HYDROGEN PRODUCTI ON USI NG ELECTROCHEM CAL REFORM NG

AND ELECTROLYTE REGENERATI ON CROSS- REFERENCE TO
WEERLADEB0APPLI CATI ONS [ 0001] This applicati on BC&iUSB006/024645

the benefit of the filing date of United States

Provi sional Patent Application No. 60/693,316 filed

June 23, 2005, the disclosure of which is hereby

i ncorporated herein by reference. BACKGROUND COF THE

| NVENTI ON [0002] This invention relates to processes
f oFlYPREGEYI AGORYATEGENUFENG. ELACORDCHRHAI EAT.SREFORRING AND

for new | ow cost . hydr ogen rpduct! on.
Hydrogen is wi del cg%o;t&% ﬁﬁﬁ%ﬁ%ﬁ%\% inthe
CRpetraEFERENaE TodustAyEDTRAerhataesbysi ngle use is in

hg refining of crude oil into fuels. Hydrogen is also .
[Ohﬂ i nt er ABdFataPR i 3Hel Pt oglaimsn e alpepeifatf oof the filing

rthkiz n anj Ki on. hydrogen_, .
ol ey PaL M EPIRTLE PFoNBLY) POl MY BR cion o,
607 68Bedloeniicless. Thhet B3, fO605cel thaleviekepdent-al Sof which is

cessful., la ddi ti opal supplies of hydrogen wll
he}%éBXeéagarPSFahggrﬁﬁﬁﬁlFog¥oﬁ_@ﬁeF8@Fecel | vehicles .
BA{RERAINGasrphasersveRm oRf or mi ng of natural gas is
monly used to make | ow cost hydrogen. Methane is .
[oﬁﬁ%] maj oF Pt§ CoHiRBHEMRN | ifepatesal tgapradmseesr , fohe producing
i iC f methane steamrefornmng are slow. As a
hy!rﬁégg%itl 5?ﬁi’s reaction is conducted at high _
[00@Aper at These typhcalded GO GONOLOE cobh e@ualdsond Uydrogen
e.steam rﬁfgrm' ng of nethane is given in reaction
pr%#ycil ¥

Cha +EEBE VAol ey ¥sgdhps( B [ouoBmedifde in the
pebxodhaabtel f uelamdrave al sphbean Canggggggpqlgé) ;I%t‘ein the

hydrogen. Equations simlar to ( e written
retHRiRY eafh r HOHA n@idf Smber Kyedscar boHsdrogygenas esalso an

in@®fnediate in the production of ammonia for fertilizers.
Many companies are working on hydrogen fuel cells as a
replacement for gasoline or diesel fueled vehicles. If this
fuel cell development is successful, large additional supplies
of hydrogen will be needed for hydrogen to power fuel cell
vehicles.

[0004] Gas phase steam reforming of natural gas is commonly
used to make low cost hydrogen. Methane is the majority
component in natural gas. However, the kinetics of methane
steam reforming are slow. As a result, this reaction 1is
conducted at high temperatures, typically 600 °C-900 °cC. An
equation for the steam reforming of methane is given in
reaction (1).

CHy + 2 HO0 (vapor) CO, + 4 H, (1)
[0005] Other oxidizable fuels have also been steam reformed
to make hydrogen. Equations similar to (1) can be written for
the steam reforming of other hydrocarbons, oxygenates and
various other oxidizable fuels. For example, the steam

reforming of methanol is given by reaction (2). Methanol



vari ous other oxidizable fuels. For exanple, the steam

reform ng of nethanol is given by reaction (2)
woORb(TANZH0St eam ref ormi ng proceeds at a nuch faBCEUSE@E024645

t han nmet hane steamreform ng. Typical gas phase

nmet hanol steamreform ng tenperatures are 250 C- 350 0OC

. CH3OH (vapor) + H20 (vapor) CO2 + 3 H2 (2) [0006]

The typical steamreform ng product, known as

synthesis gas, is a m xture of hydrogen, carbon
stgphoxief@rwiaihoprdcesdse azndh stneam flast®@sSt rate than methane

lications, the_synthesis gas is passed sequentially _
Stgﬁgoﬁb%%§m§Q%’nnF%ﬁlﬁﬁieﬁﬂiﬁP%ﬁﬁ?tmeFEQEPér§F3ﬂﬂﬂ¥ﬁf0rmlng

tempekathreBbeaear Pep pongxpdecis reacted with steam
maki ng addi ti onal hydrogen and carbon di oxi de via
reattiYh (BPorico #HARdvepepdr) CCR2 + H2 H3) [0007]  (2)
beal |y, riti Len ar sed.to renove the
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syhhpesisi esas Hydmrsogen miodueé @ i hydiegeh:, eneatBoNalonoxide,
Ca¥£gelé.deg nding on the final hydrogen usage ‘
appri GarTonRe POBBOSFSElrr et SR&tgPRRddicasionse ithey synthesis
gast alse phsbluX. séqusSesa 1y edisoddie SHRP! ¥y Ol JUTeSLLEo gas
patural gas has been imted and’its price has
shiher ehgBHLSEGer whersl chasterothi Sher cerbenemsnoghitishdise reacted

et g js i | pw.cost alternative tq. . i
Wlexpe%%%@e gﬁ%§¥i%&§g%€§% lgggqrﬁgﬁgrFﬁﬁgt%?§?0ﬂ0§POdee via
reaffstmwr €3 hat ural gas cannot be transported via gas

pipelin . Man onpani es are considering the use of
tan‘iér%eg?&t(ﬁ’fﬁéﬁgrt | i%eft & natural gas (LNG . LNG)

[00@nKers RIgaTUEN POrerexpenshved h%?ér%g%ﬁpqto remove the
tankers. Furthernore, transport of L posSes seri ous

caiet fLanddei asianion | Bewes1de, t k¢ cevernndf oahepi limpurities.
Hy @ NELET YWY Qhers.yie Qfe shi nt_of lig |ﬂs uch _,

Y Gas et h%\l%oiiuor g:[lnézéky}%ee UﬁLejfremaegfl i affte a‘f"f‘é? Kt %@B@ndlng on
the of i1NG, Bodtodarel ssawn agpligeci®ss expensi ve tankers

6H5%i n %Pe event of a spill, these naterials are not

[0 urrent energy markets are in a state of flux. In
recent years, the supply of domestic natural gas has been
limited and its price has increased several-fold over historic
levels. Offshore natural gas is viewed as a low cost
alternative to expensive domestic natural gas. Unfortunately,

most offshore natural gas cannot be transported wvia gas

pipelines. Many companies are considering the use of tankers
to transport liquefied natural gas (LNG) . LNG tankers are
much more expensive than petroleum tankers. Furthermore,

transport of LNG poses serious safety and liability issues in
the event of a spill in a waterway. Others view the shipment
of liquids such as methanol or dimethyl ether as wviable
alternatives to LNG. Both fuels can utilize less expensive
tankers and in the event of a spill, these materials are not
subject to the same safety issues bresented by a LNG spill.
If these fuels become widely available, their prices may fall

below that of domestic natural gas and these liquid fuels can

2



subject to the same safety issues presented by a LNG

spill. If these fuels become w dely available, their
woniwee2sey fall bel ow that of donmestic naturabPCyas2@am24645

these liquid fuels canb e attractive alternative

feedstocks for the production of hydrogen. Both fuels

can be processed in the gas phase by steamreform ng.

