reforming
reaction, which is a poison to low-temperature fuel cell systems. The CO level can be lowered to
ppm levels using high steam-to-methanol ratios and additional WGS and preferential oxidation
reactors, resulting in an even yet more complicated system. Alternatively, the hydrogen can be
separated from the reformate using a permselective membrane such as palladium. The hydrogen
permeate is then delivered to the end-use (for example, a fuel cell). The retentate, which consists
primarily of CO,, as well as lesser amounts of CO, remnant H,, and excess reaction water, has a

2
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20t he reactants and recuperate heat. Such strategies
are typically enployed for transportation or
stationary applications of considerable power |evels.
On the other hand, the extensive subsystens required
to manage the water and heat greatly conplicate the
system further conpoundi ng operational difficulties
as well as cost and reliability. Annngst such

difficulties is the g&g §0|abl q Cg pe
low prat \lug RHh PR POYET IPFUFBYERE PYBH Sk Sﬁe ‘?r@e’ fHBTFESH f"
op}:&\éﬂfb%'m%lﬁéd% rﬁakfelée}nerﬁﬁrbrlne r836&dr Efch hbb Berfal abiRMBbestAderB6me
owered to ppm | evels using high steamto- et hano
situcgibiso h@gﬂmerabhwplpa@matomm&g Susbreformeifigeand Rydregen eger@Eans éspyvell

reaptors u tin ve no i cated
knaunuip digart A?‘f ﬁ%{‘ﬂ"e'% @;P%l?{‘éﬁﬁs g? é(7S§e9ﬁ ar(':ﬂgbg %gmgepar at ed

f r onmsi A@selofihe higMtficidaSibd BatalRy RS Sibditwath RBHHINE ARy Stbi6d)

as pal l adium The hydrogen perneate is then delivered

steag refhmingrigtheg) grefe(r¢dd@rg@m|ﬁ§p@ce &f hydreglen teel: |ff,r indy${ral and stationary
apég:gtfeogss)gékrmeé/\lérmrbédg I?n r% Ie%g § nglﬁlngé In Hﬁh%n %szll msa§cz¥hﬁé nljown
thd IGgHHLihtediatvPdra rcom;b'llaéiecﬁsystblﬁy\ﬂiktﬁﬁﬂed wisdvel 8 diFfictlt arﬂm@esnws ed

to augnent the burner fuel. The reforner and separator
mearaypmeiasﬁs&m BeceBe BURRITORRRIONOYNGRAKRS dpviesjitas dggigase, the surface
argaep%% vblum _Fﬁerhel?i@esln& E@'A@ s@&vﬁgg\/ﬁg %aéﬂlﬂﬁbed'ne-%?lm%s large as an
Si ions. e genera approac conbi ning f
otieBiisy e@ihﬂ?@erﬂﬁﬁﬂsndmyvdlrmemtemb]ﬂ Qreater IﬁEraSIo:;sSsum'ed:d ardan gewmnlt gapacity
the art. See, for example, US Patent ,997,5?4 i
(Vo) than g 'aigfvdevssewaéed'Eﬂ"a&%‘ei’ﬁea ﬁ"deqdfF?"E‘F%?{ & PRegugred in
degéﬁgn %mglt gc@l‘e'ﬂ%ﬂnal Bt]ogégé gysf@lnts h conplicated systens,
steamretormng Is the preferred | arge-scal e source of
hy dB@gese of tbe beat lofsafiffiquttiekisithrsimall syateus dfieentheinias yf the liquid forms of
ap pllcat|ons? However, ste m r ef gr m.ng h th. as
the i§aGtaRE AHsAE nithe <apRiens 4y SelgRionsS OXIeMYiRs ‘6%’1% et"ﬁ%"‘ TR
is bs’ﬁgl%é‘ﬁt&gtuén&smw FeleRfl RYRAEIREs iflicssmdfmant \ﬁé@&\h@aﬂ S
fficult and expensive. Particularly, heat |osses
nebsaswme vApeTike tm)leectépl’tso wbichnie eet theAgsede gallsysi¢es decr ease,
the surface a t vol u deyi
| nch bt 82 SRR bk flm S A E T g P R oyt
reéo@ér? By @hg @efHahs BN \iftor Aibdiry R BE fuely REEddN nakit Jnlethih%l/ a yﬁcally a
ol d greater heat |oss (surface area) per unit
1 tragarcatioy64( Wt mathahol } i uged perdhd dgighiometgandl Eguatiorniy gven though
qes and
°°Pﬁ“ﬁ@&HP§BmW§“§ha A dlﬁerrm ﬁ£?§§@%%8g§%%gﬁ§hﬁ£§aEd
fudPRGRY BRrend itRSeshBBurd €8iF ifithé hdata|bluf tRSwatbrintanadeleht is greatly
systens, the enthal pies of the liquid forns of 15the

Slmwwt Ampssiblyroceates difficylty istthpchealipragasiest. andiscussed ateye | Bireme
ex{th ltelfr p\)/%sz 0 a{ouc%rlnp&sétg %r t\ﬁg R?{% ?ﬂ:‘g EPrjn&L nﬁ?e reé)%er&l ﬁ?rH ﬁm@ §+an{ Hkat

ure, assunes ere are no difficulties
soliffes' RNGRAME Hultle $yBRmM\AIsr Bedomad tot) Bé:f&ﬂéhabryod cmmvm:pmﬁ todbe attlaetive

reactants, which is not the case in snmal g ens.
for portable apphcatlons A discussion of some of the challenges faced W|th ortable reforming
systems and a review of recent efforts is provided by Holladay (“‘Review of Developments in
Portable Hydrogen Production Using Microreactor Technology,” J. D. Holladay, Y. Wang, and E.

Jones, Chem. Rev., 104 4767-4790 (2004)). In short, for portable systems, a hydrogen generator is



10

15

20

25

An initial effort to sinplify a portable reformng
systemis to elimnate the need for water recovery by
usi ng a methanol and water m xture for the fuel,

i nstead of neat nethanol. Typically, a 201:1 nolar
ratio (64 w % nethanol) is used per the stoichionetery
of Equation 1, even though conversion is not optinal
with the | ow steam content. The effective hydrogen
density of the stored fuel is also | ower and

oS oo Ea G TP RN G vB + BTe EoLRPEFe ot oSS Bovides

%ﬁ% ai S greatly sinplified. A possibly greater
lculty 1s the heat managenent, as di scussed above.

To Aaooteer epreah t0|ptodu<sngmgsgdnlfremtn@ﬂ@mkpé¢®we the §¥G§ aection and
eat sse m ze recover the s
D30 P SRLS S AR S B e By B bt bR ERizy o
orb&26d frbdlc &0 Rltedd P COPATthd SiaBbybroduRe HilbveR khdwhietdMposition
portabl e applications. A discussion of sonme of the
systhmb Istéfng‘@gl many digadviantagepanduginy B example fediphgnasoamsf iearegtired
to lbeﬁéelwédwgsr]{ ae G ?er;ts r\gdfrofﬁ;gr trcs)dulcgd r :r%\;c/)fe OF et%gh‘%oj tﬁg%er efficiency)

PSR
reBﬁ@dM&&dn@ﬂéf&ﬁhQ’l IncM iffidutie &Rt LDriigh [T soRedna@ghvn thatimpddes hydrogen
Hol | aday, Y. \Wang, and E. Jones, Chem Rev., 104
Peg e o ADach PROwE PFive mambTeRst FOffeeS?mer?afftea’BPeé 'Hygopeygenergtion in a
PJ] %ejrﬁtg)r&%r?%eggrngeagg' %s?essc’menpgf%ﬁ’gnél IBQsted Fe%&“)h l"s)‘lasﬁanfseWP Harold, B Nair,
ses a sinple reaction process
G‘Kblébb CHem2allBngiMéctifg S@ens€) B8 255167 BRI ineeradrated herein by reference
Anot her approach to produci ng hydrogen from net hano
cangludes thaks @ﬁ@@%%s'v%éwmﬁ“%%a’a%@ SHHY ISt 'Ff%asfbi'er s'f”“he’
kn \R/ﬁ P‘net‘ﬂgno &%ontl;%%g ngyéoq{‘.)?é% adtlghr{gge bfthe W ﬁ@f\%he of the CO
econposi tion qu Ation 2) hi's 5process produces CO
produsédEia the BfdrégeR gaferambreremuorrmr y bypr oduct. However,
known deconposition systenms suffer from many
di sadvant ages, including for exanple the higher anount

of heat gfQRARY @ THE iENTIGN @:ﬁbﬁ@fe@ﬁé RFAPE INGSSTION)

hydr ogen produced per nole of nethano and thus | ower

ef f i e presgn} inventiartis ¥ method fot medvringliydrogem the metidd comprising the steps

difficulties with h . oncentration that
ofRIPYFBg R el farREse; ﬁnﬁ[gﬁgmi% GRS Bhorag e
J@Buﬁ&%%@iystﬁmrnp@@%ben M ApRGSY bERIUBE Abvirgh Hebt valud, QBlshrating

nmenbrane fuél processor: assessnent of nethanol - based
the Byaidgein Andipadtieg e, birnivP thearivhr byrBJdMétltcr ProctBCK%HffIC@St heat to drive the

oL LRSS0 oA AP s

THER D &e@}abP BERITBA ol 205 t6 aWMSS\@% a,aat dzrﬁ Mrof)sppreMImately 75
"infeasib Further, known nethanol deconposition

wwsﬂ@qmt selvetharol 8 s eora R RIAbl GRS 198 26ogR aRRERXImalel] 10e%

vl b0 FosnopRR AR 05 AR, R R Py s
appldimraldBENd, er ditippoasaBY 95 WvEEthaBl. IThe Rateiirdiasblf @dans a

produci ng hydrogen, the method conprising the steps of
pepmeplsCite g mATane tied &5 B ISPRATANEO BeP- THEIBARSH iteierably selective for

m%ﬁ [ED g?n?t{% &*no Qggqg%ﬁlan s@E&QJrPd&? thE grog ;b&)nglﬁﬂy Mtéfggs Shitt

rmhydrogen an mary byproduct
reBdigh, Iﬂ:@méhoh efthethanb, U@ mation pauhéthyl f?bgnate and formation of dimethyl ether. The

primary byproduct preferably comprises carbon monoxide.
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20t he hydrogen, and reacting or burning the primary
byproduct to produce sufficient heat to drive the
deconposi ng step. The endot herm cally deconposabl e
conmpound preferably conprises nethanol. The fue
preferably conprises fromzero to approximately 25 wt %
wat er and from approximately 75 wt% to 100 wt %

net hanol, and nore preferably conprises fromzero to

approxi mat el y 10 wt % wat er an from.a oxi ymately 9
A 56 116 o BRACH SHOS oS ARBLE PAE BIAg vond o Tre
mQtﬂWréférgﬁ Rt BErbrib Bt it 0P miing@nd@ir @dth @8 Brimary byproduct using a
apprOX|nH¥e l'y 95 w % et hanol . The water preferably
ventug @jestora Tpteprmemmqm preterahiyndomarisss greesyrifingrthg fue. The reacting step

