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METHOD AND APPARATUS FOR GENERATI NG HYDROGEN
CROSS- REFERENCE TO RELATED APPLI CATI ONS Thi s

wappriicssd on clains the benefit of the filing BET/USEHN6/061133
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 Apparatus for Generating Hydrogen", filed on
Novenber 20, 2006, and the specifications thereof are
i ncorporated herein by reference. BACKGROUND OF THE
| NVENTI ON Field of the Invention (Technical Field)
The present invention relates to a h dro enerating
appar at UMETHRDAND ABRARATAS EQR CRNERATINGHYORAGEN | on
pref erabl y deconposes an endotherm cal ly deconposabl e
conmpound. The present invention preferably uses a
hydr ogen pergresiset FERENEEPRS REODATEDOARR A BORS et hanol
deconposition products into perneate (hydrogen) and
r efl eimaamlieat(Op |CIahm§rth¢ ene)of thgfiingraé tUeh Patvisional RateehAdpdichtipoSerial

eater that burns the retentate using oxy

No. ?ﬂ’@tgéﬁékﬂ”wefjr YR Degogrpritan; "G’@roﬁ%’éﬁe‘feéat‘f’rhé'%tdéﬁct or
C t

R R T R
AppstidRF Gehergtinh Hyeragdnd Miedan Mol ahissk 2010066, abl melsgédufraénoaé thereof are

such publications herein is given for nore conplete
incorparated hewgimdyaéfetehee. sci enti fic principles and is not to

be construed as an adm ssion that such publications

are prior art for patentability determ nation

pur poses. Hydr OggikRERRAD prM%rN@Nsr@,@dust rial

processes and fuel” celTs. NDST hydrogen is produced by
Fielddf gle-lihve e (@édnhieal Fie@pm r ef ormi ng of organic fuels. One

exanple is the steamreform ng of nethanol, in which

t hdherprepeit thivertinr relaigsde aav@ogee@eﬂeeﬂnatapw@uewﬂ@@ WéVStem

The Biebgh MG gY e R BTt Y B ety ephasieDla fgibound. The

presérﬁfr%ﬁﬂoﬂ SrF LR 4<R8 a hdrdgehWRrnfle RBrVR rs@&a‘?&én to "sé]ﬁrafté héﬁma&fl
I's nmet hanol deconposition:

decoIBI'dbsﬁfbn products into permeate (hydrogen) and retentate (prlmarlly 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 to 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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-239 - 111 0 128 kJ/nmole (2) Full conpletion of the
reform ng reaction then proceeds via the
woRien143ss- shift (WES) reaction: CO + H2ZQ(1) (POT/OER06/061133
H2 DHrxn - 111 -286 - 393 0 4 kJ/nole (3) However, if
the steamreform ng hydrogen generator is paired with
a fuel cell, then product water fromthe fuel cell can
be recovere j\nto e, reactor fee and used
in the refo?ﬁ#ﬁbSFEE%Qb%ﬁf(%% fﬁf@ case, ﬁggf nmet hano
can be used3as t heogd or edgfuel , gwhi ch axi/Fores t he (1)
fuel energy density. Another benefit of neat nethano
is that it can be used in a burner to supply the heat
_for the endothermc reformng reaction, Typically, the_
This gigg ATTogTNgfERAtIORS Ry e-88P PRCeReN® [t Whick isihapeiAdegorapagition:
systemefficiency is maxim zed by the extensive use of
heat exchangers to vaporize the reactants and
recuper at e heatH,dph sirevegprs are typHgally
enpl oyed for transportation or stationary applications
of consi der abl-83power | eNél s0 On t h&8duwite hand, the (2)
ext ensi ve subsystens required to manage the water and
heat greatly conplicate the system further
i [ Ly i £ £ LCUl ] [ o
b A b i S e S B S Sl
appreci abl e byproduct CO formed by the steam reformng
reaction, which is a poison to | owtenperature fue
cel | systengO The @) evel €& bél2] ower ed An ppm
| evel s using high eamto-pethanol ratjo nd
additionaFT&ES anéi%referéﬁgsal xidati%ﬁﬁp Actors, (3)
resulting in an even yet nore conplicated system
Al ternatively, the hydrogen can be separated fromthe
r eHowemk, f thissteugn efPahybedreginigeseraminib pairee with aluehiell, then product
pal | adi um The hydrogen perneate is then delivered to

watef figm ghgduahsel cen b esuegs!. Blendediiniihe geacioy feedipad peaddm thatreforming
whi ch, consi st i ril of . as Il as | esser
reactih TS 25, Best rBliafiE et e e i i o RecBer o B i iEds ape e
ene@a@en@twwnbﬁ@rtbewah Bendatthethabl B 8hat R 85h BesBd BB net BSupply the
urner fuel. The reforner and separator may optlonaFIy
heat lfre trecamidothe chict refonmsikgereactione Mipicahe theeaeuatrof fuekdinedthd toalse burner is

~ certain advant ages under sone situations. The general _
mlnlrﬁlﬁ?ﬁ- e spsterp eHigiRPiYAT rﬁ@xnp@%ql by the 8>ft?ﬁs,y§ usghef rﬁ?t(ﬁxg@a@ﬁers to vaporize

e SRR URob YR PR Peh 555 Wiorctnc

statiGPRAAHpBRafdns bhednBibEBbIE bouiwBIS ] B tHeler A, A8 cRbhdet@Bsystems
al beit with conplicated systens, steamreformng is

requirdvgo praedger thedatecang destopdadly sauplicaie te siisten dgéer ¢enmpunding
for industrial and stationar
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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appl i cations). However, steamreformng is difficult
to inplenent in small systens. Scaling down the highly

W0 piozgtessed and conplicated systens di scussed BODUS2006061133
difficult and expensive. Particularly, heat |osses
become nuch nore pronounced. As device sizes decrease,
the surface area per unit volunme of the device

low riegpvaﬁr%so%PCanAé% obu e‘%‘?tﬁe%ﬁ rﬁa“‘rhé‘%fo%ﬂgr ﬁ%ﬁ@%&rﬁa may

as an ot eq urval versi
optlohﬁlmb@cgmgll’t&ﬁtb@r’fakgﬁ%erjnlSﬁﬁe r@§éﬂc5rf ABRh RbL S tairQbvahtigks under some
capacity (volune) than the Iarger devi ce. Thus,
situafigtgi Thegererat Aedrdash gemdimihgdid fafaming iaes hairegee nerauatives iedell
in devel gping snall-scal e thermal grocess systens

knowsdp BG e gpe fHEPale Ygs¥eiNet 0l 0Pe2 4444 dhral |
Sysé%gﬁ e &f Iﬂt% hi telﬂ‘glem: gsstﬂﬁfcart Bg t&et rgeHl Qb dt%tﬂ%orﬁ%llc%lgg systems,

reactants are e equa I ons’ and cal cu I ons.
steaflréTOMMgSEthe PEfdi@d tdige-3ARBbuRE bt RL&B(e.ga SorliRlustBal ahd stBtionary
the literature, assunmes that there are no difficulties
appli'pzrtionsec Uvee\rengteehﬂeememgeis Hi&ult leepRlement jn wllvm@m Zgalirigalown
tant s, is not the case in smal stenms. . An
the Wqﬁ‘lyt'”t%ﬁ raigg F"bdr‘to”th"aé%dr?eiftFWd'é"‘ﬁ%%dtaé?BYee'S F'EF’B'F %fﬁdneg‘pe?% em
Partll:tﬁarh/ohe%lt foggeg @e&‘)ntehﬁucﬂ%qe Brgéou derAs d@\ﬂf’evﬁfe\é dgé’re 9 s@Hace
net hanol water m xture he fue i nst ea o
area r;b@ﬁlnltl’\mltrhaﬂﬁthe ddwdaiitopdasys. A slicH, alm{naé’ méadutiny dredeh 36 large as an
met hanol) is used per the stoichionetery of Equation
otherwiseeagivaleri gergian williaes aieofiqldaseatrythea pass faulface aren) Phunit gapacity

ontent The effective hydrog ity of th

ol Gie5 P RS v S5 GRBloA RO A MR Spseegpe o

deve'ldalnbQﬁram%teqrtermgll'groctegses mer nanagenent is greatly
sinmplified. A possibly greater difficulty is the heat
rmamgtmsmnth,e hast |k 8ifica setviemag systeanss or@nislba bf thé liquil forms of
possi bl e to conpensate for the heat |osses or nmaxim ze

the f?ft,fttﬁtb‘tﬁe-?l* %/US’reﬂdhﬁhF ﬁ@”%@%ﬁ”d Ifi'e'alt'at@@% r@téérwﬁ@atistnaBmeevapﬁfuﬂ”tha'mes as

ient or

is USE% rLPptﬁ¥ Istglag] ae €6SUB1§S g} f t?rgr(e Irevréo q#&?u(?tk% rrr’t rg?ﬂvgrlng the waste heat

nece8R toGabdrRB e réhBnBCHRS 9RoQhe SRET Halkienthal | enges
faced wth portable reform ng systens and a revi ew of

r ereintial efférototsnilify appoaatia etbrining lsigdtdnaday eliifde/ ihe weaf for water
Devel opnents in Portabl e Hydrogen Production Usi ng?
recomryctpybqs@gar@ethap@[:qmd\{a@e@ymxturg for the f‘l%l”l‘%ﬂﬂ’ﬂ)?f ”e?t meiaare Bipigally, a

1:1 n?olar ra%o?? (’;hmrenha o@ IS useéggr t@g Zlcrﬂgn?e er l? |on 1l evenndough

convbRdh i r%ﬂé%tﬁr%ﬁwﬁrﬁﬂé %Q/@ﬂé&ﬂ%héntaﬁﬂe Eﬁ@ilvé#%ﬁ)géh &nBBJ & the stored
reacti on process that also provides a source of anple

fuel inelab lowAnatdhitstoeapg boachsilyan the Oeateri b teywiata genageanemt is greatly
met hanol is to forelﬁo the WGS reacti on and use onl
éls

simplified. A ppg.s*trblyégréﬁerocfrfﬂ(f fths rtﬁahmﬁr@gﬁm%rgeaoséjziscyﬁgg alpcg/’e. ¥o some
extemtiéqrﬁ%ggl)le (#oegomﬂssaltet foPHe ggaq %@éés%rﬂ nt%)(imiz-grrlec%very from the scant heat

sources available, but the system either becomes too inefficient or too complicated to be attractive
for portable applications. A discussion of some of the challenges faced with portable 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
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process produces CO instead of CO2 as the primary
bypr oduct. However, known deconposition systens suffer
w0 e@mitnssy di sadvant ages, including for exanplBCT/H82006/061133
hi gher anmount of heat required to |iberate hydrogen
and | ess hydrogen produced per nole of nethanol (and
t hus Iomer efficiency) relative to steamreformng,

need%g %ag egw e% GAV& J:o?rﬁ)o}%nttgqan% tpeltgyets%osu%&ﬁ Fe%nt rT%HCQ& tFuQ% so provides a

erneati on
Sourmh@@e@at_ For exan‘pl e, the paper Hydrogen generatl on
in a Pd nmenbrane fuel processor: assessnent of
rre%r‘@meobpplmbub Arecucing byrreges fremsnethaubl iHarfokgh thBWES reactich and