The resulting synthesis gas can sinmlarly be processed

sequentially, as described above, using well known

be \aFEFaghivenizttemriiores dsednFocksentour i fhieavivoduction of
Qeesses 0 hi.s fi.eld

hyd%gnadl an ggﬁ:gn?ﬁlel@g%ﬁ} %Fgéi%$e§9é§) t}l’-'? g@?l H%%ase by

sta@mzﬂeiqrﬂneabhe3ﬂ$eIreﬁultqﬁma&gnﬂﬂaagsg das oBKI ®Onilarly be

dro en by reform ng various aqxidjzable fuels. Liquid
pro e%r &@ﬁq1 %iiybe AR oMFECTEEPSh F2PYBus UsdHiSo el known
wat%&eghbob%hﬁi B@bc&ﬁ%sr@E@fﬁ&@906bﬂebhﬁﬁf@%%tHBEEprocesses
favorabl e in al kaline electrol ytes, especiall

[00Q9dr oxi &&s.eazonduRd kRt caraltysis ﬁl@lﬁse@aﬁ@dplamm‘.taetent No.
em
787%@&“(%15‘19&%@‘“ '1@%%& ?al%‘?ﬁléng roc %la%s a liquid

pat hways . Prefeérre ar e "t he" &
phavel | Srocass t i Dor naha]ksng Reagtincogeﬁ4) @eSCféﬂe@nitr&? various

I i d phase reform ng of nethanol to produce
ot Ay BP B En HEkECH (11 Gt ) SO FOOF CEPAHIY Gap P dEnqupted in
varf6Qi0]adbeopat entcdi-6eh088s BubakeR PrOESSS: rll.‘rln%tlgs are
m xture of water, an ionic conductive electrolyte,

moTgn o figaTE G pouHE (f aékpldhiech ﬁébmitnqiyﬂﬁslpreseap@Clally
mophygassloc Snlcocombet e calalust ol e oL

and produci ng hydr ogen

reformingi nrédetlomui dyphase iadd iake éebbeigdhbﬁl@é@cﬁﬁﬂthways
Thus for conveni ence

I h )
Preﬁsgggﬂem r %égﬁf%%aof—’l %lt q\g%’mphﬁj@ r YR ngvﬂmIA transition

metal kal i ner&d@eid®! ytss B%SQ%EEkE@th% aéveralé q%id. phase
el ectrochem cal reform ng (ECR) . Al cohol a e

ref?ﬁﬁbégonomgﬁhﬁeoiuéPsprDﬁ@Cadthrbgenass are
4 el ameph Al o sseune Iuduagen Lol onde o

[OOéDkCtroTyEesatent discloses a batch process using a mixture
of water, an ionic conductive electrolyte, and an organic
compound (fuel) which react in the presence of an electronic
conductive catalyst, oxidizing the fuel and producing
hydrogen. The reactions are gaid to occur in the liguid phase
and are believed to proceed via electrochemical pathways.
Thus for convenience herein, this type of liguid phase
reforming in alkaline electrolytes is referred to as
electrochemical reforming (ECR). Alcohol and a wide range of
organic fuels, including biomass, are disclosed.
High-pressure hydrogen production is disclosed and hydroxides
are described as preferred electrolytes.

[0011] Recent patents to Cortright et al., U.S. Patent NoOs.
6,964,757, 6,699,457, and 6,964,758 and published U.S. Patent
Application 20050207971, and Reichman et al., U.S. Patent NOS.
6,890,419 and 6,994,839 and published U.S. Patent Application



[0011] Recent patents to Cortright et al .
wo %eb&htozNos . 6,964, 757, 6,699,457, and 6, 96 %ﬁ%

puﬂﬁashed U. S. Patent Application 2005020797 a%%%%ZM45

Rei chman et al ., U S. Patent Nos. 6,890,419 and

6, 994, 839 and published U S. Patent

Appl i cati on20050163704 are simlar in nmany respects to

the disclosure in Gines. These include liquid phase

reform ng of al cohols, sugars, biomass, hydrocarbons
20020H6 3204 oaseoﬁyg@ﬁaredmy@ﬁmcarwgcw Faké&hey giegdpsure in

These patents an I ap ti 0 t
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eaves as an inpurity wth the product hydrogen. U S
elePatehytdl. 361, gghesslgcmdi pobbEshethd). Shepatsat of conductive

nec PR3 LD OO AT oI SR PO one

proPEEsess &isé£§§e@0&nﬂecakkahghcar@onaﬂe Aandre conducted at

bi car bonat es and that_ t he spent electrolyte ca
pH<F@geWE?§?e§h§s@ng§O@HF§e9§P§§a&r c&drbqry )d %ﬁﬁ&ﬁ%u%eaves as

en Sl ot S ubsomats beese ebor hibens o
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enerat e .t he caust.i i.tating

ur e e, ST (o 85 hely P8 Sgond Mo TR e are
conﬁbf@bﬂngnﬁaitha@@hb@&Qb%sbotﬁﬂ Dé$§eataﬁvéealkhﬂﬂ1carbonate

step (2) . However, this approach is econom cal
andynba¢erRErathecagse sitgditf i CAIRt HRARG s ?%ﬁﬁﬁ??ﬁyq?) can be
regéﬁggﬁﬁéat & k! hnec@ééhs@,é?d f&ifé’é@Xl 8)r eagk@nt$ alkali

resulting 1n significant cos Pat ent No.

carbpf@ie7 @vlditsohnoses at heinqwuﬂ ogéma;an Jb@fq?ﬂflm?dmedllby alkali

conblnlng an al_cohol ch thanol W t hase an
hydrgrifgr | ehetEF en% rifdfdhd REoeh 4

a aly§% SUch s @

alkblansi te'a@*&h"ﬂ;@de&@ﬂzdﬂb@ﬁ@d’l dheqRirdfrdthe thetcaestsc while
[1] at
precipitating an alkaline earth carbonate; and (3) use heat to

solid

regenerate the alkaline earth carbonate to an oxide for re-use
in step (2). However, this approach 1s economically
unfavorable because significant heat is required to regenerate
alkaline earth oxide/hydroxide reactants resulting in
significant cost.

[0012] U.S. Patent No. 6,607,707 discloses that hydrogen
can be produced by combining an alcohol such as methanol with
a base and further in the presence of a catalyst such as a
transition metal and wherein the pH of the mixture is "at
least 10.3," but mnothing specific is provided beyond that
limited disclosure.