separatjng ste The referably
PR BT B ARE T 1 BUBIOE NP Beibrn TRl praoy
fufthe? Bdrh fiSesAhe D %@@létﬁ:? tHa @re@iurdortiisepardgl@shyaidgdnt and preferably
reaction, formation of nmethane, formation of nethyl

fuftioar perersisesACsteneF madiipn the fustflowsatpiereby Raintainng @ dpsiedrar v
te?ﬁée)rgt(rargagg‘é rgetﬁfdeprre%rat}{y fC @}ng mf?ges%rsgag g@ ﬁé QIS Hressuhe at which

msaaﬁﬁb&m@x@beﬁwet US|ng air. The nethod preferably
further conprlses the step of mxing the air with the

pri nEepressp nwtien is 88q hepvige {Pepredicing éYdé‘?,gF'b the dp)jge comprising a fuel
ol e e BB aRule ERRLIC R0 ERRHEIG LBl T
catBVheihg Bglediadfor dedorpopiag e edngotihdse fome nynr@aeancﬂémurmwtbhmbuct
preferably 5further conprlses t he ste of uIatl
having a hpat ¥ali: 8 PYMSeIpRbvesBrae oy SPRAN ?Pgta Vdfﬂqa“ gPde# %1’

t fior BRGcInY siHidnhiSal  Bfivef | ow

m%g@%gq%wﬁge &hﬁéﬁﬁﬁﬁﬁﬁﬁegpgpéggpreﬁﬁtenﬁera?ure“mThe
ddﬂfﬁrhﬂit@lﬂorpl‘fﬁfe&bmbiuyd betetheUmcqﬂy fesegpdshide simppundfpreferably

regul ati ng the pressure at ich the decggg%ﬁin% SH%gfl
cqFPERFS Sethg B}E&% PrEferaRY 8?1?‘?”8‘?? Ypdo spEMAtel et PG e Tue
m% ‘Bl%kb?éb%om{r@éé?ﬂﬁﬂ apgr Xty 00R %GR fah& inBd g@feﬁéﬂ)@' comprises
10c¢onpri'si ng an endot herm cal |y deconposabl e conpound,
armmm@tycﬁrwt%(mpr arsi apgrogmataly &5 w4 methagol. C'Etteat\laSPs prefgeably gleans the

ctlve for 0Si n
oGBS T CHRR) PRy Ao RA RETa Bphpegipover
re8ctiB® SRR §6h khEQrdiB Q@fsﬁﬂ@ of DlvatSiefak@t teaglioh, h&mbﬁbﬁ lofg&Rane,
and a burner for reacting or burning the primry
fotmtjmw oethyl ferimete and fmzmatpn efdimﬂwgetwf Tfi'ecﬂ"e"ﬁw birieguctipeeferably

cogwa%%es ﬁ%rs 0 oslc;l/g Id'gl% 8ev:ce g aegﬁragoglgg rrr% cuoH1 rlse ]yaeriraglg FI&(/?,SSUI’e and/or
vahRONIM rhts Qfél doBl &nﬁldev@beeféruw fufific? é@fpakdsya PEBEPE feGASOLIEr
to approximately 25 wt % water. The fuel nore
reptrl@hemabteysumfmeuss@satwyﬂreg@p phesqvisapiefelpbl (P Rerset 2
presstjre g (?P {orelfeeurla&}g%;réfa ee%gglrgixg‘s% r /oa?rr%tr d??rﬁc%h%rgénv\%}gneé’rare
prefeRbIg thaiayly |ﬁt|e@ralﬁﬁ withge ﬁﬁﬁdﬁsﬁle&ieblbe/ﬁeféfemofuﬂm coniffi€es a venturi

catal yst preferably is selective for methanol
ejeriqs MMmPOYing pipRtodaduMgT tpgeier VHHhe RTMERt RYAHYhm t he gr oup
con thhtRBmptl; QJJYBEN e
e e el
déviee a&kiiea akdve di net hyl et her. The prlnary byproduct
preferably conprises carbon nonoxi de. The device

pr efASYORISPRPT the Preprit MRSy S @Eovide § Brdrops aensralkes 8 qs fuel processor
th&] u%lemp sfn?telaﬁ f’oIbEQMOF &E&lcgl QSAIIC&QanQﬁxaII sv&@mgev' ce

preterably urt er conprises a pressure regulator for

regul ating the pressure of thie separated hydrogen. The

devi ce preferably further conprises a pressure

regul ator for regulating the reactor pressure. The

reactor and the nenbrane are 25preferably thermally

integrated with the burner. The device preferably

further conprises a venturi



ejector for drawing air into the burner together with

the primary byproduct. The present invention
is also an electric power source that conprises a fuel
cell and the device described above. An

obj ect of the present invention is to provide a

hydr ogen generat or and/or fuel processor 30that is

sufficiently sinmpl e and robust for practical
application in small

of tAatheyqBisehof the Ripesit 'f‘%ﬁ‘?“‘i“és ‘Pé“ WRS e E‘Q“IIFHQ Cﬁ'ﬂ 'ﬁs i
dREPLEGES fr %Qgg@éh&%nr equi red for hydrogen

generation, An advant age of the present
i nveimtadeantage oitthﬂ;tres{ehtenvhgtap isdhnt the dedt goumeetf @qefar,gply sufficiently

sufficien ant Quer cq I
a3 T LY oot std) WY B e Ty T A PR i goed
hda@hvbbevilagat recovery devices. OOJ ects,

advant ages and novel features, and further scope of

ap pI Qhiestsi :Mvgryag@ aqdmgve;ﬁfeét‘ggeﬁ tanp fntbet spanh olapplicapiily <f the present
inyeation wul Bs BALh i r{irl?%e det i%ld q s%n&%?%rfén% QN ¥n3>o£' clidWith the
\fg 1 on VVI? ra{vvlngs,

| Con) UnEd € acconpanyi ng

o@&ﬁbahﬂng‘lﬂévhng}éﬂ dnl ilRa M eadpRaippArént toahdsh eidied &ithd drgbon N
the art upon exam nation of the follow ng,

b
exppinpinn @f 1y fofawingt erewey ¢ lepred YRS B e InYFEoR gir“s %éct%%d
adé%)r?a%\é%gfgﬁ%%nt%ﬁl n*ab g? Peg%e Lﬁd%aln?dy %aﬁ?@kﬂe%%rﬁ’éﬁ%lltles and

nmeans TMstrumental itles and
coﬁmm‘aﬁdﬂabérmsrlmrrtdd@uﬂ ilthk yppeededtcohsout i n t he appended
clai ns. BRI EF DESCRI PTI ON OF THE DRAW NGS The
acconmpanyi ng drawi ngs, which are incorporated into and

forma part “of bpr EaSpRBINS: Hiforklvivesi 1t e several

enbodi nents of € present 1 nventiron and, together

W t The Becothpanying plawings, whielr are int:m]p‘!!aktpd iatoand foen prartrad thpl es

of the invention, The dra S are f tFe .
SrBIBSEMGHF PG| TG aT ST EP PO aRb et REHE 31 Phe
ddsENpRIH. s t@%laﬁﬂrtﬁ‘e ARLipItLor BR ifvemih.r HRGiraingh hidlohil RoBthk B@pose of

invention. In the drawings: 20FIG 1 is a schematic of
ilghatiag p erefamenhémibodimentsif tha ingéntiomangirarotdt ieeba congfruedise limiting the

_met hano| ,
invention. In the drawings:

FIG. 1 is a schematic of an experimental version of an embodiment of the methanol
decomposition hydrogen generator module of the present invention; - .-

FIG. 2 shows locations of optional regulators on the permeate and retentate lines of FIG. 1,

FIG. 3 depicts a methanol decomposition hydrogen generator module and fuel cell used to
convert liquid fuel into electrical power;

FIG. 4 shows product gas flows in an experimental hydrogen generator module operating at
300°C as a function of reactor pressure for a Pd/zirconia decomposition catalyst and a 4 em? Pd
permselective membrane; and

FIG. 5 shows the hydrogen permeation flux through the permselective membrane for a
series of 300°C experimental runs with differing fuel methanol concentrations (balance water),
demonstrating the beneficial effects of water in recovering and maintaining hydrogen permeability.
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deconposition hydrogen generator nodul e of the present
i nventi on; FIG 2 shows |ocations of optiona
regul ators on the perneate and retentate lines of FIG
1, FIG 3 depicts a nethanol deconposition hydrogen
generator nodule and fuel cell used to convert liquid
fuel into electrical power; 25FIG 4 shows product gas
flows in an experinmental hydrogen generator nodul e
operating at 300C as a function of reactor pressure
for a Pd/zirconia deconposition catalyst and a 4 cnR
Pd permsel ecti vB:fRIEY BESRIBAEN OF THE INVVENTION G 5 shows
t he hydrogen perneation TTux through the pernsel ective
e ntiha pesdnoinveatideelbtestoathy@OBE genepar ithabprefalably pewmpriggstaiyeactor

differing fuel nethanol concentratigns,(bal ance
o) SRR ST LR TRABAHEP TG 77 PR AP Rganotand o-
250 Gatdr 13 deEHPYSHnNEhcBNSleBBbIP bathgbiiga MYEERERBomposition selective
perneability. DETAI LED DESCRI PTI ON OF THE | NVENTI ON
calElyst, phyaismen parmselastiesaparaitrdq spit thagmethanpldieeRmpasite merdugioipto
petffg%t&e( @;ﬁ%@%% ?%aet%%géﬁéémsaﬁgéﬁ))}raﬁg g E‘ngarterfth%?t%rr%l{ﬁg)mteﬁtatg Iu;ing

e conprises approxi mat
oxggen(airt ObroVia¥nEaR toh 88 MacBNshd thepebidbletthdeopaiary., a
deconposition reactor preferably conprising a nethano
dec dvthersh methanosis perefargd fuglaany|epdathernjcally drogigeqsable compound may
er neel ectiyve separa I it i ;
R
edsPlo@BtotpBse( fcbiBdskd ahdEdrmicailydo eheloe mbie byrrtiatts bbichisave high heat
retentate using oxygen (air) to provide heat for the
vajug cangl Bfodusel iti@kipe el ertamiratianopthe RerEpelechye MRTIRGTS:
met LS r i HRlidH i roviding a
docaaatelsEi® SR EK o oy BB ARIIBLEN 6 o proviag
pudiiydiobéh preiilctt Buttasloiivy chitigaté the watet marsggmesf, beat sbuecet frwitstart-up
~the fuel used is relatively easy to deconpose .
IsyeD Jipprserd inuenien prefeiaPlx sMPpIg: s hel SRR BB (Rgrging:
whi gk e?&é{rﬁ\inﬁf tg@déegrﬁéosfﬁ@rl Hheth@htHl (LRGN SRSty bikdiy bfofnidldiattEho-
or other contam nation of the pernsel ective nenbrane.
300 °p evere ehtalgdt hivds slgpareptianeniis reactivhowhidblrgquinesetd ki to lihgrafe gach
e S5 i OV o A oG a ot
HTBH AR BRI diffdAERE, tIRALH, &8hat A8 GrimdrREtband RfokRih$ BypRBuct {ATB) has no
present 1 nvention preferably enpl oys nethano
fuel deai g s whéreas thersimaryanatifanel déapmpesifign byproduct (COYis & gubstantial heat
reform ng, the deconposition of nethanol (Equation 2)
“W?eﬁvﬁvggFﬁimﬁnggfned at 200- 300 C over a catal yst
and is also an endotherm c reaction, which requires 64
kJ to liberate each nole of H2. In conparison, steam
reform ng (Equati 6@ 41)%“QequfPes onl yAd4 kJ to produce
a nole of H2. The, jnpprtan iffe t hough, is
that the prinaryggkea§1ref%%ﬂ1ng %%g%%gﬁct (C2) has )
no 20fuel heat val ue, whereas the primary nethano
deconposition byproduct (CO is a substantial heat