Kol i os, Chemi cal Engi neering Science, 58 2551-2571
use ‘(%D%B”St SIGR HFSPTareE RRTeSs N3 MehaabArcemPestion|(pation 2). This

procés%gﬁodﬁc&?d&% fg,gd &I%E)CF %B?r% tr lngﬁ/et! p J‘S‘Rr I-%Wev?re Qr%mtdlegg?np05|tlon

emis eas nown net hanol
systEhRCRABABI thaHy d%)é&\taafégesﬁ mcma’hg toak@naﬂbaa@hig@@ afburitBEheat required
hi gh heat value of the CO produced in the hydrogen
to libg@tedwsltogemandé%thh/dmgewamﬂmmoTEHEmlewmamus lower efficiency)
(DI SCLOSURE OF THE_ | NVENT] he resent inventjon j
re'a“ée IR P Ing PB BECHESSHY S e’?f@f'%‘aatd'aﬂ?ﬂer" EYdﬁ%Pe”
u [
permteg n§ rg%c?] T%regg\}eeggé}n%é%ae%] E&rceg?rrg@% r%ﬁé 5%3 r¥_pro%<?nngéaneratlon ina
Pd rrcémsmu | processorCatiseédsyneht dof mefhansnbhyediregash §8E@ma,” P HERGIY, B Nair,
byproduct having a heat val ue, separating the
G qu-quj p@g@iqal Eggidewigg@pipm @25[’§uf257h@0(@iﬁéncpmorm¢cyherein by reference,
duct oduce sufficjent hea o drive
cone B R e oM RO BT NPT FER TS HeEBHp GusPle” Furher
knom%%%pde@&ﬁ&%ﬁ@bk%te%% b§t§|§e eﬂﬁgmggﬂe@f theﬂ}f’n Hce!!;llﬁ)alue of the CO
preferably conprises fromzero to approxinmately 25 wt %
produét @t tha hgtirdgea e @pstioa xdaadrel y 75 wt % to 100 wt %
net hanol, and nore preferably conprises fromzero to
approxi mately 10 wt % wat er and from approxi mately 90
Wt % t oo 10N I
conpri

95 TME bt | m%ﬁ%n |s-5h1¢etmtf@rrpr&fu§f1§ﬁ®pclg¥n O(L@ﬁ\@tﬁodacomprlsmg the steps
pernsel ective nenbrane used for the separating step.

of prdtidingcatuall cpeiprisirg) goreafietheimicpllysizcepdsuigle Eanpauad, iacumiposing the
deconposition over a reaction selected fromthe group
COMRAYAS Y'§?|Cﬁf@'y8ft° K’VWY‘%‘PQ—eQé@d 3 Riipary Pedequcinving ginagltvplye sgparating
the hggrﬁ%?rhahd re?(ﬁ 9 or br.hnlngpthe Pramélry B}g})r?qggtht%%)rogtﬁcgfsugmgqtheaq tfo 8r|ve the
decoRPBRIR i8S mreh@dihérmgnyloaeor{;tb@am@@&ﬂdonﬁj StRRbRceH 8D h¥thanol.
conprises oxidizing the primary byproduct using air.
The fﬂhle)refatahly)dormreéseﬂrcawbte;ro fqubtwmath%@sathhed gore ppmﬁXImately 75
\ mgothe air wwth the primry Product usi ng \
t/"\tPeWtO i7o @ptagoband R %‘T’f%r@ﬁ"}fl F‘H@Pr@?% PIHEEP E’raé’ﬂ'loﬁf'mate'y 10 wt%

watepgrqmrén?’;p%r&rn%?eqyéd v%ﬂ%ntg 166‘% %%Athanglhgnor rﬁ(?s?[) efégab%/tc%p]prlses

approximately 5 wt% water and approximately 95 wt% methanol. The water preferably cleans a

permselective membrane used for the separating step. The catalyst is preferably selective for
methanol decomposition over a reaction selected from the group consisting of a water-gas-shift
reaction, formation of methane, formation of methyl formate, and formation of dimethyl ether. The

primary byproduct preferably comprises carbon monoxide.
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preferably further conprises providing heat to a
per nsel ective nmenbrane. The nethod preferably further
w@ovpni4ses the step of regul ating the pressur ePOF/US19686/061133
separated hydrogen, and preferably further conprises
the step of nodifying the fuel flow rate, thereby
mai ntai ning a desired tenperature. The net hod
prefe r rises. t J
P h gy B A RSk G o BB R B B e
metHBH BRENMbIY MR EbARtsESthak&p oPmBIRY tHeirfWith tH PifidB/ BYBroduct using a
hydr ogen, the device conprising a fuel conprising an
vent@gigjentdie i ravidigg slezorieablisbepiseapeasizingthe gt t Tre reacting step
conprising a catalyst, the catal yst being sel ective
PreferRiily HERE APBRIISAYP P HENE kAT BARE T  SCBYrA YRR e 1sHnod preferably
. e
B R I 0 R0 ot RECAR S 54
furthEr@Rmbliddg tHRY stdpbt RoBifirlghiee REIIfIBR Fate, RyREHYthGitainihd & dbditedmer
produci ng sufficient heat to drive deconposition of
tempetature. o potettld préferabln Hntherenomipassis Ithe stikncd nqgoletiisl the pressure at which
conmpound preferably conprises methanol. The fuel
the %F%F@P'&%P PEYHPY i ses up to approxi mately 25 wt % wat er .
Th oref : i [ :
10 i Y BV §E03 e EOTRENRS tiogeh AEBERH BRLRIN o e
com@BRPY @K ke RdtiRicSly Welonwat e @ifhoafRips eactdBic pyisiRPa BatHyst, the
met hanol . The water preferably cleans the
catalpsd bpige beledtive/for ¢asaiypening. theTeampemddp jasm hdregasranl laypringry byproduct
%{i e for nethanol ecog&positi 0 '
e r

havir%ga{ rg & B?HrtsF]lgc Ié? 81851 28R g?qa%ingn)pgg%rogaen,r aenadcat tl)u?r?er for

reac%to(? Bﬂrﬂiﬁé ﬂ‘%@rifn'éry%?ﬁ%&dc@, the Bcu?r{e?%ﬂ %g%ﬁjﬁiﬂi@ﬁtm@é’\ﬁO drive
formation of methyl formate, and formation of dinethyl

decoipbsitian of the cpihpdumty Ty @idotiadiicapy édcompddayle compsuns @&ferably
carbon nonoxi de. The device preferably further

comprisapipisal- aThedrs! atsfesalhr @awiises uriRI2RPrONRAG B W% Wajgs. The fuel

more B em &R E€earatr BRI PR T g st irHg b gomerises
apprfiRStely 56t Bfwatd? End SRRSM Ry 8% 0P dRMandiN@nd@MECSeferably cleans the
preferably further conprises a pressure regulator for
permselgctivamemyranb.e Thiesattyst prefeedly iy leciMedormasiittnor deaordpdshien over a
menbrane are preferably thermally integrated with the
reacinirsglgpted frera theeiouPEOpTing Plaovaferraap hE reagnmplormaalien gf methane,

oy AR, Y Dbt 9o R oy

comér@&@éﬁrlﬁdﬁﬂndn@xi@é.%e%vi@é Sr6fefdbfy flﬂﬂ]‘é’?éonﬁﬁb@s%a{a?imé pressure and/or
conprises a fuel cell and the device described above.

variaBle flow jrate fuebfoutche Ty deyen prefanakdynfu itieem corgprises @ prewsugkeregulator for
regug}i/r%rtﬁg grgss%?eno?‘ rtr%ts%{aargtgg /m?drrog}ce%.el'l'hep éec\)/?cg?a?e?errably further comprises a
pressure regulator for regulating the reactor pressure. The reactor and the membrane are
preferably thermally integrated with the burner. The device preferably further comprises a venturi
ejector for drawing air into the burner together with the primary byproduct.

The present invention is also an electric power source that comprises a fuel cell and the
device described above.

An object of the present invention is to provide a hydrogen generator and/or fuel processor

that is sufficiently simple and robust for practical application in small systems.

5
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that is sufficiently sinple and robust for practical
application in small systens. Anot her object of the
wW@e@3aMssd nvention is to mninmze the nunber OPCT/US2006/061133
conponents and devices required for hydrogen
generation. An advantage of the present invention is
that the heat source is preferably sufficiently
ab t. 1 r ; I j i
© naPaR ol s T nle® B TBp g o e ana
devide§ FENREYoRtBMIRES gerfchiti&t S, advant ages and novel
features, and further scope of applicability of the
pr ésedtantage efthé prasenit Inberitien is ¢at fhehedt spurcpismreférably sidficiently
detail ed description to follow, taken in conjunction
abunglaptto ?Wécog]@@S%%% 'H@mallleéﬂf\ﬁ(ﬁ§’, therphy qrﬁerﬁglyfallquqng the need for
rent to those skilled in the art upon
heatgeicg?ngrﬁ% io% of the followi ng, or may be | earned by
Pr abjetts Lad0hntddee ahdin@BEfefives, BAG fudther@th s chapblidsbidNdf&ggFesent
of the invention may be realized and attalined by neans
invergipn pildbeisatdonthuimpant iltihe detailecfebcariioh fafalfowotaserpia conjengticr with the
ointed out in the appended clai ns. BRI EF DESCRI PTI ON
accopyRaryifg FPAVIENTES PRt ‘g'@ BEIPERPPHE &t BRFTREYe Rifieatt werR
NG i . £t : .
orB08 POUCH SIS AL LG otke Dlpdnicr, o gy an
advaplag&dTthd iéatsni nady baneslizédgataltainedbyt hednb ef tHe Btiinfntalities and
serve to explain the principles of the invention. The
combjnaipnsrpsticaliedy painted dubin theheppgodedeénsof il | ustrating a
preferred enbodi nent of the invention and are not to
be construed as limting the invention. In the
drawi ngs: Fl G pRigepsG@PoRbETAE DRAWGRES! | mental
versi on of an enbodi ment of the methanol deconposition
hy dhe©geampaiya ataingepehidhear@incdrpaatpd @igeand form\easat ob the
FIG 2 shows |ocations of optional regulators on the
specfigstiep diustrain gevier enbagtinaents qféhe Rigser) igyention aop dpgethegwiph e s
a net hangl deconposition, hydrogen generator nodul e and
coscFplBF. TR B PR IRSPL Y MANGR s L Crr LS uf B o Plreose o
illustRAMEPE prefehr&l e MbOME ofth@H W0 drd Ao hdtoRBtrued as limiting the
experi mental hydrogen generator nodul e operating at
inverBi00.0IC tikesdrawihgenct i on of reactor pressure for a
Pd/ zi rconi a deconposition catalyst and a 4 cn2 Pd
pernsel ective nenbrane; and FIG 5 shows the hydrogen

geHE:e.qtisl aogch]:a#ngﬁ(c otf Qrﬁ gyp%nmternaq v@res{bﬁ% el\nee(:rﬁgo\éﬁneﬁpo rearﬂeqhe]\cn%r

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 cm? 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.