{0013] U.s. Patent No. 6,890,419 discloses an
electrochemical cell consisting of anode and cathode

electrodes across which an external voltage is impressed and



| east 10.3," but nothing specific is provided beyond

WO 50517’:)602563m ted di scl osure. [ 0013] U. S. Patent PM/USZOOG/024645
6, 890, 419 di scl oses an el ectrochem cal cell consisting

of anode and cat hode el ectrodes across which an
external voltage is inpressed andenploying acidic to
strongly basic electrolyte solutions, including the
use of KOH up to 12M in order to effect production of
hydrogen. [0014] Liquid phase reform ng provides _

emp Ye¥iRabl @Cadvant Bgess eV bonkHt i onat L 2t WEt ¥ e orgR Y Lons,

inc?@&ﬁﬁ@e %ﬂ%m&é’h%%e k@ﬁorﬁwgﬁ&f hens e'i%CtE)?&EFm €8l effect
pat hways that are not accessi ble in conventional gas
proghaskost einhyéfogaenng. Advant ages include: 1 . Higher

iciency than_steamreformng; 2... Sinplifi
1005} et Loveht. BREcS TeEPFAG: B5ONE dFsedi Uy able advantages
ovef ONMHLSENtSordNd 4steddh OVirdEoanglt | MMSusd Ul IY quid phase
|ntegratedjprocess. SUMVARY OF THE | NVENTI ON [ 0015] A

refprBeegs fogi Fcoduel eEtFodronbea has PesHpRS ngthat ~ are  not
acc&OBiALLI NG| N ’cBﬁv'eh‘E;ﬂhﬂaEhaSiaét lé)?l%.%te °”§Er8é}nd' 23 Srming.

or gani ¢ substance i'n the presence a mx
Adveonpgesi hgcatdéeast one conductive catal yst and an

aqueous_al kal i ne_carbonate el ectrol yte, wherein at
: b

| ehst ofeIBPEaFbbhat B2C¥ bRt F bR*Br BAEREWLDY ' r eact i on

of 2t he el@glielybiepisanegeneeahegdpand the at | east one
oxi di zabl e organi c substance conprises a oxygenat ed

hydr ocaFbominebe ERanpeednéphaperrandsersdi arthyl
et 51_er. . bPo?igéegeﬁgﬁgiﬁﬁgﬁg' ”f&il}téhf Pégfsﬁédf B%ﬁcess .
y ng In e

produci ng rogen gas conpfises tontac |
SUMMARVI dF phaBeIMVEN®ASKN one oxi di zabl e organic

stance, such as thanol, in the presence of a .
100F8hGLct fovePERERF S ot LaRd BHP kLR e EbEagrol yies | comprising
con¥BEEehy: i6ALhBYdrEHeR RS skS genaitethid) kid®afd®le organic

having a top and bottom wherein the at |east one
subsé;(qi@g@a?bpetgfeggpﬂegence of a mixture comprising at least one
conductive catalyst and an agueous alkaline carbonate
electrolyte, wherein at least one Dbicarbonate composition
produced by reaction of the electrolyte is regenerated and the
at least one oxidizable organic substance comprises a
oxygenated hydrocarbon, for example methanol and/or dimethyl
ether. In a preferred embodiment the process for producing
hydrogen gas comprises contacting in the liquid phase at least
one oxidizable organic substance, such as methanol, in the
presence of a conductive catalyst and an alkaline electrolyte,
wherein: (A) hydrogen gas is generated in a reactor having a
top and bottom, wherein the at least one oxidizable organic
substance is introduced into said reactor at a point
substantially midway between said top and bottom; (B) an
alkaline electrolyte solution comprising at least one metal
carbonate is introduced into the reactor at a point
substantially at the top of the reactor such that the metal

carbonate solution and the hydrogen gas flow substantially



substance is introduced into said reactor at a point

substantially m dway between said top and bottom (B)
wano@ikzdod ne el ectrol yte sol uti on conpri sing arPCraas(06/024645

one netal carbonate is introduced into the reactor at

a point substantially at the top of the reactor such

that the netal carbonate solution and the hydrogen gas

fl ow substantial |l ycountercurrent to one anot her,

thereby resulting in the production of at |east one
COFRICWInarborat e @oPpodietloer, (Cfhehebnt reasitdmg in the

: Dj bopa itian 4 s.r erated. In one.

P Ty 5658 Bt s el AL RO et PBRORF Ehoms ()
the het hyehogemmerodust i bhcaehorate, cbiposl kabhnes regenerated.
electrolyte is ,regenerated using steam_ BRIEF . _
In [(grRE PYFERF eFL PR DORARFAGST [ BBTB] USchur'd’ 1Ceipaseion with
thd Ney@nEiaet hesa0bt 8bRABLLALOLE, NG th LI Buld Biaserolvee is
reformng in various al kaline nedia. [0017 igure 5
regsmes teds aivdmat ist-esim.a bat ch reactor test station used

| QY quﬂg ] || yst eval uati ons.
BR%P%%%UFG %SF{]?V}V{SH arﬂ%gﬁg\ﬁgﬁ c of a continuous
[00dsdct or Fusedd o toabhtephabe lefgivigLcadBl ¥6bam reforming
, ?¥ Luatiogég'[0019 Fi.gure 4 shows a schematic of a
WGy qdj S SHATING ¢y Meed ANt R lkeHone astmat e

[00@!’730(955 FiQulLMVEAGycanbandioxide fEom BOdUCt L onctor test

hydrogen and for regenerating spent reforner
stadliget uslept oy 020} Fipjwrse 5 dlowsng selteriptstc efalaiations.

iqui d ase reforper in close-coupled co-current
[oo!lr??egr alt%hil YW t gﬂﬁng 9ar%§ﬁ%?aetjp$o8 s& FOrR T BRI Rgreactor
usecarfean 1diceXid @ Hasemrrfedudhd Y eregsn tars,d1Mations .

regenerating spent reformer electrolyte. £0021] Fi gure
[0089dhows T4 Ridifendt | SRS 13 quiehPrR&EEC r ePbr ngr LhAagid phase

reﬂaﬂﬁﬁ%*Eﬂﬁgé¥hééﬁ”%f%hCHrE%Etééyﬁ%ﬂégénga%éggafggtremoving
carbonate process for renoving carbon di‘oxide from
carpogdudt opdeogénomndofoducegenetmidary speht fioef oremgenerating

Spe%gf%%ﬁg%ﬁggae%%%%églgk%Hre 7 shows rate conpari son
[0020] Figure 5 shows a schematic of a 1ligquid phase
reformer in close-coupled co-current integration with a hot
carbonate process for removing carbon dioxide from product
hydrogen and for regenerating spent reformer electrolyte.
[0021] Figure 6 shows a schematic of a 1liquid phase
reformer in a close-coupled counter-current integration with a
hot carbonate process for removing carbon dioxide from product
hydrogen and for regenerating spent reformer electrolyte.
[0022] Figure 7 shows rate comparison data using a series
of catalysts for hydrogen generation from methanol in KOH
electrolyte.