Thus, exothermic oxidation of the CO byproduct of methanol decomposition theoretically
provides more than twice the heat required to drive the endothermic methanol decompaosition
reaction. In other words, the heat generation and exchange process needs to be only 50% efficient,
which, while low, is not trivial for a small system. This excess heat advantage, and the fact that no

water is needed to decompose methanol, helps to mitigate the fact that only two moles of hydrogen
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source when oxidized in .a burner: . CO + Y202 -4 CO2
-1110-393-282 kJ/ nol e(4) 25 Thus, exotherm c oxidation
of the CO byproduct of nethanol deconposition
theoretically provides nore than tw ce the heat
required to drive the endotherm c nethano
deconposition reaction. In other words, the heat
generation and exchange process needs to be onIy 50%
efficient, which, while low, is not trivi

are; prafiycedsRes algof mefhanoldy (his SECHRS SPMRAIRALR {hﬁ(ﬁléee "&ﬁtaa"i’ Wg’”}“ﬁ% ¢
or&é? o re&Qer%thaﬁi ulcS, 28 @/@ﬁj&qarévﬂje deaRMhesRn RuaRR! Go &Rlhpdogen

tigate t fact that only two noles of hydrogen
pr@duets pfrtmjrueimolpbcommklmmcméemlebh sapetateid rwithitfieCQhrichreteniate sent to the
e three in stean1reforn1ng In order to

b“f'@%éﬁ‘e *IVWP%‘*"H%Q? egdo‘ffle@Bp"caégn wel | as provide a pure

hy drQ@RRdREPSHG for A HBtuSIEe SIRotItEH s RERH nbtt 466 tahd iBdfididnbies will

nmet hanol deconposition need to be separated, with the
co@Dneische pfditecaxtrabeat @\@Hﬂb'et g theﬁwd@gﬁ"rgéfﬁef%?f Gystereis fRFl asgfaRd
efflg:@Ptu EI? reggtdr fﬁe&e;\éﬁ?glp era% r{ I’}ns sowe weteﬂg re%h%‘%rﬁg gf\ﬁ?e rtné%ﬁangln

ion osses and

(theRB§ %rb&lcﬁ!j‘ mbRTOMahd Iefsclf@ WAELrmG IR hedt vhllkeor éhetrétantite adwn so that
aval | able. If the hydrogen generator systemis fairly
the %msgé\ daerchobgveiheste fin the gtker pardlein snalf yetems. sah ap pertelle &5 g?"

nt e
syft{arﬂs %r r]ectrBr}lco dl?,le\g?lr% 5 5es £rr8 g(o%d’nm%§p%ﬁsgiv6(§ﬂeca£%fe3w9e r?etheanol
m&}@Rtnedasdneto plovitidQufficRhidid ednenrioWie bamert B&illammﬂ?ne ist @ntent of the
3’5‘
does not overheat. On the other hand, in

fug yat herposes @dﬁﬂeaghw'f%deenmawe% Pligs P Ritep For exampe. 2
fu?q rlf]og V\%‘lel u‘g Hdugt%nal %LS cofidinMofe Mt&@r%wa'f&n@ble ¥iscd ﬁr?@méglons

_ case fnearly pure nmethanol may be necessary to
THE e weer ufehitiofihe Riel fortiad hydpéregeherator i prefetably nlgasen to optimize

Simlarly, the water content of the fuel can be chosen
peffeymange| Witf fespesbto et heatiossesl e ¥ ™ bnnent al  condi ti ons of

the sws fd8McadsQho Rxa0RkLE con@leté‘ﬁJdro%fo seHSBtioh WIRFLAS SHdbBérmic

regions may contain nore water than a fuel to be used
delcompsitich ane gfcmmmg reabtioss exagily albmoe tf@@mtmwcmo qxjdetioninethe burner,

for the h nerator h
i, P COPENELE AT A B o SR ot 1o e
hegf lodsBEaré ¥eHicRIFY, so too is the hdaflcdnfft df EHR AV dr67aA @ tﬁeﬂr@tehﬁﬂt(because
| osses, conplete hydrogen separation) where the

comptBtshratioris de@bmu@ﬂm rossiie) aaadhis @ipesion & arrezrerdblsrestimate of the
exact

I
upﬁﬁnbﬁgr}c%n?l}?gva& éf:%qﬁn 18%&3 fgrg-thrhmn%\q?at??g) c?a(ntrg? ions %s%fhmen (98 will be

pr&ﬁ@é&&bm@&hy h@toﬁs%tl@érﬁ@tﬁ&hldr&ﬁu&wﬁf% Wat er. Wil e
heat | osses are neglected, so too is the heat content

of tUﬂékehWUgﬁé mixfurest the pqegq-nélmegtl@ p(qﬁggt&)uglézes fuel mixtures that, when

fully reacted to produce hydrogen, produce a primary byproduct having a non-zero heat value. For
example, at full conversion, the decomposition of neat methanol produces hydrogen; the primary
byproduct CO has a heat value of 282 kJ/mole. In the case of methanol and water fuel mixtures, the
WGS reaction will produce CO,, and the theoretically calculated fuel composition where the yields of
the CO and CO, reactant byproducts are an exact 1:1 molar ratio is 78 wt% methanol / 22 wt%
water. Since thermodynamic equilibrium of the WGS reaction prevents even the best reforming
catalysts from being 100% selective to reforming, even a 75 wt% methanol/water fuel mixture (for
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20conpl ete separation is not physically possible), so
this conposition is a reasonable estimte of the upper
bound on the water content, since for higher water
concentrations insufficient COw Il be produced to
provide the heat to drive the endotherm c reactions).
Unli ke typical fuel m xtures, the present invention
preferably utilizes fuel mxtures that, when fully
reacted to produce hydraogen, [ y .
ewﬂ%‘tmbaﬂ'é\v/'ﬁ'ﬁ@ Fezcleharosiy H'ah‘@atﬁ'"%gf’fﬁ@%ﬂ%z%%g}?bﬁ gests.
THE, tlﬁé’dnhwa&%%@d’u&' Pthis fJeh@onQ@W itk Ofth&fin MEBAnolyBIRaA@pecies
produces "hydr ogen; primary byproduct CO has a heat
(for atanrgleoCOBA sigdifigarnd reat valne uhlike incporventfonattetianm refainidg. where the
xtures WGS reaction will produce

wat er f @el gn é F
prisyapy BYRRAHCH (PR ENPEAI"Py cal cul ated fuel conposition
whergndudR it WaPbdiserdlved s theeadnthobHidh i@ bRBiice g hyaEbden tan a
are an exact 1:1 nolar ratio is 78 w % net hanol 122
methayoliveatas refons\nm tgel beprspeibel stpialieractiicgisld it ey tweringfead ¢f dregrgles of
RS eP Mol b Y SohRBBERY i a%Iug.;Y@LMor%%@%%% Bl Fel

eng ose o ref

FilRE B @&thletﬁahﬁifogfahlainteﬁﬂ dﬁfh§ héat (fethanol &é(:almiﬂstﬁbm faellid 12.5 welght
probably yield a reaction product that contains nor
pegent kiR thempticarhygrognp|catiten afdhesfustip pieater fan e ! At pHtained with the 1:1
mng%eQ}%ﬁ&Ma Erekm r?g fE ege&mﬂﬁl rre‘ I'%psyéépl%llt #Qﬁﬁpllgﬂ tﬁJ‘tﬁéorencal
€ a specl es or  exanpl e
yi&id, geidbésRpbdition @ @atemngill b neddind tdoamndhydrogmempmmmaheat for the system
nmet hanol reform ng, where the prinmary roduct

wipgags Seriorming eYsied) *tféent'@iwnfeﬂa R thq*r‘ﬁw é‘%%’@?‘»é%f* ich
£§Sinp¥dibRA .
B
st oma‘prmtmvemuoy prefechbly sesral pyestwiized fngl feed dystein. {Thesgeskilled in the
nmol es of h drol_% per m)le of rreth@ ol.hthg d and will brod
arppab ERTIS Eopd B ¢ (ier® i seieral Ry 2RHa e B B g and wil produce
s bR PauRI bt Uebmpdct dnd rricit i Burbld @ BlefBRdblyluSed) WHERLREY, a pressurlzed
content of the neat nethanol deconposition fuel
cahiBtebcanbe gdetl apiwitt prvideldesisbleesulte tThe mlethhjpﬂmwxmﬂm feam the
ca%fsth Qy&%#p%{lani.éfaé gtﬁ%{rc)erqrﬂg% EI?H\? Ee% ﬁﬁ derf lona@ the oprcepehan?can be
mH i tReehdiRé1, 18 WRIEEGs¥nk bro?&lﬁﬁlr@dréf&Bbli R shdregicarbbididxide
yiel d, the deconposition systemwi |l not need to
wmm\ssjat@ imthel re‘@gferto provant ertaoenationa O A pen-ddgeadalijesprengflant, for example
reas the ref orﬂ)ogthg,y stem essentially needs to burn

erB%imalﬁ?%ﬁ” $5&R IR heat , whi ch becones

par fheiésBhtinvehtioRbikd srbmrably Udes aivertin djgzanto drvadir itO B8 @Grmer using
are unavoi dable (e.g., in portable systens The
thp pressurined rataptatet dsdie matied gasabiis sqhgme supplss a s icoRfigurpiipsjand taps
stem. Those .ski |
i BRSSP PR shbite O b Sinc RS, i farfsFE: érogen

ge‘ﬁ&@toh@ pai€ ditteidensbll dystprh QRkie ﬁhaﬁilﬁﬁé éoa{blreesd‘dezs "bure, avliilable &éhat can
conpact and efficient punp is preferably used.
dwtb/@rowa? foutap 9umea cw@gfsou P& pne arYP'ﬁ‘E’bﬁiec@éﬁ NBINeERSERYY- fivpuch.