6
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series of 3000C experinental runs with differing fuel
nmet hanol concentrations (bal ance water), denonstrating

W b@7hessed i ci al effects of water in recoveri ngP@rUS2006/061133
mai nt ai ni ng hydrogen perneability. DETAI LED DESCRI PTI ON
OF THE | NVENTI ON The present invention relates to a
hydr ogen generator that preferably conprises a reactor
feed punp, a reactor feed that preferably conprises
approximately 75 - 100 wt % net hanol and 0 - 25 wt%
water, a deconpgsialliEFobERIPAONIFET I MVENTRINTPI i Sing a
nmet hanol deconposition selective catalyst, a hydrogen
peilhs et inventisepitasttos hydogsplgeterathethateptdieraldy comprises a reactor

deconpositi on products intqg perneate fh drogecry and
feed pripRyft "ERECT (it PrEfS/RRCP PSS 2RPTRERBIEY %hé? Wit msthapphand 0 -

25 w["/etlvg{él; %td%cé‘}ﬁdoglgonol)égcggr réf %6% ccgnQprEfﬁ Xln%%anil%te%(jnﬁkﬁl{ (gh selective

react ér and er rrs e sepa at or.
catalf®! iRaRIgeh §erﬂlsé]é@|f/@§d'p@%t(fr udplit t%MelﬁQrﬁﬁHé@hﬁbﬁtﬁﬂMp&bducts into
deconposabl e conmpound nmay be used, including but not
permeianeri(hx@cbgem) avd rdsertigtel fraimiadie CO.tand @ hpaterf thatdbine thetrafentateeaising
used is relati velg easy to deconpose, deconposes
OXVQE%E?H? Reravcedeatyoriy sade G %rpé”ﬁﬂ?%"&?&%a%l ch have

hi gth?JSﬁFnefﬁthll%a ﬁﬁgrr&f fQQ ?%néldtlﬁénlnﬁalﬁglébcﬁgpo%bléj&ﬂ?ﬂound may
contam nat1 on of e perrrse ective menbrane
be ugkRll INBIEdIRCHUL W& limREPo 2hidbhydazie efitas prbleyablésral theGudvieddds relatively
contam nation issues by providing a pure hydrogen
easyfe eepamposeRrcomposes ehdptherminally itgeneeor iMoee Rvatoducts WhICh have high heat
' ues

, and start-up is
valng BT AR LS 158 b BT GPRBT = BhsT B Sormsp R membrane.
de‘A%ﬂi%%\etcfl\@%ebd?égﬁggre%ﬁabrﬁs% [Hd’\}gld cbﬁtgrﬁlngt%ﬁqgsﬂésrkg/ providing a
t he 'deconposition of nethanol (Equation 2) is
pure thydrogeal drapupte BUDI BRGId art mi§iie thd BAted Matagemer, it sduye! arainthrt-up
is also an endotherm c reaction, which requires 64 kJ

'ssuetSothP |Pt?é?fﬁ!rt¥e’é'86 Rrefaskly Qmmpigys meth@n@@ﬁfpmnogw m%%%dameformmg

t Bt FhismPrablor CEME S (2Pt e ihs = Paiees: 200
300 tdwer 5 BRaMt LA Yi1sS b 8k IAE FaBEbnPYREPEHEGes 6ORR Baste each
no fuel heat val ue, whereas the primary nethanol

moleché Elpnip osinparison, biepmoefonting (EP)atibs 1)requines b4 lal to hedtce a mole of
source when oxidized in a burner: CO + 202 (r

Ho. fﬂ%‘@@ﬁorta”&d'fieie@e thyygh. is that W%PW%S‘E@)‘ refprng %R‘r)@tjlr?éﬁﬁ%has no
fuel raeak va‘fflu ?reas tFu% %rlmar%&ngcal qgecomgosn ntby%rgé’ugt &Cr%{hs a{swub%tgntlal heat

ron eor

Sour&melae,%,zg@mwguﬁ@r_t o drive the endot her m ¢ net hanol
deconposition reaction. In other words, the heat
generati on and exchange process needs to be only 50%
efficient,

CO + VzOz —> COz Aern
111 0 -393 -282 kJ/mole (4)

Thus, exothermic oxidation of the CO byproduct of methanol decomposition theoretically
provides more than twice the heat required to drive the endothermic methanol decomposition
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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which, while low, is not trivial for a small system
Thi s excess heat advantage, and the fact that no water
WO g0geded t o deconpose net hanol, hel ps to m t PCEHUS20061661133
fact that only two noles of hydrogenare produced per
nol e of methanol in this process conpared to the three
in steamreformng. In order to recover this heat

arept? oltljr%%)er %%Ievﬁblethgﬁol thgh % s% cgrg[)%ﬁtlﬂ%qﬁ%ﬁﬁe% irpgtgaqHFe#drming. In

rogen pro

orde 8 GEIFPA $ihid hé%\'ﬂsdiﬁ"(,%dast Well pﬁ%ra%%ydﬁémprBMt S ¢d &kY hydrogen
retentate sent to the burner and the hydrogen to the

prodecmjofmimnetpmd deabinprsitioAsesrEn be eeradhteh writtethe QO-rioh retentatalsent to the

deconposition system heat | osses and inefficiencies
b“mWal”fj thedeigaen 8 direeguse ﬁ@’"%&‘f’?a heat available. If the

g
?I o Eﬁjtngg?ﬁ{élgﬁogac?&%@ PI;E?I{ %Xtel#]er aE'P%%gSR |neff|C|enC|es will
consSmQEoM@bf&ﬁe &x@rahedteramasiene tHéfhyIj BgerFhBarpbystdnie feﬁﬂ%large and
producing nore CO2 and |l ess CO and bring the heat
efficivratl theregftot faed ﬂueltpeeierablncm sSmetwalgr tot m@rmm@mtmghanol
ot over heat . at her hand,

in
(oG OHE D PSP FSF GRS aisor Gloeet WERGTRE Gown so trat
the sgﬁ% dl)&srﬁ)?&eﬂ{eg PHR %ro'iﬂep Eﬁldl h s%ﬁ"@sferms étﬂh\ﬁ@bﬁgbf’émcell
early pure net anol e hecessary to provi
systeantf forl dldc@Biticd, Hedt |o@Qer$taeémronscmudnb@ dpeHtdrain whith Bhdeavehiyy, pukdi@ethanol
wat er content of the fuel can be chosen to reflect the
may S necshisat e dravige iskificiens fuehtonteohidithel Rymer.o$imilaily, t§9 walengontent of the

For exanple, a fuel for use in equat rial re
rue e GO T B ARl A Gamed BRpER g ety For dample, a
fuel %?@e%équa%héﬁ‘egﬁchﬁ n\’é@tcgﬁtalﬁ %Fee\pgte@ﬁantehfﬁelftéjﬁé usfee Joh)ereglons

hydrogen generator s preferably chosen to opti " ze
ThugtB¢ vatenaneeat ofitHelfudl @8 fredlydibgert Je@etaals pradssigs clabert th@ptimize

system In the ideal case (no heat |osses, conplete
Perf‘?ﬁ%?@!?c@g\@!h f@éﬁéfoalh?' bR} loRprE0BthE RSt@Mdot her mi ¢

ition a ctlons exact

C nEER BB HersH nd Bist St bt fioe S B kg e SR ormic

decoﬁ%h&hﬂnaatng%f&ﬁﬁdgﬂ@échéd&%’xa&@ BRI eltheO8kolhSmAPBD SR Mhe burner,
% et hanol” / 25 wt % water. Wiile heat | osses are

the categlatea betihal B0l doopositontihapphadiatalTh vetfid methartohHSI'wt%r\l@{ljeﬁn While

in the retentate (because corrPI ete separation is not
heatﬂﬂﬁ@sl aé%pefgyecﬁgsg teg @)the hegt goRieq Qfgmgrlog?rb!ﬁ thegetgntate (because

compleete tseep tra*%or% is no qysma%}(] Po%smhe? so@fps com OSI or} |s a reasona\g@e es{lmate of the

I nce ter concentrati

upper B&Mﬁjfoh GHeBitterCEhtuht! slmc@ %rmrgﬂm c&%eﬁtﬁéi%hsdﬁs&ft&%nh@@hwll be
to drive the endothermc reactions). Unlike typical

prodfiagglto provideuthe beat tddrivp thesandsthermicaeddtions).pr ef er abl y
utilizes fuel mxtures that, when fully reacted to

pr 8aus@évpafﬁbfv%igé>ﬁureﬁﬁm%%nanwt'w?em%P@E&%@Je'ﬁwwﬁ@that when
fully [L%Qte& %r QO(J?JggL){dY%IﬁHg?OJ: % ? SM{FE 'bﬁjo?cﬂ] Hcavllné a ?18&@ Bﬁéaq Oalue For

onp05| nea produce roge
exanh g afrull EBAKtsion, the decomposition of neat methanol produces hydrogen the prlmary

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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byproduct CO has a heat value of 282 kJ/nole. In the
case of nethanol and water fuel m xtures, the WGS
WO @cui4m wi | | produce CO2, and the theoreti cabdTUS2006/061133
cal cul ated fuel conposition where the yields of the CO
and CO2 reactant byproducts are an exact 1:1 nol ar
ratio is 78 wt % net hanol / 22 wt % wat er. Since
exarﬁéarllegWﬂ?gbgglgq%%ldeaqgéétibﬁ E é)glg]é a éol;]l% g\&%ré’ Sﬁ%an% %B%Vn%lgr%asis.
ThusS ﬁlle%ﬁﬁﬂar‘ﬁ%yﬁr@dJc?(ﬁf@iﬁlmuelg:on@élﬁt%nQan?ﬁhd@%%ﬁ'@ﬂmﬁ&ﬁﬁr{oWHQfe a species
fuel m xture (forexanple) will probably yield a
(for qxeaplel @) ythc@oifitart hext valan ualika & qrpyaati@el mbthancDERrving avhere the
| ar basis. Thus, the primary byproduct of this fuel
p”m%%ﬁb%%q“f’ﬁ(892)(“&‘%”9!*?8%‘(%(3'#’?cher in methanol) will be a
[
un?ﬁﬁogjatﬂ &tn%g é%?(?\éeﬁ é?aq:@e nEho%ft gél r\r/\]ﬁlﬁﬂgdd\%g ?etSS Mﬂfg}%n than a
methahdl Bt rdyHRING BUT bechbdhe ﬁé\Shl(Zrﬁé'tﬁb Viddils oﬁ@hWtﬁmstééd deugdmoles of
it may be perceived that the deconposition fuel wll
hydrtpgeo@atreole ebsethgrgl, $gercanmpnaitien fireltihaotally swedar tcr 6f ;afoerining fuel.
uel because the stoichionetric |eId isS on t wo _
First iR raumelr MYdiedea Ry st e n?@;a}e&jéﬂ dpeamArRi %‘F' Is 12.5 weight
t er i .ol )
pere P A TR b2 M b Serdle 1% SRR Bl e 1
mola€ mamaﬁm/m@tfer tefeming alel. nezlchan @hiledRaETeRIdnt WllRcdanglish the theoretical
12.5 weight percent. This theoretical hydrogen content
yieldonhe ﬂmrrfpgéuionisystgn adiltnet need Ancanpeme Poasien i rieddicahest for Hie system,
reform

whergs O G AT T AL B 1t My isiogb oauogy Py which
becoHé@ p%&ﬂ’ﬂ? %\‘ffcfeﬁ’tnf s@ﬁ%k%g\ét IJSS&%e Ur?a%gldéﬂ?e ‘(:é)&SlH r5€rtable systems).

hydr oge 0 produce heat for the system whereas t

r efrerprdsact |rs)¢sﬁoam@esmy1tmealalpyesseeéasfubkfeénﬂyatemr O'dcbt(étskllled in the

hydrogen to supply heat, which becones particularly
art willfegdly reicegnizeitiat &egaﬁrqé PRYSIH PRV AIIgEls adich £an *emwéia il groduce

port abl e tens The sent, i pyent i

aesii i, Py BiolnBe S ARG Pyt ARG o B R gsssuriec
canistdtichh 68uded ahd ildrdvidbiakdirabRachuls/ Fre GRARINEIENy MR lexbdN8d fom the

are several punps avail able which can be used and w ||
canigderdgl b peope it sepblatedifiesithé methbutl bya bledqeacOptanallyelid propedait can be

_ pur_rﬁ is preferab L?g used. Alterr]ativel?/, a pressurized
mixeg x4 §Ieéfﬂe”<‘9éﬁ' e é@lsedh%lpr\ﬂj’?”?”tpﬁ@?‘ieff@yd’@%PH‘%B‘PéarbO” dioxide
ed fro

WhICE IS syabte N thﬁ reacpe o re\1er1 P%mlnatlon Qﬁ‘é\ qpr rta%ab erPe(t)Fﬁ"ant for example