[0023] Figure 8 compares hydrogen generation in fresh and
regenerated carbonate electrolytes using a Pt/C catalyst.
DETAILED DESCRIPTION

[0024] As described earlier, there is a need for a liquid

process that reforms oxidizable fuels to produce high-



of catalysts for hydrogen generation from nmethanol in

wo J66hhegbct rol yte. [0023] Figure 8 conpares hy@dnagsieo24645
generation in fresh and regenerated carbonate

el ectrolytes using a Pt/C catal yst. DETAI LED

DESCRI PTI ON [ 0024] As described earlier, there is a

need for a liquid process that reforns oxidizable

fuels to produce hi ghpressure, high purity hydr ogen

wi t hout adding fresh alkaline electroly
pre%ﬁ#%ﬁtuﬁéﬂ@lﬁmﬁﬁQKwh¥?¥°%?%cé@§@§Wﬁsﬁﬁ@%ﬁ%ng?aBl@1kallne

for co I f r
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Licnidir p@eﬁe e ek doah i me aeborrmmgecsnefaﬁeaﬂﬂyel@easible for at
le det P ﬁ% the réce of the caustic reagent rather
a?% ¢ %& ? ¢He® oxi di zabl e fuel, when such

[00PsPC es S‘EkSe akBsE oae ugbréngnhakkabkne ial %Q‘Jd’aQ':Lﬂee rdf@rming is
exanpl e at_ pH>7, or_ pH>9, such as pH of about 7 to

eff%fb*éwehsz dRtEralgedst PBndiie aPKAFENeOR| &&1er oF§RBE1¢T greagent
ratr‘?é@m @n %%rﬁe GRLL &, OQEC%Hee' 8&&&5&&1@%“ efdafldfoggen such

ow | evel s of car on di oxi de and car bon nopnoxi
pro¢éms$sodmetqnnduth$ anmawmﬂJMEcawmwtfmﬂmweboﬁor example

i.oxi de by-product. reacts i i ately
at SRkl (S Brearr BRohcSer R, By ebher thy st 12.  Although
str&h&LY r obyka1kiAkO @1@&;&&%@@ rqmmékaﬁ@léher eb¥13) can
reducing the pH and the reaction rate. In order to

pro@ﬁqe%c.tr tylvﬁgrd’ ePEFrei émdlapmdwatht hjeo‘@r d@é@ésl noén carbon
dio@:ufé’ll el eé%f ir? ﬁtoﬁoxﬁ A b¥oly E'(En dd’:lchieved

process at econes nece sary
becémsshthausbmboal@meﬂ@&E%prwmﬁthhréaesh oxm@dmdﬂeéy with

e dSlcig el A SOL B £ Lhe oot of MmkEUD PR Lfuct oy

mt@a@b%@é@méﬁét@xﬁﬁ@qsmtllst%u%sttmréw exidiczabl echeleby and
bei ng refornmed. Consequently, the price of the caustic

the cHRECHILONY HARR odudi! ppréer Wi cdffectulifeldr aple efficiently
con%t?%g(slhghpgggeg&h§£ gﬁn%’lkja&lrn%e e[iréc%rroqr}}teqr (i%ezscsiecsularly a

continuous process at high pH, it thus becomes necessary to
add fresh caustic electrolyte along with fresh oxidizable
fuel. At current prices, the cost of makeup caustic, whether
in the form of a metal hydroxide or metal carbonate, far
exceeds the cost of the oxidizable fuel Dbeing reformed.
Consequently, the price of the caustic controls the product
price, which is unfavorable.

[0026] On the other hand, if the prior art processes are
conducted 1in acidic or neutral electrolytes (for example,
pH<7), the hydrogen product reqguires additional cleanup
processing. These c¢leanup processes add cost and reduce
process vyield. In acidic or neutral electrolytes, the carbon
dioxide by-product does not react with the electrolyte. As a
result, a continuous Pprocess can be run in neutral or acidic
electrolytes without the need to add fresh electrolyte with

additional fuel. However, the reforming rates are lower than
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conducted in acidic or neutral electrolytes (for

wo R§ARsA. PH<7), the hydrogen product requir§gy/ysiens2464s
addi tional cl eanup processing. These cl eanup processes

add cost and reduce process yield. In acidic or

neutral electrolytes, the carbon di oxi de by-product

does not react with the electrolyte. As a result, a

conti nuous process can be run in neutral or acidic

el ectrolytes without the need to add fresh electrol yte
in wilideldddi t ebaatroletes Howader , mehe risfrmtan: nat eshar ecarbon

. lower_ thanin alkaline electr t , o

aor et EATRS CPie TRt arowr iy Piagast; pBgsny, sepuiring
sighhei pardueil aydiooend e dddgeshigad f icoattt .cl eanupddition,

and the associated costs. In addition, the, carbon
thergxPae SHEMW cyeh BUATPESRt CfPa AGREY eVkR s&hgr Teverse of

reaE@f&ﬁi@ﬂ)(éboégo%% L0 PRI AGCES £186PORABROYEDE gn@NGinder some

under some conditions, hydrogen and carbon di oxi de can
confliitibes , r &ycirogenf g neehlaoe. dAlixigke t¢msefinphert irgact to

must .be renov i n_subsequent, wat er_.gas shift .and/or .
fonﬂufr}eﬁ S-on g}d]oftegzes&%% clgaur&ftlc Sea%‘ﬁf’)gprboéc]ejsfgggved —

sub88guBydr egesryyakd shagsesncan i heralf danfianorafdoesses.  The
affect the hydrogen production cost. [0027],
cosp| tef natioaNyP | PrPReSHPT ordBft Procedles ¥reld losses can

u | y{,d ali,pe I
cneSBBgLELER, bRy P Ly aeoL e shesen ¥ g Loty cosc
[002@1i t i ondterhetnuplpr océssi nghe | pthds cass alkaldesses are

arponates are i ckl onverted.to,bi carbonat
CO“@PSEE ng ‘the TbH p%ﬂ%?gb§ebeﬁ&ﬁp$r? ¢5FSon §Bxi fFLe
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[0028] As 1s described in detail below, the present
invention provides embodiments for continuous methods of
producing pressurized hydrogen from oxidizable materials via
liquid phase reforming in an alkaline carbonate electrolyte
and then regenerating the electrolyte so that the electrolyte
can be reused, thereby avoiding the negative impacts described
above. The oxidizable fuel is reacted with an aqueous
electrolyte in a high temperature ligquid phase process in the
presence of a suitable catalyst. Furthermore, there are
several alternative and suitable ways of integrating the
reforming step with the electrolyte regeneration step.

[0029] The present invention relates to processes for

producing hydrogen gas and includes several alternative



and then regenerating the electrolyte so that the
el ectrolyte can be reused, thereby avoiding the
woegainse3i npacts descri bed above. The oxi di zabte/uSumb/ 024645

is reacted with an aqueous electrolyte in a high
tenperature liquid phase process in the presence of a

sui tabl e catalyst. Furthernore, there are severa
alternative and suitable ways of integrating the
reformng step with the electrolyte regeneration step.
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eu#%% ?%geﬁﬁ%ﬂﬁ%ﬁlgf Fﬁ%@ﬁgk%t?%gyﬁghﬁﬁ%@ Yt EAmanroplkaline
eleexadpihee asni ldhde rdeseii-ied o gEeatiesr d%tl%'cjtr%ﬁly@@’ using
this invention refornms nmethanol and related fuels,
steghrt i cliPar IFamp e qurel widiteds desoyibeduid atkedtier detail
pelheCt kah yte ] t dj zabl e .Qrgani c _supst ances
© suitablegfognﬁgéggﬁgtHég%%éﬁgnﬁmﬁﬁ5%ﬁﬁioﬁn%EcFSEQ%ed fuels,
pargacuvBarilges, igel [ulcpsies, syatehes, sugaig, alieRhd S, alkaline
ele%%he%s carboxylic acids, al dehydes, ketones, bionmass
d VE&ESS derived materials and m xtures of the
[00Boregoi 0 AFRELEXANPE Gan Seil LA SARENALLLIHIECI L use in
monosacchari des, disaccharides, oligosaccharides,
thepo| HEaeeRbr i desvetdlon xt ded udeer esbechairtidbbe celluloses,
ta@dkfehol s | e Cl: hol s_and _m xtures thereof, :
® apart?cula? ggﬁgfhan% ,ngﬁghol %nﬁe¥%eir ﬁ???ﬂ?%i?c acids,
aldsbivtlabl e kettoeres ,i elamless and biomass derived materials and

mixtures of the foregoing. For example, suitable saccharides
include monosaccharides, disaccharides, oligosaccharides,
polysaccharides and mixtures thereof; suitable alcohols

include C;~C¢ alcohols and mixtures thereof, particularly
methanol, ethanol and their mixtures; suitable ethers include
dimethyl ether, methylethyl ether, diethyl ether and mixtures
thereof. A particularly useful alcohol is methanol and a

particularly useful ether is dimethyl ether.