the re F{eg Ye eql%t t%?)&yoﬁanomareap Bm%%lmﬁ\(?h‘ltrmced
?( el rom pr ope ant separat ed
dur%ét@lfﬁth&lmrmaet hanol by a bl adder Optionally the

propel | ant can be
Fig. 1 shows an embodiment of the present invention combining the decomposition reactor,

permselective membrane and burner described herein. It is preferable to house the components
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20

m xed with the nethanol, in which case the propell ant
is preferably one such as carbon di oxi de 20which is
stable in the reactor to prevent contam nation. O a
non- degr adabl e propel |l ant, for exanple propane, may

al so serve as a fuel for the burner. The present
invention also preferably uses a venturi ejector to
draw air into the burner using the pressurlzed
retentate as the no

i S ST P RE] Bl o ek BT o APy Gpel 20
pr&fglgl?}g"nﬁ&ﬁ d'a% gssﬁl%tlrﬁaéégrﬁposm r‘égc@or @5 h?\[/hlm;gefeﬂaf)ly Elgrfosed

ydrogen 25generator is paired
métbiibl deeinipost}aﬂtcetalystﬂhelﬁsel rqgayprb@cai bydmﬁﬂee@@@e!tml rFaCW%@ably

avail | abl e that can directl ovi de f
pegaqﬁﬁﬁéltr?tx(gﬂtﬁ%o&ag per%lwfﬁ!facgve eﬁ}bfﬂntra s%oa é‘&‘}' gé |n{o é)f"e l’{l 539 wﬁuch is
or818615 Sigdo¥ed viiRin Stiakhtor hH\Ring B SﬂﬁHdleﬁéiter b rﬁéﬂnaiﬁ is [FRY preferably
possi bly be tapped for another application or sinp
supplied todioecand-usk anplisatiop. Prodydtgeof e daeamposition reaction that did gt @ermfate

thl;(oH% s&ga(g%ﬁ[g(g)gpirwghggm %SI?%C& gr eiorexp?tger'onﬁgrﬂltegtgﬂ cﬁ%@ ami ng

urfd2diePHENSY well 85 REdePBGrdaadts} bid. colletctwbls} kitwafae Ferddtos: 220 Rhtamme 22is
the conponents wthin the same nodule in order to
refeagei! from fraetonA9and preferebly £qute 8t RIRSSHTe N ig5i9r waish Brgfgrably comprises
ori?'cet ressfraptor H? él%;%gfid: % H&%lgg% r%kgr %Ltﬁ} Jeﬂ&ﬂ? gl%n;@:iwnﬁp*r ];'e tér:{gr%at y36 The
s.ﬂl&wseﬁstrmctr BaBsd redaate m@&tetthemahro@gh@kejssabxyaatfectwmemgames the
produced by the deconposition reaction prefera )
prﬁﬁéwﬁeva'ﬂ'@@aftwﬁe agh’s WGFW@@W'WH@&%E‘{"F% 2RSS Fﬁrﬁ%s"ed pressuire
I r .
37O 1 AR ATy M R B o
thidyigh pg@nthrotl36 ints bilriie A7, pihieh emmrgblygnqmqnbllyedwremct th geactor 30.

end- use_appl t Pr oduct f th iti
Ejpctot thread 36 m%d!p%gnsla%&geturggﬂ%%s tgl%fath ?roaﬁé ﬂt gré)g:%ggze( fo gglftnon The

sugﬁda iRk lby ejg&mréa? b@&ef@%ﬁl? Blﬂls gﬂﬂi% lafo3 mf&Q)Utheﬁm& @ith the

rogen, ‘and unreacted (as well as |esser

reteyqate adudich )Jremr&b!ywhSIe@aﬁ buvrer fyaelk Penandiag upoe cenditionsereeptate 22 and
Retentate 22 is rel eas fromreactor 30 and -

SR UST BT B IPUER PR eL Y Ry Ly opoggg iin burer 7.

THRheh@IR Péﬁéra@éa'ﬂ%{féractﬁsdn&&%é decSRpokifis redcBibridn c3fly6tizs prfIGiton to
I'n nozzlle 12 and preferably centrally aligned with

prefpraldly mrintaining a¢rmS@ectivEvepasatored2 af a empérptuie Sﬁfé@w*y EQ'UP egxdite the

and r nt at fI t her et h
iR SetP e AL Bl porg e

25

30

all%%eré@ RO MBI SR Vath Y nlif6 €0, MeaCsXofidngdrs i dtrer é’fﬁd’énew e
the desired pressure |level. A high-speed jet of

enhgricemen tievice@maysonienafieaitaiatively erradeifiorigly kerimplerpgated to maximize total
pe\rggrsn]tah?eco %ne sgﬁ;{%m %Iuer\%ﬁg *‘rrn? gttjrﬁtg 317F1 ? Hpgpna% ﬁecé.é%ﬁ? F(er 9 Qheat
ar ) IcCh I's prerera y ermal [y

re6RBY AELREANA/E altARSE Glean3d bed to remove the last traces of unburned or unreacted
gases.

Fuel 20 preferably passes through at least a portion of methanol decomposition catalyst 31
before it can access permselective separator 32, thereby generating sufficient hydrogen to drive
permeation through separator 32 in the desired direction. Otherwise, in the entrance regions where

fuel conversion and therefore hydrogen concentration is still low, the hydrogen at near atmospheric
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15Ej ector throat 36 may conprise a venturi, a straight
throat, or any other passage configuration. The
suction drawn by ejector throat 36 preferably pulls
anbient air 23 into burner 37 along with the retentate
22, which preferably is used as burner fuel. Dependi ng
upon conditions, retentate 22 and air 23 are burned
directly in a flame and/or react on catalyst 38
preferably disposed within burner 37. The

Pr%?é‘ﬁ% ineplegem 37 e Be BBMGAtePiTs ML OCHET RS (L e eo%'ﬁ’e ‘E%fd?‘?“&ﬂg the

an%ﬂnt%%{%é’a?é hyar;l:: d126Rlstid Qher tPusé HRMREBFAD LY eHbRinV RIpBésHEE, it is
ernsel ective separator 32 at a tenperature

pr@rerétfle thatenbppyredibyhydroges epréeli s ettaifed beipeerigpetctanpdtream hits the
hydr ogen perneate across it. Thus, reactor 30,

m%%ﬁﬂ?ator housi ng 34 and burner 37 are. all preferably
t hergimdel stdcltt S9HAd QM Wrdahde brétBRehN £nd8 twolgaibs <8 Xikdh &IEAY &ir into
and ot her efficiency enhancenent devi ces may

theotplmeoﬂlaigl with &etrelentaie.ian@ sagonsi oY it retgpfatee flgw iy @rder to build up back-

ed to nHXI otal perfor

pr%sﬁlg? g{k? f:?rwﬁ%lpﬁn TeApIof rzfg)r%tb cﬂ(F rr]eesrur rea%pg(? ?1:9)7 0 E(P'\S ))/ hg gamally
or fIPEINBSIBESY Jtdr MediR R de@ﬁésﬁ@w&ﬂﬁﬁ&‘ne@ﬁvéltﬁa a&aﬁdérﬂrﬁ taBidem with orifice

tall-gas clean-up bed to renove the |ast traces of
resinels BH &doprdsr tw@a@ﬁeggtur@%g@gol of the system, thpgh abtfye expense of greater
COﬁgeferably passes through at | east a portion of

FH%nol deconposition catalyst 31 before it can
acCC a8 rapesivhRk aad ¢jstior Svpadiahadrs, 3, fudl bcmpekiyongmmmaaridmg
sufficient hydrogen to drive Perneatlon thro

presayse prgfempbly goteimipetppAirRalpipraent @ier e%?%"&ﬁ‘a'yt&“ﬁ%tl”\mg’?b”se iPHtane fuel
dn%n% e%PFs tgﬁlr%\ﬁ a&#&&%ﬂ%ur metﬁéebl%%té'b% krﬁ@ﬁ‘ Vﬁl’iesértq'r\d ﬁﬁ? be used with
ore rogen concentration i1s stil
thépredeag@@antdh. Mearitrast thie spérdion peforablg stilzes a raacp¢r’61ytm:d3@ tapdhive the
the perneate side will back-diffuse to the hﬁten g g
e:%toa@d fiyqh e byragfinsieAdoftresttrrRIANe BE! HECRRSERUE I o By desion
wn?tgplcaTy b@%fi‘e%np rl\ﬁ’cﬁf sdnﬁwéﬁ%@ tﬂe@ﬁ’eﬂ@dﬂ?ﬁeﬂﬂ%ﬂrﬁ%lﬁféw e REHeY¥nuch
as possi I's preferabl e that an appreciabl e
loviey dia.gmmatsfsmtnsursordﬁrtcanmedostelyfacalestolbmonne@&cbmﬂ@nd minimize the
stream hits the menbrane. 5Orifi rest i ct § 9
effigjengytiospes; PRUBH ™ Besting ‘é’f‘E'P%fBTS\?’V?gP Salor iy “3 RS of the orfice
antl bfestbr thrBat A A¥eRinfust HalaRdrd Qfeflly ERYBEN 1B OME eMbddimeni@Sf the present
retentate, and second, to restrict retentate flow in
inventibe thah @itipthe bata n@pymms‘f( Oesrits therdifficuitiest df ecf@eéle@ apelsierfpreing
react or ress reacto

bR SRR YD U B TR b PP PUprn ey e

lndmh@évegﬁylhﬁlﬁﬁy S RRWRstdnh WiEotiebr bir déﬁi/drf@'proal:t@ﬁ,&u@f asiaf open
tandemwi th orifice restrictor 35, in order to provide

or cérweddipr hurrel dgsignttpaghuchfheat héy;go?y I@q&gnqthﬁjrapgﬁragffeqlh@or A pumped
alr(§y¥?r? egungﬁalg%t]e E)nearl co OCO J[ tht X\b lgthat re%thrll?o efénld%ormol in the

eQTo PRI OY dlane

prés@RRREhtbh, @Nentlih@eddr R\WreddiablyUtilizet aRstiice tofaiaf tae aifb yrovnded by

determne the air-entrainnent rate. Small cataly
exbrnaipR pigher Hightpressuse rotaniatreart QIO GPUrerdhRt PUE piBrYise Be ?ﬁff %tWO tap
angglngﬁé Qs% lef into the burners are known in the art

nd- e e Used with the present invention. In

C 0 ntdoﬁtﬁdl of tﬁJHyBrogd’m\@ﬁlératmyﬂérﬁBf&habéwntuﬂiv’ehtio @&Prafierably achieved by

reacti on by-product to drive the 15ejector and fue
coptredling the fustflopiale iorpiniin thp Bydeqogh erreior RAdIeray  prefegRgjtemperature
se B SFHiR Bberiach e FURE Bty Aalbel SmpHBUE B e

ratios will likely need to be much | ower than with

but ane systens in order to nore closely attain

stoichionetric burns and mnimze the efficiency

| osses incurred in heating up unnecessary anmounts of

air. Thus, the ratios of the orifice and ejector

throat dianmeters nust be nore carefully chosen for

sonme enbodi nents of the present
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20i nvention than with the butane systens. Despite the
difficulties of achieving a well perform ng burner at
smal|l scales, the preferred use of a catal ytic burner
and an ejector induced air feed . increases the
overall sinplicity of the system Wth other air
del i very approaches, such as an open or convective
bur ner design, too much heat is typically lost and the
heat transfer is poor. P nped air ﬁ steg1 Eq Age an_
o BREeTB 58 HERE Sremer SR EnR eGP RGE. 7 Q0 Pag s no
Vc@ﬁsu%@éj tf%%?érg&!n peljmgatg la%s%gbqﬁlﬁﬁﬁ@&p driMERtn@he Bartial pressure
nturi ejector 1s preferably utilized; the force to
ofcrheu hyérogenén thé reaéts. plydraged ®d nbyonest permeate frqygh thi gembrane and will

eSS o B St o PR RRURE b Bl oo

med Rt fperature, so the fuSPRel Rl is @creﬁa&% abé(ﬁfl@geﬂ tHe@AGLsdicahnot
system of the present invention is preferably achieved

wunytaodamrrrwurlogqn@rqsheesf theh a $tansigrddgwestreqin prassHteapdylatoR 0 can be