Separate

propg)r}é %a@hl@&ﬁ@ﬁe as%él%}atlnel Buridfe propel | ant can be m xed
with the nmethanol, in which case the propellant is

prﬁfe@lrabhtyn\@ntwnsauomrmabmuMa velintorx ejeletondt dmahr alrwt@makbhmer using
in the reactor to prevent_contam nation.
the DRSAYTFES FIRNLASE @5 1P B‘B%Wel gaht This ghemg aupplies aﬁ'@a'aﬁ%nﬂgwﬁgpn and taps

the p%le?‘lf?al B8y of%’?’e esszrfJed f'%%ntétg eOrl? H1r WHer ha-l;llaelf of &%ﬁ@ , &he hydrogen
nventi o pretrerably uses venturi ejector’'to
gene‘?é’t&\/fé gdired l/vﬂﬂi QfJeh@ll BB lthedS inﬁﬂbe a compressed air source available that can
directly provide for the burner combustion needs, and a venturi ejector is not necessary. As such,
the pressurized retentate may possibly be tapped for another application or simply introduced
directly to the burner.
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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the pressurized retentate as the notive gas. This

schenme supplies a sinple configuration and taps the
w@oieni48s8d energy of the pressurized retentat ePCIXS1006061133

ot her hand, if for exanple, the hydrogen generator is

paired with a fuel cell system there may be a

conpressed air source available that can directly

withiﬁ) [h Vsltarqg mfogﬂle ‘ntho%ekl2 ltjor fggﬁtatggg&ﬂrgaéfgrrﬂ)e%gg ﬁfe sg‘ur}gesaan}é %Mkéj rI'-Luel 20 is

essur
preférﬁﬂﬁﬂﬁ@h@ed@]ére@ﬁﬁé inf) déc@ﬁpdsﬁ@rpl%%tf)rojo ﬂm\ﬂ’ﬁch%preferably disposed
application or sinply introduced di rectly to the
methiaoel decompBsitipn chtahisdts Hydrogerbirddurehby the dedeamppsigmeedction preferably
i nvention conbining the deconposition reactor

PermsalefHEPUaR MY FROSHBRTSSIFENVE MEMINAR SFPRIRISTHZ I8 AleRip 83 pvhiohgs
f C
ol PRS0y DBYAR I35 AR SHCLED 208 iAo
suppliétBo HRENE@Se agpllcaibm Ksrodowads théQietSmpdisBbetealibl that did not permeate
i ntroduced at pressure into deconposition reactor 30,
through sewsraddr 32sprimragifyespablisingdiagion swdoxidst heriesrmerte bymg@h taindn
cat al st 31. dro en roduced b t he deco

unre?‘é%ﬂ:ff‘ 6%9 Vﬁ“é‘fs SHI prB ﬁéarleézgllelc gd@ﬂwrh?sdrlerrg@f,? 22. Retentate 22 is
reledd Jfgﬁ?le%&tall %eang% érgtﬂyeroﬁéegf &E&ruheetg ah @Jteaorpl/\/ﬁleﬁjﬁ?gél?hbg comprises

S pre era ISpOSG In separator usi

orificd4estritkvk 85 me;sdge@ahelotweifmﬂrprefé’rauy téntrhiyemghiadelit repbﬂoythroat 36. The
~ supplied to the end-use application. Products of the
size qfewéqrege@m@r@ﬁ ang ratentateflavhrate togrethieggh rprefler?éb(teé‘efttlmlbd@ﬁmmes the

arator 3 risin a no
oresSi b MR e S O B R AOE ARt Pl oTear (R i e i pressure
IevelI @\51?9%" Qé/cHElQﬁ Hﬁérﬁe)te PBE p?é?érgtﬁﬂtohﬂéad B{/ Jﬂf&v}@stﬁéor%gtaﬁ@rs%‘r@cted
etentate 22 is released fromreactor

throygh efeetoathtogt 3e0ibtb @drnait 37pWE|SI$lsrpﬁaférﬁblﬁMemjaﬂJ}Ct@hectWtb €dnctor 30.

preferably conprises orifice restrictor 35 disposed in
Ejeciiqbtfgqa@(ilrgayaqum%q ¥aNE @,st@a@gﬂ ;hggap >gar wy%gaqﬁpgqqconﬂguratlon The

Str

sucih G5 PupaTapram Il adY fll SrRBRAIS I FEbEis o Wi e

reterf®dté 88 WhikR bYerISHIEE TARES tuPRr RECDRPERINGI an Eonbif&Hst RfenBs 22 and
and i's correspondingly sized or controlled to achieve

air 23 e bileed diegttpinesaome @nd/enreact olcdialgi 38 peethbjyatispoed within burner 37.
retentate 22 is preferably formed by orifice

The F@éf'\“? é?Wfa@Bor%Fﬁ@b'b@”Yﬂs thectesemrasition iRction & caiplystRd graddition to

prefera ny malﬁtalﬁllﬁg 8errmesglce:%tlve s%tﬁ\rat?:rssz E er ab ? tl@f%lenﬁnég/hlgh to expedite the
transpOfBI Hy&@géh e ié horodd itS tTha, %EtoF Jm’ @ afat@rrhoaéihg it M burner 37 are
passage configuration. The suction drawn by e]ector

all preferabyttheSdalfyrigégratath vithip onbtiide dvidtieaihexcaange@3nd nther diinianey
37 along with the retentate 22, which preferably is
enhafeiprnadevisgs may optigaally aftprprifely H@ad&%?ﬁ”& B iPigMsRied to maximize total

pererrﬁ%rfcgto%g is%en?ngﬂt?én[ ystn?é@ng%a?rgg anS tJerlgcna &Jt%%m@at

rea on cat prere I spose

recoly fiidice 3fd/orNBil-§RAdeah il D@ BNEHAIaRe ﬁét&fa@és&b Lbudked\6R Bnreacted
t he deconposition reaction on catalyst 3 1 in addition

gasepo

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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preferably maintai ning pernsel ective separator 32 at a
tenperature sufficiently high to expedite the

W e@nspsse of hydrogen perneate across it. ThuBCT/US2006/061133
react or 30, separator housing 34 and burner 37 are al
preferably thermally integrated within nodule 10. Heat
exchangers and ot her efficiency enhancenent devices

presé‘[}?g‘ngﬁ)e%lug%g b¥he%a$r§é’art]ea§(ﬁ Vv?l M?c‘lzrdlﬁ%? dﬂo theor%%lnl# % e, thus reducing the

ormance
amo&i St ithede hydrefeh 224Tl;ftfs@r%r9é’rrtc51@§e tRe/ mBMYrafdAd &ﬂﬁ’énltly adossible, it is
di scharged to a heat recovery device and/or a tail-gas
prefecdbdeathatigp apprdcidlde hysinapee coritent isdtbined lsafers thefreastdntistreach hijs the
unreact ed gases. Fuel 20 preferably passes through at
mempERet a portion of nethanol deconposition catal yst 31
be%?ﬁ rlest.trlc‘fcﬁlgs?oq% §t§>r E}a ?r‘é Iggerég%%[u%{)se%,zﬁrst to draw air into
t here y generatin I cl en rogen t rive
the HOReNBIGt vath thdWeRui:, Sﬁpﬁca{cpfo r&ﬂrldt Fetdriifte ARSGINORR to build up back-
direction. Oherwise, in the entrance regi ons where
preswn@ln tfmﬂwemmsc'jinn gadtot. Nide dp ek redsy grad paptocHhoanantianallpbe partially
| ow, the h drogen at near atnosphericpressure
or f”ﬁ'yrFoﬂﬁr%'ﬁ%Pﬁ( feTgpPAPRHY dﬁé‘f"‘%e’%‘%” &y tiparyefther BEB%OH"‘ E‘Fﬂ%‘éwt”bo”f'ce
res”%%??rge ﬁﬁ%%ﬁgggﬂﬁe o%tnﬁjai’ c?lnﬁ'gltbﬁ Lﬂégly%%ﬁ t?%ﬂ&ﬂggthggxpense of greater
compr@pr ane as efficiently as possible, it is preferable

that an appreciabl e hydrogen content is attained
beflbe @tie peorifiessand giectos thrashdipmeters, theiiemomppeiina, theXlew prdéor

t 5 t th t 36 f bl
prest R lirRbEn? Pe B B g s PREB R BT L Sy ane el
dnveW'e}e@toFsh@ dlaRiBRb&iEn aliai'ﬂg) tﬁ@&ﬁ’ﬁ@s arre‘Rn(S\ﬁﬁh 'EHeCatrt arng%wb@tjged with

low in order to build up back pressure in
the ;ﬁl@@ﬂﬂr}ﬁ@ﬁmdnl Ocon@axt ttiaig invdrtien b@@l@bm@mubeeaaforf@amcmbt t3Qrive the

may optionally be parti al or fully controlled by
ejectpt e fuahihgpemey ingeas & & %ﬁ%ﬁ%//\wqrﬁ fl!%é‘”@\ﬁ‘fnse%{eﬂWéFe QP@W@GS'Q”

will t)ﬁ)r]c |I n%iatet?l‘?%ent o&({)%t%ﬁﬁl?l%agm Sho ra?rg’(%n r? Hrggrit %W]II Ilﬁ%bnegﬁ toa?e much
lowel A8n FAPSRSR sQdteHE RAFRE toHREFP LB éftam%hfoﬂe‘tr% b@fns and minimize the
orifice and ejector throat dianeters, the fuel

efficiemnyamses ina@ined tntreatidgany uambésnawpnmmstsroEalp reug rtiadolatios of the orifice
determne the air-entrainnent rate. Small catal ytic
and ﬁ%cé‘?réfﬂrgattdl?ﬁtet%@u% Ge Hﬁ’éa FREYlly ghesea fer é?’é%?rﬂ?%j'“ﬁ BSR &y present

mver%lom?wn wﬂﬁﬁw%lu{aae F elsjé“lltrenhe rdS |c§1rlt%sl<§ %cw’e]vmg ?wel?per{ormlng

present 1 nve

burn@@?&%éﬂﬁgcale\% rﬁlhespréf@N&ﬂﬁée%ﬂa Bét@l(/t%ﬂﬁhieyar\ﬂdd djee®% inmduced air feed
reaction by-product to drive the ejector and fuel the

increpsasies ovieradl tsizapticity fof thi eystdnor With tth¢raiteelivien! app@naches, such as an open

consequently the ejector desi %n will typical Ity
Or COYYFOfIVEy RuFRer ki o8 iMish Peat BriyRiGRTlY lof@nd fhe heptiiragsae Agor- A pumped

air sys?etrﬁ r%awygls ah a!jcﬁltl%%gycoplsgr%n @.e.,b{?le %ﬁﬁ) that requires power and control. In the

present invention, a venturi ejector is preferably utilized; the force to drive the air is provided by
expansion of the high-pressure retentate, an energy source that would otherwise be difficult to tap
and thus lost to the system.

Control of the hydrogen generator system of the present invention is preferably achieved by
controlling the fuel flow rate to maintain the hydrogen generator module at a preferred temperature
setpoint. In this approach, the module is preferably always at temperature and ready for full
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| oner than with butane systens in order to nore

closely attain stoichionetric burns and mnimze the
wekdorai4acy | osses incurred in heating up unneR€BES2006/061133

amounts of air. Thus, the ratios of the orifice and

ejector throat dianeters nust be nore carefully chosen

for sone enbodi nents of the present invention than

prodmtihn ,& Q(%ep]%ca(g}% sﬁ%)‘cl'et ?eﬂém fg)res%gﬁ Eo%trglnse?h%l/vwlri IQIE-E-I £.i Ifgyd?ofgen is not
beind &ﬁﬁsﬁ}ﬁ&f &ferr@éifogle?ﬁpeﬂﬁeaﬁ’e &@esﬁre\’\klll 6uildWp DB it %ﬂ:h@@th@b%&l%%ssure