[0031] Alkaline electrolytes suitable for use in the
present invention include metal hydroxides, carbonates,
bicarbonates and mixtures thereof. Furthermore, suitable

metals of such electrolytes include alkali metals, alkaline
earth metals and mixtures thereof. Particularly suitable
metals of the alkaline electrolyte are selected from the group

consisting of sodium, lithium, potassium, cesium, rubidium and



di methyl ether, nethylethyl ether, diethyl ether and

Woifﬂ) o0d5BS ther eof A particularly useful al cq,ng/ngﬁ% 024645
anol and a particularly useful ether

ether. [0031] Al kaline electrolytes suitable for use
in the present invention include netal hydroxides,
car bonat es, bi carbonates and m xtures thereof.
Furthernore, suitable netals of such electrol ytes

i nclude alkali netals, alkaline earth netals and
mixppyesr doangedeof | PF@F?F@Hﬂ&rI%hﬁﬂ%%ﬁﬂ%??%ﬁ%ﬁsléfHﬂﬁ?ent as

an Qbﬁébhges%hﬁ‘f:ﬁﬁﬂl yt %ﬁl%a]ii, ahechied £y om L., (L oé’cﬂqcentratlon,

consi sting of sodi Ium potassium "ces
Wlthum&ﬁ&nBEWMHtQtdﬂES rképener, Prigf eahbliy, QlﬁaNormal (N) to

res n ueous ol ut.i on
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useaseferm@eﬁébwe d’tﬁfxﬁif mer N i 8o abmBuO. @ Nor mabré&éNpt&ferably
about 12 N (within solubility limts for the conpound

aboykj g Muskrl) abOBFeﬁe#\Tablﬁplabeﬁ@mmlN edoaout B Ko; ahsue 4 N
sucg %eﬁggg}f %b %LH’CI %l%b%bgn faﬁfl%rrgﬁl th l'ge a@fé’étrolyte

t o about : suc
or mdnednﬁ&ﬁmhmmiyﬁéaipx&ﬂ&nﬁrxmytheoprubﬁsd as a consequence
el ectrol es present Ln th lfrocggs as.a conseguence

b OrIFEgeRer St difmy©bé SFess e GAPESs BRTESERY avove,

butab@i/lel it mthliae whé hiddnlfae r angesssxar essedrder for the
order for the process to operate efficiently. Fresh

pro@?é@t?@l??@rﬁﬁﬁ ﬁééécﬂ@nﬁéYpro@T@@@IQ1Qﬂﬁﬁ91M§? may need to
be gng@ﬁgng‘ﬁd%@d %%eﬁ:e%{ a%e %r“g[ ; oc%éséasnyof Iéﬁ.é@terolyte,

sence o yS|caI 0SS yte
if emnponemnstjﬁimﬁmnemmssoﬁf1ﬂh£;ghgﬁﬁmal|mmeetmnh ehectrolyte
r at ed accordln I scl osure provid

b e d
comp e RS T par PrUPSPFCS | Bhi nbiFor PSSt BRE| offsfigion can be

ope€QB¥EN efdcandhi sy t abl e phbt hadi LA he-achbewedaalit ermerein,
regeneration. Thus, even if, after regeneration, the

parEF§éé§§1§ppﬁéé@Wé@gbutf0§0e§edﬁCtr1@Pur r@ﬁ o g heconvenient and
su1£%ﬁme' %@i El@é% %lanp%e e‘é%hlé%aﬁ efq;héqit ﬁé@é&l&tl Thus,
the prdocess, the rthe ess

process can neve Be oper at ed
eveso ids tafswmsragEnakbylappraﬁﬁh'pfmnegstapbrwabhesanﬂn: does

not! NERERL o OBSL 2801 2o 1O NY B291 881 S9%eckd at the
start of the process, the process can nevertheless be operated
SO as to sgubstantially approach the initial wvalue and
thereafter operate on a continuing basis at close to the
initial wvalue. Therefore, in the alternative, the pH level
achieved following regeneration can identified and such a
value can be selected as a convenient operation or target
value.

[0032] The aqueous metal carbonate electrolyte composition
suitable for wuse in the present invention optionally, but
preferably, includes a metal bicarbonate as well. The molar
ratio of metal carbonate to metal bicarbonate can be varied in
order to prepare a useful aqueous alkaline electrolyte

suitable for use in the present invention. Typically, the

feeds to the reactor comprise one or more streams of an
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initial value. Therefore, in the alternative, the pH

wo 2of¥®hs@achi eved fol I owing regeneration can i gehidhiR24645
and such a value can be selected as a conveni ent

operation or target value . [0032] The aqueous net al
carbonate el ectrolyte conposition suitable for use in
the present invention optionally, but preferably,

i ncludes a netal bicarbonate as well. The nolar ratio
of netal carbonate to_netal bicarbonate can bhe varied

oxigdhzgbyer tFFRHar e SHOFSEAGE agbBoustUfkal PRE an  aqueous
ele@k?@i{z@é}’t Qi d ap! %hfeorlé."éi?efn Hde Bresemh i@t i 0Brio of

Typically, the feeds to the reactor conprise one or
metabr@asbpamhe(ﬁoamekaaliaMa@bQQ§Mac:sUbsfabcgamldauﬁnclude

and_an .aqueqgus_.el ect the | has. a
mo1 PR AR T ot Soalorii D oSrafar b1l eelue 2 o
abo’@tCaI(I@ﬁatI@reUsgf:élfekabﬂQS ashude mpbarapatto®f  As the
about 1 to about 1000; preferably about 2 to about
refQpmingn easiteiQit aBFPCaBaEr FHhY S§BEGPNAYS/RicpKEonate ratio

is Eéﬁﬂ&@i”% rg%%“ DRHACEEdF L Gd, frP‘Hk%cﬁ{@dscaréJsor@isecussed

ratito I's feduced by the formation of reaction
belpwoducansagueh$duss@dubeMmmtuEﬁnsequeﬁniyregbeeratlon. step
' in the regenerati aon | ower

w1 a0 Chithat €1t c aFboRaEE B Rpg AT OIRE f e Heally

thet Fedcegenetnel %g@&macta@rhaé/@e@ aRhanhahat 19 pblabowatio of
0.001 to about 5 dg{eferably about 0.1 to about 3 ;
aboupsP - fPéf dram3Puibout Breferrabsuebaut $hé pA Godtte 3; most