BB T B R SR 8 -

thé WAYEned by the @Hﬁ&s@%bﬂh@aﬂ@ﬁﬁwdﬁ%ﬂ%sﬁr@ bf detrhdate[1 @ebps, thydogen Aill
schematic of a sinple systemfor such control is shown

adajn cRisg3he fnemprandy y Ay ngj;é'mdrpgen 196%s tp) gqrpﬂj 3tdedTAdels ten}pﬁ@ture will drop
per meat e pr. i
oA RGP SR SSRE o bl 0 by e o

fubl@aéde for bdtly ﬁifdasganpr&uukthon RAd heaf Qidre @@pli@at eorttrlsohegyies (ehga the
menmbr ane and wi | | instead_go to the burner alon vvithbI
temheratpre gnd ppsstitgare pteedplative txdemand)anay alerpaialy breé’g‘iﬂ pesgly

retsu.xqt'nk ‘ﬁﬁ'ﬁ) hgbo%erg ngy gﬁtt %‘m)?ers@gt% BQescrtidd BQ@ réch@els ot\lb 8\ontroller
Pale |'s decreased accor |ng y he end-use cannot
senbihd s thatidcdupig lor byehtagemtps msm‘rtesontrbl’twloa rafé afifekh @ which can
downst ream pressure regul ator 40 can be | ocated on the
be reardlly pespmplehedeleeenisdr ogen 21 upstream of the end-use
ap p| ASEhbLRn FRS 2 E%gékogggsgurb fogliBBCRARNRUNE R R¥ntafe@2 upstream of
end- use apprlcatlon and the pressure of perneate 21
ornibemis WHily the exgelatonvhayl beaigiad for constess predsaregrretimenation, Agnay @gtipnally
rogen goes to burner 37
P ARG DORET G SRR RH TS BraRRy gy be se
atia iR SiowaBle breQteltiddk RecdRf tofd @kceddbd bbBrTetonP LY taRGol, NRus
extra fuel needed for both hydrogen production and
praeating fm pigeteialp k2 wdit eldghoamughgressuthis aettievedacipss pifige 35 to draw

ure and_pressure ontr, IIe I
su{{@ggt Wjegpf %‘f‘ﬂ g?ﬁuveslugwls%%\zallg com kge %osmS %ﬁ gftrr%térﬁ t% 92 as fuel
fol the BirGeFniONaR ray 88 Sdvadtafacus duhﬁbtstatrtt@ oSfoﬂi!Jirﬂb)&)fﬁtaﬂdSﬁ ln
descri bed here requires only a controller senS|n%
ad.'dhlerl qugistee l(egmat@t4h @rpref@rﬁwdatsté\ble arHip grgteyably yarieg Aerepfing
w rate

upge gﬁﬁfﬁ' qf] %raceéf \éaél?t]gjes sué'\ ?SI tempe(r:art]urg Mo%%&tﬁlﬁr%qé !)éfnts |'u_ the

oni ca
sydteinS OR@6kndRé ARAUIIR rﬁe@ﬁﬁibr&b@ﬁatﬁgheﬂﬁer&th@s éndmeprfeﬂsures particularly in
retentate 22 upstreamof orifice 35. Wile the
the eayes eftstart—umayd trrasieri® ey entiopady B eiprioyps B@dditfoa to, or in place of, one or
xper bolBY optionally be useful for a
%@gg}e recqéj @ qﬁs rs%nb%dn generat or. For exanpl e,
bac Kp&sﬂﬁeﬁbé for the gelhahdddecéthpdtiign hy@rogat geddratar afthis imagntion would
al | owabl e pressure that needs to be exceeded before
berlep@mr@tl@ vaith achyogen Higl cefl fppEovisig gPatiabletsestC PRvsiPayfee: Inone
n [
RS ShRL st e A GOAUOIREFRSHE S SupahHRR 2
ejector 36 to .ensure substantially conplete
~conbustion of retentate 22 as fuel for the burner.
This feature may be advant ageous during start-up or
for standby operation. In addition, back pressure
regulator 41 is preferably adjustable and is
preferably varied dependi ng upon the val ues of process
vari abl es such as tenperature or flow rate at various
points in the 25 system One or nore alternative neans
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A possi bl e use for the nmethanol deconposition hydrogen

generator of this invention would be in

conmbi nation with a hydrogen fuel cell to provide a

portabl e electric power source. In one 30possible

enbodi nent as shown in FIG 3, hydrogen generator

nmodul e 10 is supplied with fuel 20 preferably

consi sting of approximately 75 wt % -100 wt % net hano

and 0 wt%to approximately 25 wt % water. The .
preferiglly eansistiap PaPpgYI@atply & Wifer 0 Mrerratiane! 7d fptitg aprramately 25

dr og - ' K Rérht8indaQle 10

R B SARRPLE) Blre FRRY otz Bl M B oo R
is FRRAbREaDIANoOsedss1 cdnel chlhdetrdge 52¥refarably sepgrateg ppasle 51 and

oxi di zer 23 is supplied to cathod a voltage 1S
calot N AP GUST GHIFE) S AT PO B3 e e acros
S 30 A ARG S Her cBY bd dkfadRTHy MR doRBinion BitYH6@RRenerator 10
generator 10 and fuel cell 11, electrical power is
ang uebceii tl € dbleftricahpdwieqis pehefated froPquid fuel 20. The pr esent

i nvention preferab rovides the combi i .

easil T{PHERH AR Prie{ﬁéim PRYdgs e} ma'n%'ﬁ? 8\l aﬁ% é%"g g%r%t"e il fuel
arld %quxlé%d rodel Brobigkk, kRl iat@f of WRICK Grely Sintplifiés SndTRdrdabésd el edlidptions.

I ncreaSes fuel cell options. For exanple, with pure
Fdnpximolpewithpeierydrpgen peiteriovidsd tebe fugiepll. o tpmpera{fp fusl cells do not

tenperature fuel cells do
RGP ) .0l rHRERY R HBlogr ot o
cahB€ grtéh(t?rs%@f@i withdiEth@prestacd df krtsS@ g Phoybutying obecignietivh lisyrequired),
sinplified without the presence of inerts (e.%f no
angd alkgline fretnellsrqan be esgh (ncoinereds Toddipraselyt in e fydapdty) VVhig there are
Jfuel cells can Us [ . i 5RE S
sy 15, G P e BBol D frlchedoirble s a0
hy@io8&HTIhE 6d\@RtaGRGT STt sRpEcity, @iyd hydrodes yiblhe at ek et 7 kedt source able
nmeans to provide pure hydrogen, the advanta

. ( es.of
to gyaseamnSERFRIAGAJPSESE Of A YRPHINERIGH R PIRPR igyent Ul in2 igyic-yeted
e Ik Bend Ze-rel ated | osses of

m%ﬁg&ﬁ%%ﬁpﬁgﬁgkéﬁaiﬁéggﬁégent i%vention result in a

| i quingds 4 si@pie embddientdt the mettahat dedomagsitios hydcbgamgenefetoud the

for portable systens. Thus si pl e _enbpdi nent
st e AR BRI AIEEBHBR T B B7 G ey AT G The
prSJ'ik?onQJF S?rg Rlat EI%VVQJ]W LParktBABf th&&ProBucts possessing heat value permits the

reactor/separator/’burner nodul’'e and a pressurized fue
reGUtSNC olimiikatiorof theins edfor heht egsttangerdrrd tseraratovapelizpy. otherwise

separation of the b roduc%%FF%ﬁgg %%%%op%gﬁg%ﬁ%'gw?ng@S
it m&‘w&&%@mqfo§leraaﬂgic§t%9§, fstréterdshPAHaIngERithout@hdiBeiM efiRiency while

necessary to attain a positive teat bal ance and/ or an
prefidingdiyérndenyigkit emm ot systegi capabilitigstthat exgredthat egguerent pertable

attractive for portable wer I [ ' ;
melpasp G BB MPPUT R e Ut LR FIPER Rl o p APy of (1 vsing
a Wak}g& oM irdXBtidAYcR PRBucks BYpetRluddthviay het vaBues@Pseparating the
capabilities that exceed that of current portable
prodtttadrogenfrofdiretyprgdusisdwiicieane wpemas Rirsy &rel, aridi () cprgbugting this fuel
| east iH art dqe to Jhe advant ages of (1) using 25a
to e H mg%ﬁ%?%?PBﬁm?ggbtion whi ch produces byproducts
havi ng heat value, (2) separating the product hydrogen
fromthe byproducts, which are used as burner fuel,
and (3) conbusting this fuel to drive the hydrogen
generation reaction.
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30 Menbrane |ouring and catal yst selection It
is preferable to operate the present invention at
approxi mately 300C, although other tenperatures may be
enpl oyed. This tenperature is effective in alleviating
t he poi soning effect of CO on catalysts in the short
term however, over tinme nore stable CO species can
format catalytic 5surfaces to slowy poison the
desired reactions. Al so, it may be possible that the
o anedeulingand calVL sl coked by the net hanol

ec L °

it T iee P e IR Bl S aouber
tejpperarsres mayf hevepplvperh IThis enpbratvet iheffeolive ieademigiogsthe palpening effect of