I nduced air feed increases the overall sinplicity of
of th¢ hwirages fnethe reétolh Hyttegen will no d:eber\pemeamppmmdhememswoh and will
as an open or convective burner design, much heat

instepd g9 WF‘%%H”F%F CIOBR ST T Elea bl S hGRuTEA S Keop he
{
modI?(%I g[p[grq pé;}%]tﬁ resyosthg ;’G fﬁ)%élre ?ssde%reag&ijcgc[:erg H@}{] dl?fﬂggﬁ@ 16 caprﬁot

requires power con
withdtdia r@he@@a@ed d’rlé/sféﬁlkb QRan PstiRBidWoivngicaflppdssirs rguiceaabinbe
utilized; the force to drive the air is provided by
Iocated< pathsiliomfoofermbate hydyboep 2é gpsireem obthe @ tiss, apaih:ati;crlie rﬂgylydrogen is
ource that would otherwise be difficult tg ta

thentcﬂn&w%exf e 67 e e ieplin 1R PEToUGI PSS A Si5en Herogen wi
agalﬁgrg Emﬁ%ﬁﬁem‘. %g E%%d% 5&4‘1{) bbrﬂ(\—,(reﬁt ﬂh? PnoH§1 emperature will drop

pre era Iy achi eve y confrolling the fuel OM/rate
and the coriolidr aiolid bReridihogBtregtrg Bdnworaterod lid] 20, ﬂnhs 8upplying the extra

preferred tenperature setpoint. In this approach, the
fuel rmd%n fer bash pydedaen alskyctian orteahtMare apeniisated @naﬂéche@w@ye g. the
or roducti on schematic of a s
temps{Fue BtTP T ce SRR & degrana) Py e Ry SHbpossily
resulﬁﬁd |ﬂ %gﬁ@r‘?ﬁé‘r@?%mér‘%@ d&vﬂ& Q%Té s@&@rﬂ%@gcﬁ}b&f t?e?‘é"éﬁﬁre‘é"oh a controller

utldup until 1t matches the partial pressure of fthe
sensl'mg durtmglalcdunlet(dit@trfeeaﬁip@rbturd-gedﬁmglemowdl the flow kabaefeuiel 20, which can
pernmeate through the nmenbrane and will instead go to

be rqaﬁ@a@mm@rsheﬂledﬁwowathh the rest of the retent ate. Less

t he ui dto
t oBlse B TE 1o 8 KR prabrt REMAbEFL TGS B Pregugte 22 vpstream of
orlflc@(ﬁg Onii @k Yegulafor bBEbERLY lﬁﬁ%oﬁ‘é?srh'ﬂ Bresdthd S barchtdtib8 it may optionally
hydr ogen pressures, then a standard downstream
be ugfié &3 @ peacti@dbyfdaigen gderatan Fhreexbmplat ledk-pressunerebulater 41anay be set
per neat e hydrogen 2 1 upstream of the end-use
ata @WMH"@:@PW@%S p%@”ﬁ%ﬂ&?‘d‘@é‘?ﬁ tpge ?}‘F@ﬁd@dﬁw&”w 1%y@n flow, thus
pressure

prevgﬁtln%Hg’we %fa ggntlat% QE Iugtﬂ [a% gﬂ e%guegh ressur

Shal OSS ?ﬁ across orﬁge P&to draw

suffidiHE BIP B RtoERREr BO1UAENE %ub%?antlélll} BoMmEtY |c@m$tﬁ>[m%f MteHt&e 22 as fuel
will drop and the controller would preferably then

for therburmea sehist faa@ureIngay be athengige duselurirRstart-inus e siaptilyy apgratibre In

extra fuel needed for both hydrogen producti on and
addifipaglack REsPRIre SEPRIPCAL B Aretemi IusiepiR@ng s rretergbly yafigd depending

upon JE%aﬁ%@oﬁé?ce@F garB\E)E §&Hh%s ePaQLﬂ% I(’)lelOqu, te aFvaun &1 r{t?m the

a ternaglvely use ossI bly resu
systdnf) Ohddiefor@MeFkive BEdnk %r@éb@hétlndlﬁhp&rbl@re% laRAYbEpr&a86e€ Particularly in

descri bed here requires only a controller
the cases of start-up and transients, may optionally be employed in addition to, or in place of, one or
both of the regulators described above.
A possible use for the methanol decomposition hydrogen generator of this invention would
be in combination with a hydrogen fuel cell to provide a portable electric power source. Inone

possible embodiment as shown in FIG. 3, hydrogen generator module 10 is supplied with fuel 20
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sensing a thernocouple (or other tenperature sensor)
to control the flow rate of fuel 20, which can be

W0 e@ditk4gsacconpl i shed el ectronically. Al so shoR€l/Us2006/061133
FIG 2 is back-pressure regulator 4 1 on the Iine for
retentate 22 upstreamof orifice 35. Wile the
regul ator may be used for constant pressure

prefegé@i{oinggt[ﬁg %”\ ?Jgdxgﬁattegygﬁélwtg{) t1b(9 \Q@J !ngthgr(ia’ol gr?'qe 6 \5&”% Io appr%xmately 25

era
wt% Raek- 'me%ﬁ&ﬂér@ial Iye@H RlRGettpekmERY ZbEro&Q,tt oﬁ'tydl%gé'ﬂ GHnBIABr module 10
al | owabl e pressure that needs to be exceeded before
is preferabin sieripbed@ agede X1lobivel dehit iPedwltet S2rmgeférhblyserarates anode 51 and
retentate 22 until a high enough pressure i s achi eved

cathoderids YVhgr pf prihes sxigigerdd Kpuepier i@ rathnde 38 12 vwiage s geveloped across
nt
o ST SRR SR SRR P R TRL L BRI 8.
and fiBlteD ®1, RVAR PO USgclbiated Gromtiialitl fuspeer for st andby
operation. In addition, back pressure regulator 4 1 is
prﬁﬁmrﬁbhlynvadﬁqnﬂqiﬁhldy praddésshgeanihinatits] §f ap gasilg gortable quuid fuel
dependj n on t he val ues of grocess vari abl es such

and g BWB@Ydé‘P é’ ‘i?'f“’tf‘f‘%{ﬁ}“?réif Whigh ety YIRMFANAET§a5S% THel ool Spions.
For &Xﬁibl@ rﬂ/lthgﬁ?e tR/[jro @en%] 6r&fd%§tt(5 HE fJEP@er]SIo nrpre?agme f%%' d&¥ks do not
errperat ures and/ or pressures, partl cul ar y I'n
havedad €sntfHhinatio issuds{Isidh @s WhanS O & irésentiB Yheyt logera.| theyarbﬁe fuel supply
enpl oyed in addition to, or in place of, one or both
can fsf greai SW@@fiLﬁda!itb@lﬁ thgepsesentsed ingli® (eed- NAPYEISS Pileercylgiionfiprequired),

I t hyd
and SRR PO S4B (b PR BB 14 G et R RylPgen raere ar
sﬂuaﬁ&is wh‘éf% aotha\M %ﬁ)rrﬁlng Q{et'r@pa'ng ré%lct%wst'tﬂecpr&@r‘f\ﬁlr mecaQIH Ed:rﬁowc!erbure
one possi bl e embodi ment as shown 1 n , hydrogen

hydrégenethabdvantagebids eysidn sisipisity) miglhenﬂdmgdnl'yleﬂdseéndZBB bed legatfduyce able
conS|st|n9 of approximately 75 wt % -100 wt % net hano
to ovgegme skkp-vglates 'a‘ﬁfﬁf’ gfanmmb@p@egtg)f ewysrgntdpventippgesult in a liquid-fueled

h te 2 1 duct of
roel G AR e R B R e o e abl o oubmt i ot 1o
angHg PdmPt ehHEdim&R bt thd thethBh& ggéompxg.ﬁon%dae@&f SEhdlloY of the

separates anode 51 and cat hode 53. When air or other
presentirdertion c@B8prisss a;tepptbn/®darb©r/blahé’rmd:dulﬁﬁnd a pressuriagrefuélsource. The
deveIoFed across fuel cell 11 and electrical power can

provigign ghqxra beat 6”0"‘89 by RePacdibPiriag PyprPdysts H?Fé?%ﬂj‘@ rﬂ‘e@té/ﬁ@? aggits the
redu%hon or glmlna(ta%n {g:fqhﬁ nefé Tor ﬁaq exéha%@er? Q d segartatse' vgporlzer o(:f‘h |se

Inveniion prefera

nece@ga?%/ !o@ﬁ&n b rb@mﬁ)@rmbtﬂﬁtahémarﬂfor an e@asntystd¥er trabkigh h%/\ﬂ UM'ﬁJCh makes
and a pure hydrogen product, the latter of

it attrgcte/atfdrpo@hlqﬁqwbr gplications, isprefagtepatiairel witlsdut smﬁan@rﬂﬂcnency while
For exanp with pure hydroqen bei ng provi ded to the

provifpg IhV‘H?-ﬂeI” V'eidé\%“‘i eihpevsen carabliigs thalexeed Hahefcukey 8otk
metr}%ﬁa#ﬁ%{@tﬂgg@gér}s ng%tog ﬁps 3%t I@Qs?ﬂ] pggdhgtoqﬁggcﬁahtab& of (1) using

anode 1 uel
a hydrogen generation reaction which produces byproducts havmg heat value, (2) separating the

product hydrogen from the byproducts, which are used as burner fuel, and (3) combusting this fuel

to drive the hydrogen generation reaction.
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can be greatly sinplified w thout the presence of

inerts (e.g. no purging or recirculation is required),
wapw7al48d i ne fuel cells can be used (since thRCBEUBR061061133

CO2 present in the hydrogen). While there are

situations where a steamreform ng nmenbrane reactor is

t he preferred means to provide pure hydrogen, the

verRY R AEER o Qi RYSERMAA MPLi Ci ty, high hydrogen yiel ds,

and use of a neat source able to overcone size-rel at ed
| Ofﬂ%ﬁﬁef@ﬂcab@'?o S3ERA8l ineB s eR finvb RN BE SpeiXimatdhy Sotkd, Qiithough other
result in a liquid-fueled fuel cell systenrthat IS
tempathivaer magcwumndiayed pors bberatiyesis effitivelin ateviating thg b@sonlng effect of
enmbodi nent of the nethanol deconposition hydrog
CO yeriahaie ot the P Heh heusyRt OY%\V@ﬁmob"nSt%%%Plsg%%esa?a” form at catalytic
r
suﬁa&%ﬁt&%@}v{yﬁpﬁggﬁ ;ﬁ’%@éés lf%g rr]JLg: ong‘)ztﬂfréla ‘?thrﬁage }ﬂot 31 Pgrtﬁgﬁwle{{)thg S rabdBlcomes
sIow@%BlaJd&)S/itr@’rneﬂlﬁarbf’t%c@rﬁwsﬁldhl CEISeviHRES R 554 ht@n BR&WN tHélhhéantroductlon of
permts the reduction or elimnation of the need for
oxyghetas (exeihaageses pam@eee@am@rwpbmewem decgtmhesitighsentaminants to
necessargyto at t Posi itive heat bal ance and/ or

mainig 3 Bl Py Agest grwugrﬂrté Si AEPIL PRy IrogRRAE RigkBE Vergus Pehg
mem%Fa'h%@’CIII' Wb NsoR g%&ﬁpﬁw@én@%' hGtd 85}?/¥s/§§ 217, pp. 157-164

pre eraby attaine out sacrificing efficiency

(200N HEvePeMitiels agl diydl siageniterhtededsarapieks, adaber casar)&tseﬁere not used in
capabilities that exceed that of current portable

conjypgtidnayibithe rerérobrﬁﬁmgPﬂqytdra?@emyg@t?@pmreﬁeet wopltd have satdvzed the
Iestin art uetoteadvnta usin

consHyl °8é’&?f‘y§%’haé]dé¥ FGhed EEISW%%‘ g’?ﬂ“&'ﬂé%%é“eﬂi}’ 8duct s
ha‘érnﬂlgrlyh Raf-lod/ éﬂdl—F@ ’Hug@s (‘SF%Q @Fféﬁ bfregterri%\?mggsngQEr Eﬁf#d’egﬁfén
fromthe byproducts, which are used as burner fuel,

adsogitian &) coribgbrl BYdratgn blingafidnehrotigh tdin iPd@gtninen diyree Oge\ﬂ\emb. Sci., 206