prefbeghi gl ¥ %Ul%or(goé)sl Ego%b%%r& be. US%E}oea;o@ genven eé‘%ectrolyte

neasure o i carbonate ratio ver, since the
comppe$enor ofanethanobsed thas eaec¢megmeeman BeIBUTE the

ect the anmount of, nethanol that is
bi oG rhER LS EaRi B HORRTE L o r e g s T fﬁﬂanol in
theappPeepibaleel abho allk o0 Edeedto trh%acﬂh t hehd a@RInPHH £ Ghethanol
vi ce versa. For convenience herein, suitable

thag| &8t PERYERTCEAPOSILECORS é?ontm@%ﬂt@ﬂerﬁfm mrerﬁlr%?r to arrive
at bl éf&&faééfgghek' NG LOPr 181 DL A Hle target pH, or

concentrati on of carbonate relative to
vichki caebeaat e, Fare cehsenédrnice abecaibonateitabhe electrolyte
compositions of the present invention exhibiting a target pH
and comprising a high concentration of a metal carbonate
relative to bicarbonate, are referred to as carbonate-rich,
even if such compositions comprise less than about 50 mol%
metal carbonate. Alternatively, the pH of the reaction system
can be used as a gauge to establish that the electrolyte is at
a suitable concentration. Typically, the reforming reaction
is conducted at a pH of about 7 to about 14; preferably about
a prH about 8 to about 12; more preferably about 9 to about
11.5. As discussed further hereinbelow, other optional
additives and salts can be included for purposes other than
the reforming reaction, including corrosion control and
efficient bicarbonate regeneration. Furthermore, the scope of
the present invention includes optionally adding a minor

amount of a caustic reagent to the electrolyte, such as sodium
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even if such conpositions conprise |l ess than about 50
wo 209/ 4Bt al carbonate. A ternatively, the pHpef/shfe/024645
reacti on system can be used as a gauge to establish
that the electrolyte is at a suitable concentration.
Typically, the reform ng reaction is conducted at a pH
of about 7 to about 14; preferably about a pH about 8
to about 12; nore preferably about 9 to about 11.5. As
di scussed further hereinbel ow, other optiona
OT ROFAESIEE aRUOEAKiSCeanibe OFACIUdRR RS iRHodesSRrBbfic DH
an n | cluding c 0
eV Par L T C Pt (oAt o r Bdner .t | gach instances,
it Faréheeoved, thhe ShepemoﬁnthefpcesemuC|muéﬂtkmnquite small,

i ncl udes tlonall addi ng a m nor a unt
For | GEuBHTSt oLERE GFEREESI YHET SURAP oeS SoRPBnePaPorhbtimh0 vt
or heHoXictan i B m’:%er ;Igér@&ﬁ% evieeds SReg 1 g sl eysl that the
particularly gher Tevels of pH In such instances,

ovemlls @R@@@E%d Whéii tﬁ@maﬁﬁunteC@ﬂO@GG§tlllé’ wialtitrgetive even
I fr r.th zero t
tho Lo %ﬁga E ?5 m?gbﬁotlegg' h%?%g ed %%d éﬁntlnulng

an a or wt %
addil esen tiaunl 3 mﬁ@ﬁe@uiham themavetralh fHocsss W||
remai n eco on1ca|| active even, thOﬁ h the caustic
(0033T ot G2 téffea SRt Mg AdbREi BF SREMCY iy ention

can! €8I Lh & ORI NEBbH tme p'@rcﬂ&%%er@ﬁ@dw S s tablunds,
for use in the present invention can be selected from
com}rl@tw oupgldonsi s@mg mﬁctwmsouﬁh@re@énplcmﬂwmaungby@t least

xt r e
one APt R 2RP, P! BRPNg ANl AW Ahpgals of
the Peerbddiitc Tabbéeofo ft heneEl Mméxstit hEhéBr anapsf o] etemtenits as
as, i de tlfled in the Perlo c Tabl e i, she n _the
1derRt e dbBokhef FERLRTESt F§ ﬁdpphééﬁ%% 684 ij%E‘dc Ccé@ndbook
of &E@I§§stﬂ§98§ﬂd B L abke @@t*almeﬁtswﬁﬂgst&erlmﬂ Sfiitable
at least  one me ta |l selected fromthe metal’s of

cata@dyeps | BanG SupthBr @@wride Batanteaskt 9nes mAkpéofselected

crof) EELCHEELY, VERLULLERLALISE SOTRE) 95 P Sz, s
mixgioep corsicetfi.ng of pappeeularhe amkfdlencanelysefl Womprises
plagfﬁum aione or further comprising a metal selected from the
group consisting of copper, zinc and rhenium. Useful catalyst
concentrations in the reactor, expressed in volume%, are
typically about 0.1% to about 50%; preferably about 1% to
about 40%; more preferably about 2% to about 20%. In a
particularly useful embodiment, platinum is typically present
at a wt% concentration of about 0.5% to about 40%; preferably
about 1% to about 30%; more preferably about 5% to about 20%;
for example about 10% to about 20%. In another useful
embodiment, nickel is typically present at a wt% concentration
of about 2% to about 100%; preferably about 25% to about 100%;
more preferably about 40% to about 100%; for example about 60%
to about 80%. In this regard, wt% refers to the amount of

catalytically active metal present in the catalyst component.

Thus, in the absence of a carrier, support or other inactive
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concentrations in the reactor, expressed in vol une%

wo 286#0b308i cal |y about 0.1% to about 50% pref @cgRls¥oos/024645
about 1% to about 40% nore preferably about 2%to

about 20% In a particularly useful enbodi nent,
platinumis typically present at a wt% concentration
of about 0.5%to about 40% preferably about 1%to
about 30% nore preferably about 5%to about 20% for
exanpl e about 10%to about 20% In anot her useful

COMRARSHHI mete AREREYSEs 1Py PIreATy filesk?l wWE®a whghitionally,
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suprahduad 100% o0 odnexanplomdataduitves 00kt m@abordn@09%iven material
this. regard, wt%refers to.the anoupt of catalytically.

seleghet e ERaT alt i TERTE| PR ATl YOt BNt IS s PFides.

sililda t helaksenrce @fild GAEl@linaSUPRARcoRia0t N@Rtania, ceria,

I nacti veconponent, the catalyst is present at 100 wt %
carborpddpt baaR | Farigdsef Bikisron ofithedeat allylsicdns hgreiée and

mixg'nﬂ‘eesca e\ff%tofj.s Su%‘?:rtlth%q or i e%uﬁon%%gmisvgo%r supports

non- conductive material sel ect'ed Tromthé grou
inclowiesi shborg dfelmtiadd, foetal tloxi deursi bbonajisalingi naf beads,
ilica-alumna, zirconja, _.ti.itani.a, ceria, carbon, _.
powiﬁq%’coﬁoé‘;ﬁﬁ’ig&e, ogj | ?’ét’ﬁuﬂ?iﬂr | GRS EFR7eOn Yor MPEOAdFhs  and
mixtivdairesddgreof . Furthernore, useful forns of
supports include those selected fromthe %r oup
[003dnsi stThey BefoEatRy peredisn coat Frpscohlextqandegted at a
tem Iaeteéf ogbgwggopjbhs(}arﬁ% 'HB(J eSQ‘S(Sh@é;eo%jéeL‘fgggé}Ly about
e reformng reaction I's typically conduct at~ a
200 tehper atlooet 0B 0abeat i@ e0@raf edadnity 3B 200 °C to about
referably about 200 C to about 300 2C ; nore :
250 NSt ersi y GB9UPL800 GBS o 5D REOCEYT ekfnppEitably

condute-defor My, Proagess i s suitably conducted at about
200 OC . [0035] The reform ng reaction is typically