contam nants to maintain a stable drogen .t hr oughpu .
»poiséh the HEBIEdSatibhs. Also, § 8 ible that thesur@Eeb2
SUAST 1ed e Ty S A 217, pp. 157164 10(2001) 1. o
sidvdyveberby thermettiaing degpehpesitionr Elsgwiipriedt has peesyshpw] that the introduction of
| .
oG TR F e RSB RIES SRl g conamnan o
m&fbiak ¥@ble ﬁfo&%&mﬁmrdd%hﬂe.@.@%&oﬁoaa@wa@dgttoh BveE Bl GasT PHAY
of oxygen and prevented it fromreachi ng and cl eansin
m@rh(gamﬁﬁ.rﬁalmqusgm;,ﬂ%ﬂeﬁhl, K. Dapngtus, fgpligd Cp@@ﬂ%é 2(17,—pﬁe1 57-164
egt of exter f it .
(2§(g&.orﬁ% el*vgrhlnghﬁs ng%k\ie%gﬁ?%h I‘t{{%ﬁ% gg%mrfle%,grlg%g;éﬁ%%s?st el‘reorl],logtj Hsed in
cohfdhdiorRGthAge rﬁ&lﬁﬁ_%rﬁﬁl @Bgsumably, M reatalySereseri? @6uld beld Satdly3ed the
CoPRR B AP 51 EHTP ORI HEPHTEE THEfiee. of
ce of
.mst Bl’ly 3ngoull¥\g hoﬁﬁﬂeé (E‘Th\g@ffé:\‘:[ of CRBAAI Mtrﬁgﬁn‘? competitive
i ntroduced, presunably to clean the coked nenbrane.
adfgﬁﬁﬁdoﬂ ancact:mila@&’: mgrogatl ;ﬁhry@tic;nmltzgm?min Bﬁsgjm'gmbrarteiss J. OIlwemb. Sci., 206
amental study. In contrast to t ove, st udi
140180 EOP DL e PRI GRIER ARt S MeBLATR Ebe
m%rqgiﬁ&:ltil‘?lrhﬁ prg&eﬂrcé BGndblafs 8 hydfOY & Wl vagok whshaiddlibeucab! e
for the hydrogen generator to have a reactor catalyst
présamalsiyijosieart the ooked thmbrives. eaibeaeastl catalyshwasnobiseni this
. il léISt r%t ed above, i.e., naxinumreaction conversion
undaErertalRfUfim separation efficiency. In order to conbine
t he alinkrhd: 1 1 abb@d Sldiek WndrB eabdén ielladd sbn@erdich werembBortant
the pernsel ective nmenbrane (as di scussed below) with
fatdre intbe presentinvestiont ibis preterahleyiartthe Hydrogen gpessaierdapaye @ Fragtorgatalyst

_appreciable fracti f the ) . .
e RRGRE e b B OB B R e
cofRknERG haXiRith depdratiGdritichEN Hiditer tdmvné B abilkofvatetiBene fuel

of a reactor catalyst
mixture to cleanse the permselective membrane (as discussed below) with the use of a reactor

catalyst, it is necessary that an appreciable fraction of the water pass unreacted through the catalyst
bed. Standard reforming catalysts would quickly consume the water. Thus, use of a reactor catalyst
that is relatively inactive to the WGS reaction is preferable, so that water is not consumed. On the
other hand, to maximize hydrogen production, the catalyst should be highly active for methanol
decomposition. In other words, the catalyst is preferably highly selective for the decomposition
reaction over the WGS reaction. This may alternatively be described as a high selectivity for
decomposition over reforming, as reforming is essentially the combination of the decomposition and

14
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that is relatively inactive to the WES reaction is

preferable, so that water is not consuned. On the

ot her hand, to maxim ze hydrogen production, the

catal yst should be highly active for nethano

deconposition. In other words, the catalyst is

preferably highly selective for the deconposition

reacti on over the WGES reaction. This may alternatively

be described as a high selectivity for 30deco Pstt
WEgagactionp oBeRIRg thegeatsr @fnamrwg*eﬁ ot Cégg e &tsPef '1'1?5 ective

%ﬂ%eﬂ@&!&%ﬁh@éo L Rfor 466 ABRGTihdnkQhhich BEiid ubEPtHe FREbIaRESi is

ecause t water Is not consunmed, it can be used at
prefaeblp granbeseei paemrstareaﬂesqnoarvlﬂ@wsterh is oOxMRigth @ thet thaskis

cont am nants whi ch [
SRR PIER B MEERLS Lot pa gt B e RE i bkl ean e
mbfiGarRyab %‘?t‘le're?or@ Qﬁrr@ﬁﬁéﬁ in §@ rdtdhedie HAS loReding tiReUid] VAic@Nthe
water to clean the menbrane, but that npbst of the
retgatate). Alsp, thhesefaf edchjagatglysd d/l“tptﬁfw@aﬁsuﬁ neheiamrationsgl morg{p than
bs t her ef or |n the retentate (thus

ikF 1"ﬂ§asir'ﬁzher}%‘?i]’a"{fé1fﬁ‘e "B"%e retentate). Also, the

use &fa @be@ro%fe@'aﬁcﬁﬁnpﬂdo{ed =0i] G:itﬁﬁawlbyed' U?S\Mdsb ef a0 [N.h@asa, T.
formati on of nbre CO than CO2, thus increasi ng the

Méypesgi Vi INeeuaf Mt Aval. anéiNe Fakatawa, Aplied Gatalsie fy248115%1 9reR0a%
t ed I
ur]pms?ge’rc] %%nﬁoﬁ}écgma E%/Z?&V\?Asy S1£v§ setle%ﬁ\{\\i %r RXmLA@!ﬂ%%nﬁﬁg &lwell L:Nhe

hidrRka 23 8ehyd rS@eW geﬁkdatﬁﬁtil&i ty Flethardl de2diBpdbiian L6 MigHGBipdtive for
10unpronoted Pd on zirconia (Pd/Zr02) has a | ow
degamneastipneves WESE AveiherEREY CaPPEIoRdfgialEs Ryerious OXigaupports also

sHvI &S Hrcdn tsﬁﬁx &xsiaqu@m% ; Serfaeaggco%ss.trog RN, K

econpaosi ctive for
K@@@@rme(swﬁzo@w DrEEmMONGS) SalAraDarhieM Hatuted B pieh@atalysisgh, Pl 123-130

catal ysts on vari ous oxi de suaﬁorts also s g Esf hé
(15951c GHiTE. S8t 248P0eg i A RV hBUEh e Regrife or Progen
fo%%%%gm%hé onlOenﬁl%?éu B, refohﬁﬁ’d'@atalygts HKALANRr a1l pr&@&@azé?&lf cant

tsumura, H Sakurai and Haruta. Applied
arainedf pE-predudts siidhlas hBaid @e&ﬁl(fd.r@@@)a}nd difethy! lather, infafiditiop ¥a €fe: [J.C.

supported Pt or Pd catal ysts_are r | ect
o R B AT GH . R JEBHORAE LB eom)catabase
oﬁq%fsgﬁpm'tg] heGRlARladbat e ca@%st& he sél@éﬂt’cﬁfﬁr ARl Od | g@natlon,

significant anount of by-products such as net
whmedsy)therqurdaaare selentivedfprrintdiiyl etkarhemethdng [ db BhdnoM- @'@m@@e

. M tgtim %% gncf a n d A%Elggﬁa%}’ys%f\ %%3%5? ZC%Z %%gg'%meg i::e§ ?Lcaﬁ) Q i% p $erred

toTHMMRE tnﬁNanlteE‘ gd@ﬂeﬁ&@ﬁ‘é hd BASRMctS atakiny Sese fadiéts BGLtREE L df kh@ catalysts
for methanol in CO hydrogenation, 20whereas ot her

stodigdde thegprrefersades dd/4r@: it prefededier thglmetéarﬁéiemmﬁ'ﬁqnwaﬁbst[ow"s

m\‘/]entlc%hm or’der'}/(l) allowlélls mugi water access to the membrane as possible, as well as maximize
the total hydrogen generation rate. However, other catalysts may prove to be equally or more
effective. For example, Xu et al. claim that the selectivity of their leached NisAl catalyst is nearly
complete for methanol decomposition over reforming with even a high water content of 1.5 moles of
water per mole methanol [Y. Xu, S. Kameoka, K. Kishida, M. Demura, A. Tsai and T. Hirano,

Intermetallics, 13 151-155 (2005)].
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Mat sunura, and M Haruta. Applied Catalysis A 213
225-232 (2001)]. Hence, zirconia is preferred to

m ni m ze unwant ed si de reactions and byproducts.

Taki ng these factors together, of the catalysts
studied in these references, Pd/Zr02 is preferred for
t he nmet hanol deconposition catalyst of this invention
in order to allow as nuch water access to the nenbrane

as possible, as well as maxim ze 25t he to q
genéﬁh&%qﬁéﬁ'"g S TR R PGP AR DG AP EIE 1o

rﬁg%hé Frehcd ®h ?ea@tw (%féﬁyjstv @prei%n%Bly Q&m \ﬁth tELbis8 bf 2dmall portion
aimthat the selectivity of their |eached
of NatBrAh tatiel gostbinedwithdbe dlsy ot:a)wpdlset téatﬁdeghWeelhfalm)ﬂor decomposition over
deconposition over ref orn1Q% ven a \at er
WESTOBRE a4 BToud S e pot st AT b A e R
Xu, S. Kaneoka, K. Kishida, M Denura, A Tsai and T.
Hirano, Internmetal lics, 13 151-155(2005)].
Industig! Amplicahilii: ng and naintaining hi gh hydr ogen

or coER ke 1R SRR RE L Tpnl oERR] SRRl 1S, o

Wi t AntelgribheRal odde ﬁé@&ohstﬂ@téd in@Bcofifanskaiitd Figl Nsuch elaf dilents of

conbined with the use of a catalyst that is hig }/
theeimpendniseotidbe eleraseindsst varisrs SPeimepaRerB§Ataes. t”dough y 1.5 mm
w%er aeng ﬁ]s & e?%-?g S%B%’]SIHQ éhar?rfeé\x\%trﬁ chl[‘ngﬂﬁtr &%Eac? )|(1|@|tqgopperh rgactor
platENRIPrdvRidn ivas .quethmd kcbrineigibiisaxb ehebandtohtae 6rmh|h€mV\TI'Bg.hannel and

non-Iinitingtexa An experinmental nod

inlglpert wandlies i aéafor'wata'é iz afa??é'@"wd?‘f?mr?i’ﬁ"’" gtk r?'ﬁ"??ﬁ? betuween
thee l:a?aqﬁpéh%n% -suSeh)(? the 9 Qﬂﬁ‘zﬂé a%d%%ﬂ tl@& sfétﬁ%@gﬁgﬂ Erﬁpk@%s a 25
arious experinental pernutations. A roughly 1.5

mWoﬁi thicA Pd fod samwﬂmpayses penthickiertoh papeed fotwagpormochgas@ditrlbutlon
into the face of a 5x5xlcn1co er rea % ate

oo e RSO 8 PR VB GR-CImEIBIRIGEDY Dl Hegy eria Seie

shgét H{beeﬁﬁaﬁgm er;r %Q}WQSA of ol wHs QlemP OK ﬁtnﬁ@ﬁﬁthfa bhdpR&

approxi'mately cc of methanol deconposition

allﬁ\ﬂé(ﬂjay sdllectith tompihe plemlmr\lem seegatg dibesings Ntat;h%cﬁn the ugdeiridesf the
the copper plate and g qﬂ1 t hi ckh t ai nl e gﬁ calle