119_gener ation reaction. Menbrane fouling and cat al yst

a0 6’@92)b¢?t¢fmiﬁe§ that e Bycieges PeEnegpibly at =P¢/Ae "ﬁr"é@eﬁfiomd be

t i mat el.y .3000 th

e a} b et ey B BV it el dgueed

pres§hdfRLthIcM8n {hB cBlddenihdndd ALAR, aoreé&&r&btags@rafs%ruseé in(las ON
catalysts in the short term however, "over tine nore

fundsherdtdl stu@O speci es can form at catal yt| c surfaces to
slowWy poison the desired reactions. Al so, it nmay be

po%‘ioﬁir%“ Prf@& alone styeipy Wiesse %EW@'%”SWWGW@@V%W tnppertant
factO{shlnnﬁe %resen |{1 dgﬁc’ |ttisI O e@ée%or%e% ?r‘oge%%rs’atq? oehalve a?eacto{rJl catalyst

eln uctl

in coﬁj@ﬁcﬁﬁr@l/v@r?ﬁb Wfénﬂﬁa'r’f@'fcﬁ'ﬂ'% r@ésoﬁ?iltﬁb@ﬁ@b 2B O Axind A reaction
contami nants to nmaintain a stable hydrogen throughput

convemsiog and hAkimohckpaiaioy dffioigeryaln @derdwembite theealslisof Reifkg in the fuel
menbranes, " H. Amandusson, L. G Ekedahl, H Dannetun,
mlxt%ﬁfﬂ qle@asﬁhe aery*@elgct%e sz’yranf) @s dfst;ssgtégrel?vz)mﬂﬂ)ﬂ]e use of a reactor

catalySIIEY £Ces§3%/ lthtI an a% i IQﬁ ctlgﬁ S?thea\xlat H&a@g relé’c?ed through the catalyst
A S

r'eact or S were not 'use
bed. Standard reformlng 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
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conjunction with the nmenbranes. Presumably, any

catal yst present woul d have catal yzed the consunption
wo@Ro0oAy3eNn and prevented it fromreachi ng and BCEHHIR061051133

the menbrane. Simlarly, K Hou and R Hughes ("The

effect of external mass transfer, conpetitive

adsor ption and coking on hydrogen perneation through

WG% %8{}5%1 /%%?H%qper %gr |?1 (it%?rﬁlt\{%r@ dt c§ﬁ 'be USe%Oe@th% égrl_nlils?@;ctg/]g a

erm ne per nea
memBEhée IRIFIKEDE af@EH c@k@&)nmlrﬁgn@vﬂﬁiﬂ b‘unj GM the RSMPGRe.Of is
nmet hanol and hydrogen if water vapor was al so
prefdrawqmdun@wstemwmmis gretcboseh e tmmstemk@@bermemwaﬂnet there is
ain, a reactor catalyst was not used in th

sl Sedmaora b ek et ot e yRe" BiVEe 5 Becloan the
r t
mer 8 S S90S a8 OB IEI U2l R 70
reteritf1§). 1Ak, thy diélﬁ@ﬁbh@ﬁdé%y’éf Wil pleferdbAMEsuk ifi B3 Edr@atichat Mb)SEO than
in conjunction wth the menbrane for the reasons
COzithlISljrs;trfraahe@eawﬂjvdue ¢f tige retenf@tel. mum r eact i on conver si on
rraxurumEs?FParatlon effici er to conb

0" ABH 1P PBIERAREH STHOTHES POETAFSEEPLOY oe BEROY e, T
May%rﬁg RENBR eﬁtAr\cﬁea,{Bﬁ{]ﬂ%‘r ?é}lgwg %pﬂé%}%%% '%2& %16‘6"(56@)3?’]

use of a reactor catalyst, I's necessary th
unprépGte@ Rl abkirohis ay/Zrom) haé audwasemﬁvay fop aehahd) FEaRingths well as the
through the catal yst bed. Standard reform ng catal ysts
highggd [ﬂtqjof@m rggﬁrwe@gﬁtm@e tdveetigrobgecompasdion (i$e hlgf]ly aelective for
reactor c s rel ativ I hactive
SCORRES IR LT %&ﬁgfénﬁ%’f%ﬁ‘ grErardy Ptdr?ai%'y&ﬁf’% ranegs H’S‘Ee SWEports also
showsQhR 'ﬂ%ﬁa s@boh? Sro%jg'ﬁ]re h@ﬂ@sq me‘k%nméédmpégtlmrg{eggﬁﬂlsaml K.
production, the catal yst should be highly active for
Kagawet Imanm/l/azdewowptsannunaom Sdktraidrided. Haaitad Rppileh €acdisalay $11 123-130
[ sa'g{(ef erably highly selective for the deconposition
(1998 )k dicitrinernthe peiee supponNgdd’t pERE satalypls arp WCWS?fee?Ie'leétWﬁ é&rthBP%ﬁ”
form%;ag% 4 (?)ﬁ]\gw onazgu ?EP%(?@:'W%%E{ g/sttggassféﬁ({ Iiat ﬁr % PF]) uce a S|gn|f|cant
amo@R emyq@&du@{g s@h dsNfetiSe ANRAY Fdrh AR AN GMERyI'@R6 tih &dfion to CO, [J.C.
Because the water Is not consuned, it can be used at
Brownlaad EeGutaneICeMysxseﬁmninrcamS t5043d+46&(‘200h)§3 @G&Xya niKeperaldukaatalyzed
contam nants which build up on the nenbrane. It is

oxid T)?"é’f’%r?sal")‘le é'“fol‘?@tbaﬁ‘??e”%fséﬁ‘? Wﬁ\“?é‘?@f‘%thg}ogn Syeipgenatan.

h f fi
whereaﬁ otﬁé’r OXI eﬁ are se %)(ﬁl or %B] | e‘ihe‘ggr r%%}ﬁ [WSJ Ly 0? II\}I: Cﬁ‘(umura

Mats%hl%r addn\/l tl-na@uté U@J‘pl/éoGCétbﬁ}%Q; A Q133b2?53£!32t(m1 ﬂEHQ{c@nﬁrc@f{’k&jls Ipfeferred
therefore not included in the retentate (thus | owering

to minimézef unghnted bideereaftionhend typediad. elakingltrees fatthe togtheqfof the catalysts
such a catalyst will preferably result in the

studiedh inRase &iersreerdirBosrrigire Y tha efBanchiscamresiign Fajglyst of this
mverﬁtlﬂmn o\@érﬂa ||8W ag nﬁcﬁ \%&SP&C@&S@ ‘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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O a variety of pronoted and unpronoted Pd catal ysts
tested by Iwasa et al. [N Iwasa, T. Mayanagi, W
woRwans8sM Arai, and N. Takezawa, Applied CatedTERH0/061133
248 153-160 (2003)], unpronoted Pd on zirconia
(Pd/Zr2) has a |low selectivity for nmethanol reformng
as well as the highest rate of hydrogen generation due
to t I it h L
Tm?s %g{ﬁ% gﬂ(?%\g/mg%g%mxnﬂo?% eperrn J;/ %@ﬁp%& msglﬁ GtQ/
menﬁﬂin@llrb’tﬁé SreS¥hc¥ i d r@!a'é’torQ;éia%t i$ H‘Bfé?bfbtysacﬁleﬁéa vﬁth@rYtsuste 384 small portion
zirconi a supports provide the highest nethanol
of walergrotinp bl ¢antined aitk ghe[uge ofldseatalyst Kat IKtmgiay\@gleqwe ﬂ&a@wzmeqsition over
Y. Matsunura, H Sakurai and M Har
WGRsp at %‘i‘%"")&ze the gmeuik ofviier (had 63)) ﬁccesr%“f’ ﬁ'@?nsetth?én%&t?fa@
supported Pt or Pd catal ysts are nuch nore sel ective
for hydrogen formation than the conventional Cu-Zn
Industedl abpicagiitgat al ysts, as the latter al so produce a
significant anmount of by-products such as net hane,
mefl he;/lnvefrttiprlriatftétharritﬂdstjatn@bhlghb faiowieg non-limitindckixangler t o COZ
[J..C. Brown and E. | ari, Catalysis Conmuni cations,
43 An &é%e”(“.%‘@'zfﬁ‘?d”'e%tcf’gﬁtr”%d @@#%ncw'ﬂz:@@ al %}‘E'éfﬂ‘ab‘?l?'ﬁ%‘ts of

el
e sl S i e R
wide@h€ 3 3eh 8&dpise@ehtde cdanmeltvha)slmaehuh@f inthdratedReSxbMEmTopper reactor
Shen, M Okunura, Matsunura, and M Haruta. Applied
platecat groyisiog was madafopird coppedtionre pither piachefdhe chapnegnihe channel and
. rfere O mnimze un ed sjde reacti
et BBy EREY R L R e GBE a Bp Hfped between
the c‘é%ty@tj h8hnel- sciﬁéf'&'tt?éjcolpﬂertpté?esﬁd ejrﬁhqma{eﬁamlg}s@/s@e%db%te was a 25
preferred for the nethanol deconposition catalyst of
micrérithisk P& i@ Bandaithedbyol. eeimmttbicladdrt@n paserstse huppalt anfd @GReesbution.
to the menbrane as possible, as well as maxim ze the

Sealing gundh{e ol gerh togbmalptas Mahaceamelishegoyengdr3 meithiglt graphite gasket

to b f

shecfo it B Ftfadth Befuehfon e R v 4 SRL ARG Tt Yilate

allowleB §hg cdll@&u@ﬁ‘ﬁ&n MeFMnumah ik ¥stardtsr HAESH]. Yateondi&the uﬁ&Hrs.de of the
met'hanol deconposition over reformng with even a high

coppeareectorqiatd @t a sxfcordd, br pher,pladd, inkatviich 0 esriesof reanifelti bapenillel

[Y. Xu, S. Kaneoka, K Kishida, M Denmura, A Tsai and
charmiels Wetegprshingcht Blerpsangtelsicisyibuted thedyel g%ar(iz@@ssqa PERTIQ: catalyst bed
(tltar}ahsugﬂorkfn &n Rlpa AesarI J] sstve g\/apﬁognd sﬂyrryrc% and P%’(‘jgﬁg E(Ié B% f a

rnee

mprég@ﬁﬁﬁrﬁ)’rTH‘earﬁI@t' YgHifoll §cd8ﬁﬁfo@£t§@la Verﬂ&héJ@(&WtWtﬁerhoﬁf@erﬁ@ed by a
of a small portion of water in the fuel conbined with

precisihe mis@orgice geruiadtad ide (ftomeltenpsLdseq hAyxnI@ed feetingweasfpoavided by a
deconposition over WGS, so as to nmaxi m ze the anount
cartrigge heaies insgiieshinte 416 capRes E2CoRplale] eanse t he nmenbr ane.