L0038 dnduct®® stiehornardt reanfdrayehsi $vgpdreddiedcarducted such
craEL SRS UERE, TUP S8, MY dECOED LSS el o
Typiateduity Sl mydrahoutpb@fsata) igpabout 1 atmosphere (atm) to
about 1000 atm; preferably about 5 atm to about 500 atm; more
preferably about 10 atm. to about 100 atm. However, it can be
appreciated that useful pressures for operating the process of
the present invention can be determined by one skilled in the
art based on the use to which the hydrogen that is produced
will be put. Thus, useful pressures can be any pressure
including about 1 atm to about 1000 atm and all values and
ranges therebetween.

[0036] Typically, alkaline electrolytes react with the CO;
in reformate by-product to yield carbonates and bicarbonates.
The preferred electrolytes are alkaline solutions of metal
carbonate/bicarbonate salts. An example of the overall
reaction is illustrated in eqguations (5) and (6) using

methanol and alkaline potassium compounds:

CH30H (liquld) + 2 KOH 3 Hy + KyCOs (5)
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preferably about 10 atm to about 100 atm However, it
wo 20@okfzappreci ated that useful pressures fO@CQRgQQkMQQ45

the process of the present invention can be determ ned

by one skilled in the art based on the use to which

t he hydrogen that is produced wll be put. Thus,

useful pressures can be any pressure including about 1

atmto about 1000 atm and all val ues and ranges

t herebetween . [0036] Typically, alkaline electrolytes
r EOHN (- FHECO i2n HeRf +oKeflle DyHzpriodudEA yiel d (6)
bonat i ca pr
[Ooifﬁctrolytes afg g?gﬁéggoluﬁﬁgns §§E%%?gﬁ electrolytes

incxmaimmathémeaeb@m&t@yﬂﬂﬂxwlﬂylﬁmﬁ@@levef thavenediahbl gas
reaction is illustrated in, equatio 5), and, (6) using
ohadg REndh e AR deeHOTRLeT uarc ORastAe: Cigere T " neats
of (fé&é‘tﬂ&n"‘ weK&H §at@u1‘a{§8@a3u(;§}1§mgdaﬁﬁ'a§}@| dFree? Energy,
+ K2CB 3 H2 + 2 KHCO 3 (6) 037] Reform ng

Entkh@lmanoanqinEaltmphfn@aém@@t e ;@@slmm%as,@s thhe CIRCeéiandbook
of %‘?Fef §a{gavgﬂa f% §10¥¢ é%eciﬁél‘iﬁa'ld%%%f%ﬁ%ag ofTE is

se refor ng as S I gure
undéfﬁt@@@ﬂthateacmﬂgdﬁﬂwm wslug sfammmaiﬂﬁeﬁgiimé@ys that a

Ent hal nd Entro val.ues _as published in the, CRC
reaqhiihook ORI YPhiRYRERbF edPGust ypositive value
of e faethgy (Id It sifodding Al Me dal ue sceam

of Free Energy means that a reaction is
refcvmxrwmdcyfmamﬁbbamlfasofawpéabha atpoopn rempgiragugle but the

klné:{ & ngég}éflh%g%%]?lr rmch/ o | | %ﬁ:é@:{\ avgkggln?n#pgtr gta.tg)lpelcally

reformng O anol Vora e at room
conduttédie aki neboas aAF) SCICUggloShabd&ht ha&atl <steamThe increased

reformng.is t | y. conducted at. aboyut 250 QC to
cemigt b agr cdBnE bl ne hey CherparaRaRic Arisages force and

thebQEEethﬁftB%EEQQbﬁa”‘CFQbh¥bn9 fHGe: apdathadat -8k mnergy
reaction. négure 1 shows that the Free Energy driving

drivinge fpsce Mnmethéﬁ@ﬁmn@@rmmdensapm@ed|water, in
KOHFE%%&%@igqt%i%:oi?haﬁéﬁgg?ean%reﬁz}ﬁzﬁg%mgégﬂ a nugworable
thami ghetthanol steam reforming, even at much  higher
temperatures. Without wishing to be bound by theory, it is
believed that this additional Free Energy advantage arises
from an acid-base reaction between carbon dioxide, a weak
acid, and KOH or K;C0Oz;, strong bases. This supports the
experimental finding that methanol reforming in agqueous and
alkaline electrolytes can be run at lower temperatures than
those typically needed for methanol steam reforming.

[0038] Based on heating values of the fuel and product, the
theoretical conversion efficiency for methanol reforming under
these conditions is greater than 100%. This is a significant
advantage. Reacting water with methanol produces 3 Hp
molecules. Lower Heating Values (LHV) of methanol and H, are
638 kJ/mole and 242 kJ/mole, respectively. Comparing the
heating wvalue of fuel and product gives a theoretical

conversion efficiency of 114%. The theoretical efficiency
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tenperatures. Wthout w shing to be bound by theory,

wo 2087/do8soBel i eved that this additional Free En@ggMisio06/024645
advant age ari ses froman aci d- base reaction between

car bon di oxi de, a weak acid, and KOH or K CO, strong
bases. This supports the experinental finding that
nmet hanol reform ng in aqueous and al kal i ne

el ectrolytes can be run at | ower tenperatures than
those typically needed for nethanol steamreform ng.

usiq%oﬁayh%sgﬁa&ﬁnﬁeéfﬁ%e%l(%w oft5t rﬂel(—)r%e! &Fy and LREV are

defiHQPUCE t@gahageaet 'e‘g@lin M&! %gqcf,fff&f@{’&ﬁ{céortexts as
met hanol reform ng under these conditions is greater

folldwemn: 100%EThi $si sthesi gnefgganfibdvanedgebyRe&tiei ngomplete

water wth nethanol produces 3 H2 nolecules, .Lower, .
comBERATH VI DS RRROTCG! HetRancii iR 10 s E04308T ie in the
gas kahd@d e anth 248nkJdA8®| enntespectheelprreeppabing &RQue when

heati ng value of fuel and_product gives a theoretical
the cyimEeisi bh eff i chencylepid149asthe theoreticafhe difference

| ci.enc [ ' [ V S (H [ )
beu i S P I AR R e BES sl ekt i ot e
waterf efenuedt ext $Smsthol ebwsal. L HV 'Isttrbdueneépgy to Chemical

| i berat ed t he conplete conbustion .of subst ance
B G HENET G RBaERe FOCRAM HE gns SRecRd: Bfne o 143,
195%PNt r aghe HENAi8iohAE ceneegpondireguialiug When td¥ericiencies
water is in the liquid phase. . . The di fference

gredjeanediathe 10RP cordBigRMdsLTE t RNdRddiedfic heat that is
i zati @n. y it h (S :
supﬁ/?f;%)crrl L)ggclt(?%l&% ott%%evrr\?%%#rr&%é?e Q'eac(tﬁ . e&d&%hanol S not

n néering er nodynam cs,
unidvEy argéi-ding SeedodmEeg, of £1clidBicilk35Nf Theeatddrt ithaal 100%,

en . resulting_Ln efficiencies greater than 100% . .
che 3 EbRb e AR aRd Ot 7 I Fbat ihate PRSGtn S B « BoUPFOing ie
everl NBiHRES! M RGWERRE!, | Ahe NBLIAANPEALS1 8t kKEALHYEEs for methane

regarding reformng efficiencies of greater than 100%

steame TEhEBMERHCcalTeBIFIRE en8yPPOYIREt haiaithammic heat at
temggﬁ]ag\{ﬂé@ LBoFLens iy aher - @W%%t%a@%éh??%éf?ﬁé' Y forming

I'cs for nmethane steamreformn "
accstfpiphyi ngo endoé hepneseheat iatehehnpar atanes baboverfitted at

aC . In contrast, alkaline re mn
temperatures as ow as a'bout 5.86 QCQ

In this temperature
range methanol and dimethyl ether are particularly preferred.