COBPR FREP'PIAiRYas SR X PRSI AIR'E P P TR Hae vl

chgnn%'lé WEPB hdthifda. GRE BRRndkadiRiibateli @le fFHRRRNE aifdVdr HBSTIO, catalyst bed

istribution. 15Sealing around the foil and to the
(tiphia bgportiasn Aladesgidissdived inuwitan gndsh@ryieast b fisd RjieHPREt e

_gasket sheet. Th ffect hyd
lmgliegrfa}qcép)f 'gfel ml%érg’m%) d?}s&oe Cn)&'»d]\a{ %? ?I\‘%nrtt?r ﬁerc]:%o Vél(hgﬁ dx%qzﬂ? %rg\; i&Q bya.
prédidiRAWRHo-BdRe eRhihaRGi N Dok hé%e@' AJXERy hébtlhdl\ﬂas provided by a

separator housing. Attached to the underside of the
caumpeeaterrmerte@nnthihap@pwasaca?r glaeond, or burner, plate,

t whi ' f I r al el .
0l B % G312 e

eafédpcﬁ}ered @¥&tigh @ te%%r'ﬁtu%?coﬁﬁdnal Yr6é fubledht@ (vas previded bg urpplwct pump,
fromAl fa Aesar dissolved in water and slurry cast

and
typi¢athoat OFQ|4 imymint & bp@k-qrqep‘gwg gqgalpqob\ms usqhia liguff (oF mﬁgﬁﬁlqnéq’)@e ejector
org?e for. cansgar%glressﬂrev&pe J‘ntat%jn eﬁ/&\@ﬂ’ d)\él}a{éa Tn‘} thgccmﬁ&ﬂtlgn shogn in FIG. 1

CSOﬂ mcr orifice term nat

(1.6 Uaadbifidranabiegtessure agialor) aAdIx 0.04 amyin hiaairtcngoduaslo at 300°C, a 17
provided by a cartridge heater inserted into th
misiop ﬂbﬁoo? piRmastr opficarasulisibR reaRFISRERP'ROP A0S P sl o7 vse

ofV\@argeer gg;nﬁ:gm t(d)ootit}‘ﬁnaﬁi.‘éé} (;n‘ﬁge Jeﬁ&ptgg QﬁoUlr a%.é@thﬂ&) Sslﬂﬁ back-pressure.
cartridge
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25heat er powered through a tenperature controller. The

fuel m xture was provided by an HPLC punp, typically

at 0.04 m/mn. A back-pressure regulator was used in

lieu of (or in addition to) the ejector orifice for

constant pressure experinentation. Wien operated in

the configuration shown in FIG 1 (i.e., no additiona

back-pressure regulator) and a 0.04 mM/mn feed into

nodul e 10 at 300C, a 17 micron (0.0007") dianeter
Megpired fows warggpalad tp Fpom tprangeaiys? togprdeass out ‘8;"* SaGRgeriEn the ges

[ I ' iti

BT 15 L v R B o Bl B 8 e TSP fard oneitons
ackdBting Sor ghbiba plesreese temeeratukdeasur ed fl ows were cool ed

to roomtenperature to condense out |iguid conponent

and VEIY: geIEvRiene o ReRepoHiRRSiP Ut TS B MEREEPT femment e
coglb !oﬁs_ca%mziulérﬁh%rétuég ChdG I b rels Qe ttaudarmhe methanol

condi tions accounting for anbient pressure and
det@mpeitiaitcametsiol sattion yieldavantypially oresteeat leke BISPRYESS ] dnreased as
th%@%%h 8312’? in gése ﬁ%oevf?&%\élﬁ%g%:gebgeaig % ﬁ(&g@tes@e wgwte§ thefd%c%b\position

eratur and reac

redM P RIHERReVRHh hel R sR[Activd bsparifh MaMBrandtREOIHRA e thiditocesses are
conversion reaction yield was typically greatest at

in begies. pihisssaweliknawtadientzos e nearanh eeapipre SWFredhgggioval of a reaction
i ncreased. ver, the. '

o SRStV R AL GRS PR Ehe LEenc0ERae

ovBiali EnGdra6H. iTvés, B RRIBEIABIO for RRETBR PultEosthiawellas thetnfabintegwation and
processes are in series. This is a well-known

paglchging tozgbing eidecaipasitiameadie itk Bie sermpiegtive PeRoraNg 35 fgpicted in
FI$f1a reaction 10product (i.e., hydrogen) shifts
eaction equilibriumfurther towards the products and

henagyds BE6 Bie®eSedmit apprbxitady 81050 Ba.dediablg moidle ¢wrating

desirable for reaction purposes as well as_ th ryal
tenprrafyP S thsiseeampositinnieagPeigeatisn RisHBPt BSPRE S%%eé‘ﬁb BYY RN

I [ e ' - [ i
o R g B D en "
tha3§l¥ecds Smpdebamthrpadabe&sesiodul e operati ng 15t enperature, as

t he deconposition and perneation rates both.cho

suf fAlG4shewspxpesigentplfipw frigsaRtanad K tg RIPTBTRY CORANgI0Y Pisgmpenents
anélégrldgigns. Neret £IPGEAhURLSIWEEF RieRfs MobrbSatlo@M #imingé the R@dule

adsorption on the surfaces inpedes both processes.

méit&nedat s opBra®reaE BO0IENTHeldefdnpasitiontcelslyss waa i - BeacPf a6 e Bd on

preferred conbinatio t d Lt
oSG RG] A RACET P RT TAE ORbA SRy

+180/24 st Bdsdle PO ddpaSHdM MR waABRIdId Srbviedneighast yields of the catalysts
tenperature of 300C. The deconposition catalyst was
tedted? Spe & tmAacBverrés egnselgctive separator membrane was a 25 micron thick Pd foil. In
a standard experimental run, the back-pressure was set to a specific value, performance was
allowed to stabilize and the gas flow rates were measured at that pressure. Then the pressure was
set to a new value and the cycle repeated. In the figure, it is seen that the hydrogen permeate yield
increased nearly linearly with pressure from 6 to 10 atm, even as the methanol decomposition
conversion (total flow) decreased. Apparently, the increases in hydrogen partial pressure and
permeation that occurred when total pressure was increased more than off-set the decrease in

hydrogen yield with the lower conversion.
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zirconia catalyst (a zirconia support fromAlfa Aesar
was crushed and sieved to approxi mtely +100/-24 nesh
bef ore Pd deposition), which was found to provide the
hi ghest yields of the catalysts tested. The 4 cnR
active area pernsel ective separator nenbrane was a 25
mcron thick Pd foil. In a standard experinental run,
t he back-pressure was set to a specific val ue,
performance was 25allowed to stabilize and th Z gali)1

f 1 oWweafouss thas pressves Sliatdagstrat R5deipble S5 PEOW PiRH =t e

pe eeezt’lrartgs ar? %laﬁ\ﬁe é’ év? evn &%M}%hvc%\}é%loﬁgge E%&X@lg@ler Conversely,

ure iI's seen that the hydrogen

. higherdpeating pyeselrad willcdreas exmbreas thpughputeiat W thmntoldyr]@m@slyulmé the

from6 to 10 atm even as the met hanol co
eI EPeSTOoD Gy e dreCPO BN BT i e oo

m%g% ed %gﬁﬁg‘dul:lﬁb Mmﬂ&%g&@o%h‘)@ataggﬁﬁﬂﬁé fheABAnPRETTRAIDabling
ccurred en total pressure was increased nore
adédlate hgdrbges ednversien atetghe'a;msurw E@hycmg@g isrienqved EPnpihe Fpagtprethe

| ower conver si on, V\ﬁ g@q ressures of at
mqtf@ag'tde@ma?sfﬂoaﬁ‘é“"%‘g" W% en s %‘T’ Wga{l is level the
per mRaliiQhratcd iR SavdFaBle FURithal ®bré atthvd @Mthstehﬁbkgrhent of the
conver sions are sonewhat higher. Conver sel her
pr@pmnmmnng Tredydsegen sermieate vield for BB SN eRERBTHIfS ‘P"I‘ﬂ%ﬁ%@ﬁ‘ﬁm’ 140

W nica
psgé\ﬁmglgl %/o 8{#?0%%/%3 mg%lp%wﬁué&‘r{)g%ng/gﬁ np%@?c?\!wtgna fairly modest
mérftidrelaR. PRCIGURSISHS pow-Ehbﬁhd'F@yro@ﬁn protiuded@ath & niyule was 5.8 W. The
I ntroduci ng addi ti onal deconposition catal into the
spREiEnereol fleaeravared fydiegasyFaRp At ﬁbth%fa%lwaﬁ@urﬁ/%/s Gathe energy
cqnver si on. a
de]n?té maf ?]ogro'xlg\ 4%@/ c %h T;h%%egl%s :gp%&@@ Iﬁ%ﬂfhlﬁsyﬁt@rﬂﬁﬂr@gr

m&lﬂ:ﬁé‘n&ésbfebdltmbweéﬂsﬁerbm @ﬁbh&b ItrfetpO\ﬁ/é]rrmImH tagaianxiliaries (e.g., the fuel
FIG 4 illustrates the favorable results th&} wWer e
pusptand eratio! Riestionict E"@ﬁi’fé‘?ﬂ'ﬂ efisiRncYHs a'?tﬁ'éatfﬁt@%ﬁ and the hydrogen
L nvent | K Gorltdh€of the fuel is thus
eﬂeratﬁr IS fomg)rméag 2/3}% é/dsj q% c&?@%%eégbc%h%grggopy o) s
préjb@éditto He336rafh ab he WH@@H etwmaj withvghei hgarogehn yigide hesfaydegiogstrated.
yet attained with a fairly nodest ms%‘%r ane d[eeat. |;|1'g% 4to
equiARP EhtMeBBIRYvalsE fugl maEs H%?ﬂf%ﬁ‘éﬁxpﬁf'"d AL RPRehN
NEIGIY ill@rafel the h@mu&ff&dhus
m%r‘&%ﬁ@géﬁ@@gﬁ%@%ﬁ@w&@ﬁ péﬂn%gtg about 3 Wh/g and the
fu€ RRYI@)andl BB Siiticyl imydgarap pfmtqumm@l sylallgam,ouwm water itheriuel feed e
results are projected to _a ful

Il P | BETTRIBTL° sereIoaR R T o el g rose used

Fle-o 'i’ HORiE gat:!l)%t rPHﬂwe%H?éhé)'v@E b&?atéo%n%eat (100&) e@hnolor a
control” el ectronics). t he system

nu.efbfeﬂ o e;emﬂryentas ruasltTf’elhmlfbg?d permett@n Sﬂ%i%ﬂwdtIM@Wmf bgepwas

qeﬁ%grégéq?ir 9 ﬁl)cgralcng nﬁ:gﬂ@% rv¥‘8 ﬁ? aana m(eﬁxera]ae %Féule tglﬁ%ersﬁl?rla l)f' 300°C.
r@&@dd%g 8dn Ltk 188 oG m@BanbyvwhtdffileQ oiratekt fr Sé¥eral aoum bhu then
the hydrogen yields thus far denonstrated.