l nggrsetx{)ér%enéﬂgrh,Itt?earp(gdu‘etvyas'heated to the desired temperature using the cartridge

heater powered through a temperature controller. The fuel mixture was provided by an HPLC pump,

typically at 0.04 ml/min. A back-pressure regulator was used in lieu of (or in addition to) the ejector
orifice for constant pressure experimentation. When operated in the configuration shown in FIG. 1
(i.e., no additional back-pressure regulator) and a 0.04 ml/min feed into module 10 at 300°C, a 17
micron (0.0007”) diameter orifice results in a reactor pressure of about 10.3 atm (140 psig). The use
of a larger 25 micron (0.001”) diameter orifice generates about a 6.2 atm (80 psig) back-pressure.
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The invention is further illustrated by the foll ow ng

non-limting exanple. An experinental nodule was
W@o3tit486¢ ed in accordance with Fig. 1 such the€T/US2006/061133

el enents of the conponents could be changed to test

various experinmental pernutations. A roughly 1.5 mm

wi de and 3 mm deep ser penti ne channel was nachi ned

Mea\l:LPéqoﬂowq %veteac 8Ie8 0 Gr%or? temra%ﬂ% ?ooc%Rggns Slﬂ(l\’élﬂé cc%ep%%ugntégnqj tae gas

ovi st on connec ron

ratesQ/f/er& %a&hﬂﬂﬁﬁlb volhiEtri€ BighaRineAntettrd bRd cdREded Wastarkihldl cBbitions
Wi th approximately 1 cc of nethanol deconposition

accogeting for etbie@ raggserd abetenperaturhie cat al yst channel - si de of
the copper plate and a 3 mmthick stain]ess stee

endpIup @eifutignsyal dpsantPartiqn iRl sPRerMaPIPctua RamP AR Heaiyents. fuel
com%ﬂs%? dwgﬁlgt Fa?tﬁa?%%g%a; dJ gﬁl s&#@ﬁﬁér g[étg.og?irgethanol
decoIEHpailﬁiﬁn CORErsEHT0Ag8bh Ha1e dasi§pi Iy QreatddMatlidi sikssgfed RRd & reased as
gasket sheet. The effective hydrogen perneation area
the podssyriavap incleaseals HoweyeR, therddcraate hgna'rlredb/h@S mhdrplhaﬁecomposition
al | owed as collection fromthe plenumin
reaciopiB e A WHLIET RYMSALTUT PGB MERE AR g@pgqha%thsﬁwq prgeesses are
in seﬁ@so Pifs |§ gﬁgﬁ Howh la@\;a%t §V|tlff1 5}%’ re&¥or Whgr%rtp] @tn%tlﬁ of a reaction
Into a series o nanl par al | annel s
produe i, rmwhgdmgsdﬂftsTrls@:tiamamn.eiuSn fﬂlrtﬁérftévbiﬂdsﬁde pBudtseld hgg® increases
and air over a Pd/ TiQ2 catal yst bed (titania support
overdlreonyeatiornn TAuS diris ¢Hskald fpegastion muPesesan we%?mthﬁwabiamfawnd
fired or to Pd nat |
packgi B HRPE e deRERI B Gt B Mg A A R sy gene: o< cepiced in
Fig.Rrovided by a precision mcro-orifice termnated tube
(from Lenox Laser). Auxiliary heating was provided by
a Gauat bisd gecdve@t etat apps@dnizaely 30000 istdesBanipasdulesdpetating
pl ate. For experinmentation, the nodule was heated to
temperpiure} &§ |”?eé’@0‘fféﬁ>ﬁ§é'?'a@fl¢r@”[]%ﬁt'ﬂ@ rafggeotheceneIgEficieaty fagt for decent

conv s\@ﬁ%?ergj P%Xgrrogur?%?)g dté%n%gp lﬁ[ﬁgﬂ%qb I:%/tlﬂtefﬁflcsgrlopglggadsorptlon on
thesgﬁ%smgegégbotﬁprg%gespr essure regul ator was used in
lieu of (or in addition to) the ejector orifice for

CORK3. drshovpy wsmamta&ﬂqweratambtambd 0ith a Peéanred pentabatidn dficomponents
the configuration shown in FIG no additi onal

and ‘EP&éNQ’ﬁr biefay 85 Wil MeHearIvaieh trekway. loctieri R O# BB module
maln?Dne# .a?a Elemgeraltt*re Qf%}o ijl 'I‘E co?np%glltlcgn a%? st Qs 1%5?9”?%_8 wi% Pd on

reac ssur t

zircofib %tﬁ@é‘tQa BidoBih sup-EBﬁ frHﬁ@\lfoAe?ar lw@é G@Ehe@%nﬁble\k@no H5r&Mately
") diameter orifice generates about a 6.2 atm (80

+100p84 gestolzatdre P @ssitien) Melsisfuwasdodriddovsrovige the bigbést gields of tb@eatalysts
erature to condense out |iquid conponents and the

tostegad Nt 4 CE Sl HoH TR S SPAG  B1XGHETT 1ES RS BIRERERES ol I
a staggérrﬁr gpgﬂmgnt&%{ Bliad- Brg%s%kea\péjsagegtto%%ggé VBRI, ARGREALL 8

ent préssure a
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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Vari ous pernutations of deconposition catalyst,

per nsel ective nenbrane treatnents, fuel conpositions
W7o e t enperatures and reactor pressur esPEEDS2006/061133

tested. The nmet hanol deconposition conversion reaction

yield was typically greatest at | ow pressures and

decreased as the pressure was increased. However, the

e G BaRSnk %E@éi‘sﬁ%‘ %Bit‘? ?I‘hél\%]ﬁ%ré Qe%.rgkﬁcgggaéw HiBe the

reactor 1S | ernse ive separa
pernﬁﬁt‘ﬂhﬁ&@@akh@é\tlv\&gm 4vBR tHogh i Sierislve SneewhBt Hidhet. Q§onversely
This is a well-known advantage with "nenbrane
highevr@aertatmgsdfeamre;s willtinvecase memilane fhrraughmadut it themogiyagmically limit the
hydr ogen) shifts reaction equilibriumfurther

€.
metr?B%(d?%“pPﬂ[éO’HﬁtS@M CH\dNGRg IPROREESTHOR CPASHYBRACERAS S, | This may be
|

mltlggﬁg\égkgré&%rgg \],a—\gtiﬂfdnal oteC(#1 e@orgrg?rll Igaﬁ%?yesglrng)?ﬁ% ﬁ]g@ﬁ%hg @enum thus enabling
adeduBte GiQdrBydRohiesichest ARG Prdsk @Bs. I RATHREe NS Tréhdvb@from the reactor, the

pernsel ecti ve nenbrane, as depicted in FIG 1. It was
metrahcsoemmsm@unibrwmwcawh@xwa‘pemyd @@tmoc i s @

desj rabl e nodul Serat n erat ure,

o Bl AP e o B el S niotin BB ciaament of the
presérHﬁrfv!ar‘&foﬁ nﬁ#ey E%één 5é?ﬁ1e§{§§rglgtforqw ; r?%%rt%%q Hb@%ﬁﬁ] or 140

ratures bel o eve st rong
ps.g)@@sadsm WB%IOthe motelnea| Fakimamesdiog@reaas ybeithbingd @ﬂﬂsams modest
FIG 4 shows experinental flow rates obtained with a
mempraaf erepe dhe eaialent fowar @ﬁhedvﬁﬁ@mem@ca%wiﬂtﬂjhdnqdu'@M@S 5.8 W. The

Here, a 95 wt % hanol / terfu
specle TR 91 St R O BB R oA b tsaood 1 B ara g eaeroy
densﬁf wg@%ﬂ)gxm% Q? mow%h HasE @sfrﬂls}é% prwj@&eé-to%srgll Q/@teﬁ‘l ﬁjrther
V\X% Pd on zirconia catalyst (a zirconia support from
ineffidie fidesAesd@to baasngidenshathas theSpoﬁWreréqulr@d & axiliaadsgke )y ., the fuel
+100/ - 24 mesh before Pd deposition whi ch was found
pump 6ndp¢06\?@'&tsclrcrﬁ'¢08h|'bth%§\tsteyl dligrncy e apt 3&6§tt<ap<§/§%aﬁ<bt§? gyfirogen

gene\;\% r is cogg;ﬁr}%gc th\ﬁ/%{)‘%r wlegtgr?r%%q ﬁ1e e}]ecglc%egs{rag%:o% enFEfqberfag\els thus
projetR &S hd RGN as U whiglae 1 choQﬁlfﬁstMﬁ rodBSyiSi8d thhiPraPdemonstrated.
speci fic value, performance was allowed to stabilize

and gshe%gashanblovater iteb sasvesee fartesupaiheatal tebdts dppigssinFG. 4 to
Then the pressure was set to a new val ue and thewc%cl e

maingaihiatiaym threpohp of the ydsogep pefmeatee E13- @H'&’@"%tﬁsethﬁw jerfor this
ease ear I near | Wt
fuel (ﬁmce a%é ?n ¥T5a| |mﬂgr%n%ee<§]f mﬁrggtfchné; aysn%ah 6el\moimt Evc\:/%ter 8§1eﬁue§yee8

Initiafh© BY&cir ahy toéRbahe %b&ﬂ@w@%ﬁ@@rﬁ#ﬁ% sinfiRP &Lk |d)ént|cbl|51§) those used in
i ncreases in hydrogen partial pressure and perneation

FIG.#4fay.. Be/ziteonie datalpstPd oerabraps) @@s opeateien next (10a% paetrarctfor a
numtt)el?%Pex%yirﬁesn?gl rL}nlg.eTrgeer?yrdﬁ)eglgﬁpelrrrr]1eation data depicted in curve 1 of FIG. 5 was
obtained using a 0.04 ml/min fuel feed rate and a reactor/membrane module temperature of 300°C.
The feed was then switched to a 95 wt% methanol/water fuel, operated for several hours, and then
curve 2 was derived. The cycles of several hours of operation followed by data collection were
continued for the remaining curves depicted. It was apparent that throughput increased upon
operating the module with water containing fuels, possibly due to the water cleansing the membrane
and removing blocking contaminants. Partial cleansing is achieved by curve 2, and probably fully

achieved by curve 3 (90% methanol). Curve 4 (95% methanol) demonstrates the highest
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hydrogen yield wth the | ower conversion.It was found
that pressures of at least 6 atmare desirable, as
whelow48h s | evel the perneation rates are relB€T/U81096/061133
| ow even though conversions are somewhat higher.
Conversely, higher operating pressures will increase
menbrane throughput, but will thermodynamcally limt

peﬁogmgnc%%zg%[&p%ﬁg(? @ggﬂ&%? khﬁ'%gngf(d’t ﬁ1t 5 gSWeI_E uY hgglffégﬁce is more likely due

to théllolvk Sh@siBty arld My Qg danthl Seshutd yRiddld V\ﬁtﬂq}@mﬁ?}%f WhtBcontent fuel.

catal yst into the nenbrane plenum thus enabling
Curvadeshowe the hydivgeg @ermeetinnaipei Gituraitg foinghiemetimnek Syrcemparig the before
hydrogen i s rem)ved fromthe reactor, the nethanol
and gfte BeHoHERCPO R Céerﬁ? i PR (ISR BataRERPErifkle INFigRREAR froughput was
E [ a
achlé‘\’l\ll\g{;iléyo er tlﬁﬂthg dltuﬁ%bﬁ\l%g&gﬂ]ggrg i@glg{oatﬁéaﬂﬁgm%weegngm%g Even then,
the slight 8&drad2flon ih PerfdinaiRGAGWIPEY datFsughetsthit @ie thid8ghput was already
hi ghest - pressure shown (10.3 atmor 140 psig) was
affectddutthe7®%6 sk of Wigtet heor et i cal maxi mnum hydr ogen vyi eI d
yet attained wwth a fairly nodest nmenbrane area.
eqiisiaiehf "R yiher FP‘?&%%%F%‘G@FPVB'PS’HE ERPUPRHY f‘?ﬂ'eé’ed with
I
more’%@?ﬂggg \r%@ri%oﬁ?@% :’)ﬁl’aorﬂgﬁﬁqlzﬂﬁﬁe){db%a @géﬁe&t/e anﬁbtragér; géég V\%g a
stan@®IELPYicERNG. DO V) tWials pARGIGID XdilMRh el Uy t@eéof\éméycmemmm sh&eé?ﬁ:’d/Ag
results are projected to a full system further
or Pd/ﬁ@ﬁﬁeiktj@\@h@ﬁdé@mé@ﬂ shewrble pfmhis ihtwéeré@rousﬂmth aa%le’éﬁhfendency to
red to run aUé iaries

e SR o gt e A PE Oy o ey para AU Pt e i oo ed i
the a?tnéﬁdCthé?@‘sex/gryté}tehgvéglge@tﬁré%nttﬁ@sdﬂ)égtr Q&qgr &QHEIE aih&fvaflocns in
conbi ned wi th a 60% efficient fuel
PallaglueCitierisae Rasesngly,” 8N tPagiteriahd U. De\/\/bylerh Sda;&ratt/anSnd Purification
projected to be as high as 1.4 Whi/g or 1. 1 Whi/cc with
Met’lOH% 3F1(WJ? é@%@oga)emgoor gfshereip bﬁ@f?ﬁi@? T 9& Redticular 'Qisfe«ﬁk% the
inexpensi omp WE ba e d se(iln(?rb 2 ic erl rrent ut highly
?8%?%“8 'E?”éd’?r‘i FFES*2M R?B?ni” %J?"P‘rﬁ?ﬁ
permedbi© HtiPldh (Y. T Y 54 R €bte B 1Syer ord alloy at the surface to
el P Hhe NBysy SR Ehié P
I ITustrates the notivation for this fuel choice and
proteichibe &il frbineaidationgas wehackcitithte itht hydebgen ingeridonsamd rdlesaerpAimdther class
of water to the fuel feed. Initially, a reactor and
of mﬁerﬂ?dﬁta?fé)rcw&@v@owwwr%ﬁ&%ﬁ?@af@mﬂt%ﬁm%%fonﬁ@ﬁtors whereby a
comblneﬁlov r‘i}a I'?pf_r,dtonlc ar%se%c rjsyr%gconlauctlon effect d\gegyrf%rmlts%%jr:zfgﬂgonh&tle

throd@ﬁqm&tuﬁeor a nurrber of experlmsnt al runs. The
hydrogen perneati on data depicted in curve 1 of FIG 5
wa 3 heprecddingdxarsple garebeeebtad Withisimilbuiccdse byl subatitatingriite generically
react or/ menbrane nodul e tenperature of 3000C. The feed
or sRRelicin s CHRRH eaTBaISPaYer APsTaPgsaReitions b s iareationtigfdhose used in the
or several hours, and then curve 2 was
prec%ﬁ%r @g ‘l;l‘he cycl es of several hours of oper ati on

f odiihevgrdhdiivehadrohae e bPddsidd Wededail with particular reference to these
preferred embodiments, other embodiments can achieve the same results. Variations and
modifications of the present invention will be obvious to those skilled in the art and it is intended to
cover all such modifications and equivalents. The entire disclosures of all references, applications,
patents, and publications cited above and/or in the attachments, and of the corresponding
application(s), are hereby incorporated by reference.
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continued for the remai ning curves depicted. It was

apparent that throughput increased upon operating the
worwalessss t h wat er contai ning fuels, possibly BPUEUS2906/061133

the wat er cleansing the nenbrane and renovi ng bl ocki ng

contam nants. Partial cleansing is achieved by curve 2

, and probably fully achieved by curve 3 (90%

nmet hanol ). Curve 4 (95% Lﬁﬁﬂ?l) denonstrates the

hi ghest per f or mance, actuaﬁﬁy—providing hi gher

t hroughput than curve 3 , but the difference is nore

likely due to the | ower conversion and hydrogen

paithatis clgimegsuir e yi el ded with the higher water content

fuel. Curve 5 shows the hydrogen perneation upon

returning to neat nethanol. By conparing the before

ang aft u t wn

That e GRS kPG Tea bt e SRuke TR mrcind Je2?

achi eved by meediafd fgl cbIﬁgnsﬁﬂgcwlead@tﬁerm&bwdee@ﬁ;&ﬁhm Bépound;

fuels to cleanse the nenbrane. Even then, the slight

degr adat i on degorprasing theenegeowidoiars ealystiofamBhydiegeestds primary

that the throughput was al ready affected by the
byprofy&iiaiag giegiye! It should be noted that further

per f or mance e readily achieved wth
nor e advancé négﬁgﬂﬁg)g%g?glcularly t he hydrogen
pernsel ect i Vreadmgr’o.ﬂﬁ.nmgtm@d.m)s bypraaiu el poducd Suffitient ®Bat to drive
(0.001") thick palladiumfoil. Various types of alloy
the deegppnoaing steeuch as Pd/ Ag or Pd/ Cu are known and have
been shown to provide higher throughputs and | ess
tendency to hydrogen enbrittle. There are many
pepnse | 'ﬁféthe\ﬂ%d%? PairPf Jvﬁb@e.ﬁ'% %ﬁ&(ﬁﬂ\émlﬁglglmcéngpotsg@ec‘&)m pound
skilled in the art, and there is very extensive
compristematharice on t he subject see for exanple
"I nnovations in Palladi um Menbrane Research,” S. N
Paglieri and J.D. Way, in Separation and Purification

hod 31(1 169 cor
FoPor enthe Mg sk M e DTS e bRinaotsy 25

Wt% %!EP% i ABRRART n@d@;ﬁ?‘ﬂh%ﬁﬁ@@t hinditioPaper, which use

a |l owcost but highly perneable netal foil (e.g. Ta,

V, Nb) as the core and a thin layer of Pd or Pd all oy

at the surface to protect the foil from oxidation as

wel  asThedeqthqdiohelaim huhaigin) g dieah camsiess: Tashzean @ apeo¥agiely 10
wt%'\//_\vg etr Qn froC gp%?’ox%ateqaé t|°/at|os106 \r/]vf‘té np OVI de hydr ogen

pernsel ective sepa a rons TS AT conduct or s,

wher eby a conbi nation of both protonlc and electronic

conduction effectively permts hydrogen to shuttle

t hboughrhemestisdrofi clbior eewheTéie the ifigat eanmige ssapprpinetaewitiewater and

repeated with simlar success by substituting the
apm@@ﬂ@ﬂV@%WP@”ﬁpagﬁeC|f|caIIy descri bed reactants and/ or

operating conditions of this invention for those used

in the

6. The method of claim 3 wherein the water cleans a permselective membrane used for

the separating step.

7. The method of claim 2 wherein the catalyst is selective for methanol decomposition
over a reaction selected from the group consisting of a water-gas-shift reaction, formation of
methane, formation of methyl formate, and formation of dimethyl ether.
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precedi ng exanpl es. Although the invention has been

described in detail with particular reference to these
w@e@at488d enbodi ments, ot her enbodi nents can BCHIUS2086/061133

the same 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

nodi fications and equi val ents. The entire disclosures

of all references, applications, patents, and

pull i catHeQRshdelidi BinPORNReiR N/ pRhaly By broducBEdniBdsRakEaN monoxide.

and of the corresponding application(s), are hereby

i ncorporated by reference. CLAIMS What is clained is:

1. A nethod for producing hydrogen, the nethod . _

coftpri siNSgqtne o5 Elais! Whereip e veasineetep Jomersesspring thegprimary

therm cal |l y deconposabl e conpound; deconposi ng

bypr?cﬂjgﬁ%%%g'und via a catalyst to form hydrogen and a

primary byproduct having a heat val ue; separating the

hydr ogen; and reacting or burning the primary

by p®.odubte methqgrop daioed fy difiefr icornmpristng ifeesteptah mikinovtee aihith the primary

deconposing step. 2 . The nmethod of claim1l wherein
bypreqygt 4 &Vﬁgtf‘ﬁ?l&g{?ﬁ-y deconposabl e conpound conpri ses

met hanol . 3 The nethod of claim2 wherein the fuel

conprises fromzero to approximately 25 wt % wat er and

f r am appieaudtiieator tiyim/Bwidrsio the pldHdingtsteYocompival plessubizing the fuel.

The nmethod of claim3 wherein the fuel conprises from

zero to approximately 10 wt% water and from

i 0 0
o TR o o P P bTARY caproBang et
a pefiRlcOE MRlBlaned W % water and approximately 95 wt %
nmethanol. 6 . The nethod of claim3 wherein the water
cl eans a pernsel ective nenbrane used for the
separating step. 7 . The nethod of claim2 wherein the
catl&l ystheimethad|obelpim/efuftisnr coraprising d1e SRR iRsBiing pfessure of the

separated hydrogen.

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

thereby maintaining a desired temperature.

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

the decomposing step occurs.

16. A device for producing hydrogen, the device comprising:
a fuel comprising an endothermically decomposable compound;
a reactor comprising a catalyst, said catalyst being selective for
decomposing said compound to form hydrogen and a primary byproduct having a heat value;
a permselective membrane for separating the hydrogen; and
a burner for reacting or burning said primary byproduct, said burner
producing sufficient heat to drive decomposition of said compound.
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over a reaction selected fromthe group consisting of
a water-gas-shift reaction, formation of nethane,
w0 oorat48en of nethyl formate, and formati on of PCi/be10ne061133
ether.8 . The nmethod of claim1l wherein the primary
bypr oduct conprises carbon nonoxide. 9 . The nethod of
claim1l wherein the reacting step conprises oxidizing
the primary byproduct using air. 10. The nethod of
claim9 further conprising the step of mxing the air
W HR t heheRieliBBENEIRY 6 ARMISH shig bﬁkﬁ)tfﬁerﬁﬂﬁ@zﬂl& dEdonflo84bic0dompound
11. The nmethod of claim 1l wherein the providing step
compisapmetbe®l.pressuri zing the fuel. 12. The net hod of
claim1 wherein the reacting step further conprises
providing heat to a pernsel ective nenbrane. 13. The
met hod | Si 0
oot aq T ki 1 Wain KR Eflecs 1B 1SRty 25 wo
watefhe nmethod of claim 1 further conprising the step of
nodi fying a fuel flow rate, thereby maintaining a
desired tenperature 15. The nmethod of claim1l further
risj the ste re uLatiqg a pressure at which
t hé dec 8%'?‘?13@[ C?t"g e dE"d%'ﬁé"i"d ! Ompdge\ﬁ“@éo ?Qﬂ’ox'mate'y 0wt
watePr 0duci ng hydrogen, the device conprising: a fuel
conprising an endotherm cally deconposabl e conpound; a
reactor conprising a catal yst, said catal yst being
sel ective for deconposing said conpound to form
hy &®. oge?heaiﬁdC%Ofmainﬁrﬂﬁ yhéigip saidl et campusasgrarokipatenbattpevater and
nbrane for separating the hydrogen;
apm%wgm§g§§Wﬁgpmf8P°react|ng or burning said primary
byproduct, said burner producing sufficient heat to
drive deconposition of said conpound.17. The device of
cl ai.m Ithewla@tceditiagai glwrsreio theavarcebhs/sattigeangats i reembrane.
conmpound conpri ses nethanol. 18. The device of claim
16 wherein said fuel conprises up to approximately 25

é% 'ﬁ]ﬁ eglge oflj% n? g‘?\gheﬂ? 8 (rjrg?t% V%T is s&le%v%rfoer rr?etﬁc’anolqjecomposmon

over a reaction selected from the group consisting of a water-gas-shift reaction, formation of

methane, formation of methyl formate, and formation of dimethyl ether.
23. The device of claim 16 wherein said primary byproduct comprises carbon monoxide.

24, The device of claim 16 further comprising a variable pressure and/or variable flow

rate fuel source.

25. The device of claim 16 further comprising a pressure regulator for regulating a

pressure of the separated hydrogen.

26. The device of claim 16 further comprising a pressure regulator for regulating a

reactor pressure
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water. 20. The device of claim19 wherein said fue
conprises approximtely 5 wt% water and approxi mately
WO 2001 #4886t hanol . 21. The device of claim 18 wWher/E521906/061133
the water cleans said pernsel ective nmenbrane. 22. The
device of claim 17 wherein said catalyst is selective
for methanol deconposition over a reaction selected
fr t r c LSt , - -shi ft
redtt i oo YRR Sl Rio RatBL Sl AR g pprmany
integkMdWRthBsaidduehef. Or mat i on of di et hyl ether. 23. The
device of claim 16 wherein said primry byproduct
conpri ses carbon nonoxi de. 24. The device of claim16
further_conprising a variabl e pressure and/or variabl e

f1 6% r athe deviet ofsialin AR urthes comprisingafeply iectet faj dipvyiga air into said
I: S ssure regulator for regulating

° b”méqg%ggiﬁﬁgmg?hﬁﬁgg§@%§%§ted hydrogen. 26. The device

of claim 16 further conprising a pressure regul ator

for regulating a reactor pressure27. The device of

cl @9-m 18 sitnticaionesspurge trabetnapriseprifusiaieandehddevive ohelaim 16.

thermally integrated with said burner. 28. The device

of claim 16 further conprising a venturi ejector for

drawm ng air into said burner together with the primary

byproduct. 29. An electric power source that conprises

a fuel cell and the device of claim16.
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