cunte% wae teraed | Vhﬂ/ayodzqs of sewérahhgers gfsvgeramrfoﬂp\md té()@ﬁ*él‘??‘i?étlﬁ’f‘ éi’F’e

c%ﬁ?:sﬁ@htﬁﬁ {e%‘%ltns ﬁtgv% fa?lg?\éde ﬁt waes ra ae?\{ f’a!atgh @ﬁ%lmm’kased upon

odthngsﬁ'aé Ab&R it §/atEPEdniaiing %Isf sssibind: @ BE waler edpsingthamembrane
the critical inportance of introduci n% a smal |l anount
argifreragving blotkingtchrtarhipasits. fPagigl cleansing is achiev by curve 2, and probably fully

achieved by curve 3 (90% methanol). Curve 4 (95% methanol) demonstrates the highest
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Initially, a reactor and nenbrane nodule wth
conponents simlar (but not identical) to those used
in FIG 4 (e.g., Pd/zirconia catalyst, Pd nenbrane)
was operated on neat (100% nethanol for a nunber of
experinmental runs. The hydrogen perneation data
depicted in curve 1 of FIG 5 was obtained using a
0.04 mM/mn fuel feed rate and a reactor/rrerrbrane
nodul e tenperature of 300C. 25The feed was
pegoumEndseRPtuaty REOVEBoRobe" EeuahRtbInAYEHErS. PYi KE d*f%fﬁ@%ea% agye fikgpy due
to e %vreraéonhe(?sqornsa’nd %{W&P‘?g}tla?&g%ﬁre%m\@@éwﬂﬁﬁé N@Qr wa;[a%ontent fuel
A5 Bt Sever a ours of operation followed
c@@ld B6bd OhyaRGen @andatiorugdn femirghe neatmatharioh @ywmwsg the before
depicted. It was apparent that throu %Ht_increa%ed hout was
ang gt PERBTACES R CHYRE TRt & SUPYHAMAR 3P eé‘ P 1FRPIEd" PEre:
acRORab ?L;yer% H%th& RroliMEorVitkd cortdifRTodiIdE cbdiBe HRMRMBRARE. VN then,
renov Ing contam nants. Partial cleansing is
thaﬂublntemgrddabgn i perfoenaBee shndn Py wibalblsygdests that tEOORGhE YIS BYeady
curve 3 (90% net hanol). Curve 4 (95% net hanol)
affgeprhydie 2pEe PR ghest  performance, actual |y
Pr ovi b @b Hofth Rt ﬂxme@ Rittincd ih@idvémbnié@abe rBatily AdhRved with
difference 1s nore likely due to the | ower conversion
mee ddvayet oyEenees: tﬁawbuléﬁwsb%*md@gw REFOREIFCHVP MMeMPTREe YHeg WaTa

s%%rﬁ%ggﬁ%gc{q?{]é% H%ﬁc&pal%ﬁﬁuw 0|It5 (\_)/grlglogs pésr!)?ﬁllg%: ﬁ]‘r rggrgmes such as Pd/Ag

orPRIR aFd KnBwit 418 hBRREEsHBRAltodFdvRE higkdr tedugRpaeead @ﬁs témdeu@&o
1 and 5 it is shown that an appreciable increase i

hytiiegenrgtbpitle. Toats o ra@fmxnev@ele@ye TRPENSIHRPTIEIR LMD s giled n
| va
e GRS Dbl Bl AR P B PEABE

PQ%%@M%&H@Q&%&&M ImN pd3Reritahd 0D Sapsratinh eebRbyification
affected by the absence of water. It should be note

Metms (40 119 (29R2). fnsprRelAe & nareify bitersasn O pafficuigsmnierest's he
indGOlEY Bl T me%Faeﬁeiazg CAREE R o Q‘r\ﬁrn,th%se Elich& Yhiddghly .
?Xﬁ h q? gen permsel ective nme rane used was a
pelrQ&db&rmw il @%. M, &1 ms) a(s the@Ork'alhd 4 hlnoﬂyemw arcﬁ’clﬂiimfame surface to
Various types of al menbr anes such %{8 %a lass
preteigt the falifemiexigatian aﬁ‘ﬁe"ﬁé\ﬁé“"ﬁ@éw ryHBYEY "ESS“'BH Y& Yipder ol
of%x{%(e?:glg D\B\g)tm?ndg lﬂgd r&g%ﬁ ﬁerfn@eﬂ&ﬁ%@épér&nohé’ idl ;R &fBRd sHalidtdrs, |V\ﬁereby a
ere are many pernsel ective separating materials
cokibBEEdN bbbt Baenisda leleatebnicrorduetion effectivaly genrfitehydrogen tpshujtie
extensive literature on the subject: see for exan‘pl e
thropgfHBY HUFYRs i n Pal | adi um Menbrane Research,” S. N
Pag| Rlslithre0ccash Bblfshlﬁil ad geRericall
15Nb1:hﬁlb}c?s%hgfgalngleléé§)6%ré Qact)ec?g? i ncor por atyed herrgl n ggy Y
orfspéotficatin descritel rqaataits andlan pperating canditions othis fuentioreieiibesg jugas! in the
conposi te nenbranes di scussed in the paper, which use
precedigge@Beles-put  hi ghly perneable netal foil (e.g. Ta,
V. NdougtSthd REenfidi s BEM dBschittldin detyiith pdrtiddedr @fereﬂde takHesdy
at the surface to protect the foil from oxidation as
prefelrdd metﬂlmentst pmartea!\bpﬁeerhychﬂ@gwe ithesseme regHltsaMeriafigs@ase.
Anot h ro
misderat it toseRinanas e Sl st Y AR s imended o
co0breli sy nﬂ)d%@&l@h@é’duivﬁl@nt@fﬂh(%ﬁe &E(ﬂﬁs%b 6f a Feferences, applications,
el ectronic conduction effectively permts hydrogen to
patdmist artdeaublhat@ugwe@ pleve and(as indhecattachments, apg gf thy CEBIRORINT

{ Simlar success by
a@%ﬁ?’ﬁ(s‘j’ﬂﬁaﬁﬁe Corgoer%%d??ycrg {650 or specifically described

reactants and/ or operating cgenditions of this
i nvention for those used in the precedi ng exanpl es.




25Al t hough the invention has been described in detai
wWith particular reference to these preferred

enbodi nents, other enbodi nents can achi eve the sane
results. Variations and nodifications of the present
invention will be obvious to those skilled in the art
and it is intended to cover all such nodifications and
equi val ents. The entire disclosures of all references,
appl i cations, patents, and publications cited above
and/or in the attachnents,%g@ﬂsof t he correspondi ng
30application(s), are hereby I ncorporated by
reference. CLAINMS 1. A nethod for producing
hydr ogen, the nethod conprising the steps of:

vapori zing a fuel conprising an endothernicalh%g
dde onpd gwiipe for Bragising Aydeens Pomebed ePmrgsinthG Flopslt er ;

d [ the. Vi ' compound an
e A A

presence o alrd wa rogen and a primary
from 2YPb 08 uet wikayi Nng a heat val ue; separating the hydrogen
fromthe primary byproduct; and . oxi di zi hg
at | east so¥esomfosingéheseinpeung vieysaiglsiét the prepayise of said water to
deconposi ng st ep; rei n_heat produced by the
form W&PG‘?@?"H@ pgi”é?f%?%m#g Vi"%a\r/‘%apc\)'?lp%e the fuel and drive
t he deconpoghagtingti®Phydrogen from the primdtg bypeddoedaraf ¢l ai m 1
wherein the endothermni cally deconposabl e conpound
conpri ses neddizangat least some of thegrintatyebypredysbef tihsf degorapoging step;
wherein the fuel conprises from75 w%to 100 wt 9
whefsi heaf o488 e SRR e by Koreeplee et ane

met hanol . rernt
. ' fromzero to approximtely 10 wt % wat er
mweﬁggg$ﬁ%§?§k%$§xinately 90 wt% to 100 wt % net hanol
5. The nethod of claim4 wherein the fuel conprises
approximately 5 wt % wat er and appnoxinatelg 95 wt %
e han®ite method of claimg! whegin the eprgteficaly decRiRosiiE FRTRPUGY
comph%gs%ﬂgage of the water cleans a pernsel ective
Nenbrane used for the separating step. 7. The
nmet hod of claim 2 wherein the catalyst is selective
for met hanol deconposition over a reaction selected
f riom t Fhe rogtisdist eldims Wersigthe fuekcomatises frgmdS whp o 100 wt % methanol.
reaction, formation of nethane, formation of nethyl
forrnate, and formation of dinethyl ether.

4. The method of claim 3 wherein the fuel comprises from zero to approximately 10 wt%

water and from approximately 90 wt% to 100 wt % methanol.

5. The method of claim 4 wherein the fuel comprises approximately 5 wt% water and

approximately 95 wt% methanol.

6. The method of claim 1 wherein at least some of the water cleans a permselective

membrane used for the separating step.
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8. The nethod of claim1l wherein the oxidizing step
conprises oxidizing the primary byproduct using air.
9. The nmethod of claim8 further conprising the step
of mxing the air with the primary byproduct using a
venturi ejector. 10. The nmethod of claim1l
further conprising pressurizing the fuel. 11.
The nethod of claim1 wherein the oxidizing step
further conprises providing heat to a pernsel ective

MBATDI AREe method of claimZwheld18 theREBH is¥elethvBlifdPnktiakd! e mposition
conprising the step of regulating a pressure of the

over & @petioateettdryfamegroup consisting ofl8watdtaasskift Faadtionf formatipmef methane,
further conprising the step of nodifying a fuel flow
formatign of metyLiP@IE. AR fgi”ﬁt'?ﬂ ?fé“"%”ﬁle"éri‘ef'ed t enper at ure.
14. The method of claim1 further conprising the step
of regulating a pressure at which the deconposi ng step
0Cg& Ur s Thelethiteof orinhDEha@éin te akidizilg sthe capnisdstoaidiging therpyimary

byproduct conprises carbon nonoxi de.
byproduct using air.

9. The method of claim 8 further comprising the step of mixing the air with the primary

byproduct using a venturi ejector.
10.  The method of claim 1 further comprising pressurizing the fuel.

11. The method of claim 1 wherein the oxidizing step further comprises providing heat to a

permselective membrane.

12. The method of claim 1 further comprising the step of regulating a pressure of the

separated hydrogen.

13. The method of claim 1 further comprising the step of modifying a fuel flow rate, thereby

v maintaining a desired tem'pérétdre'. |

14. The method of claim 1 further comprising the step of regulating a pressure at which the

decomposing step occurs.

15.  The method of claim 1 wherein the primary byproduct comprises carbon monoxide.
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