[0039] A significant advantage of the process of the
present invention is that the product obtained is nearly pure
hydrogen. In KOH, the gaseous carbon dioxide that is usually
produced by steam reforming remains in the ligquid as K;COs; and
in carbonates it remains as KHCOs3. Thus the chemical activity
of the by-product carbon dioxide approaches =zero, so that any
carbon monoxide production, via the reverse water gas shift
reaction (3), is greatly suppressed. Sequestration of the
carbon dioxide greatly simplifies the product clean up. In
contrast, carbon dioxide cleanup 1s a major expense in
conventional steam reforming of natural gas. In metharie steam

reforming processes, carbon monoxide and carbon dioxide

cleanup often reguires a two-stage water gas shift reactor
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according to the present invention can be conducted at
tenperatures as |ow as about 150 aC . In this
woeogazsr e range met hanol and di net hyl et her ParaIS2006/024645
particularly preferred. [0039] A significant advantage
of the process of the present invention is that the
product obtained is nearly pure hydrogen. In KOH, the
gaseous carbon dioxide that is usually produced by
teamreformng remains in the liquid as K2CO8 and in
to ABsdi PIRSHATSs WS IKHEEBSOrThiient hoichemddting to cost
and@Gtiw 0, = bon di oxi de approaches
ngﬁgfﬁeg%lt ga:é?%r@cg{og%n%#ﬁcﬁg%de production, via the
[00dder se Amattdrergasdshntbgeeast | @resdnt | sngegatiby is that a

uppr.es . _sequestratjon of the carbon dioxide
o R IS AES e Bodit 5% ATPGRLTR WoREPRSY the need
foﬂxﬁdﬁﬂpﬁﬁﬁélQ@mﬁf@ﬁ@@?slS_@h@mfééd¥8¥ﬂﬁﬁéféh%¥g pressure is

conventi onal steamreform ng of natural "gas.
oftigat hali€ tattesm kaf ortifieg Fwkiessivison carbominboioxi deeandroduct
n di:exi de .cl up of .requires.a tw-stage ,
hyd\)\%g{é%?l g?&qghi F)te rgggforfol{fsg\a\'gggbyagpﬂi?gggﬁpﬁssmfﬁﬂ require
anyatiegept f0m unety -addbsghteieoPreshtd Cheasbgenensy Oiydrogen
at consun%)i q}n. 40040% Anot ger advant age of present
i AVERt Fon TETIRE 3 BPERaGrPSe Ry dI¥Gen prifiucpegate above
ambbengerfcaiet-ad t howutderosgd £PE s sRldSSeq up %o reactor
conpressors . The reactor operating pressure is offen
oregpétRfed PBESERE Sapiticcatihem t duwhiagen helpr ogfustived at  the
g ' Vari-Qus_appl i_cat.i.ons .can requir.e
pregﬁg\%hgere% \ert%)l% %eaér)&a rrfosphlgnri%loggesaﬁﬂjémrﬁ}&ro@ggen th is much
leshydrggers iate saw@r abrhurdifdd idnmsphepesseiri®ee.1ithiid feeds
thaopeéate above anbi ent pressures, liquid feeds are
res8urt9ed UPRTH ortQpefSheRF Sor édsur Brergurkenof the
hydbydeagprotscemol ved at the pressure of the reactor. In
nost applications, it is nmuch | ess expensive and nore
[0044d ¢ eE#gtlﬁeprQes%]WWieal i ehemd eeds ofhan betoke reactor for

co . OGN roure 3 SHOIE o SHRGRSRIEoD! & Barphessure

vesgeadcwbichois initially charged with a mixture of an agueous

liquid electrolyte, an oxidizable fuel, such as methanol, and,
typically, a catalyst. The pressure vessel is then sealed and
heated to the reaction temperature. Hydrogen (and carbon
dioxide when pH <7) is evolved as the reaction proceeds, as
described in reactions (5) and/or (6), and the pressure
gradually increases. Catalyst activity, for example, can be
evaluated as a function of pressure versus time (as well as
other process variables amenable to a batch experiment) .
Eventually one reactant becomes exhausted, the reaction slows
to a halt and the pressure approaches a constant value. In
typical batch operations, even those on a commercial scale,
all reactants must be charged at the beginning of the process
and at the end of the reaction, the product and spent
reactants ﬁust be removed. During such start-up and shutdown

periods, no product is being produced and, consequently, such
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conducting |iquid-phase reform ng. The reactor is a
wo RbBsssyze vessel which is initially charged Wddioo06/024645

m xture of an aqueous liquid electrolyte, an

oxi di zabl e fuel, such as nethanol, and, typically, a

catal yst. The pressure vessel is then seal ed and

heated to the reaction tenperature. Hydrogen (and

carbon di oxi de when pH <7) is evolved as the reaction

roceeds, as described in reactions (5)_and/or (6) ,

ProghRfehe pr&ssuRelgr &l dyeiher eR8ESICEAREILYst Compared  to

con@thiMid Yord s £xanmpl e, can be evaluated as a function
of pressure versus tine (as well as other process

[004Y i abl s berepfbeée poelebabth erpeviudeat) chelveaflugidocesses

. ne_reactant becones exhausted he reaction slows to

0 % haPEE R Hhe %glseérurgﬂ%]ﬁpraoagﬁégﬁa RISt Et Y afigde and a

conttindyp Cakobakeh pekatdferRAENhPO8EMEALA of the present
conmmercial scale, all reactants nust be charged at the

Inverdgt i ng o YPRE3pr o P HIRISR Fer engoBrinheus operation
inCI@@&téP@a%%P?pEB@QBEEv?E?t Shente ds%%?%‘fc?c@ysc‘t 8 trol. For

renoved. ring such start-up an own per i ods,
exanpbelucbaitshbepngecpssdacetkrand naddonseqiientibgnt start-up and

suchprocesses are ' _nqt efficient, particularly
Shu%%ﬂﬁgrgﬁnég &8@@Vnuﬁﬁ§ p1ﬁ%5§%e§&@£FbOEQTlPaS?s it eproduct
pro®i®i®r able Aot CaredCt sEheit Ladt PEOSESIeSptHd@ct may not be
a

contjnuous rather than a_batch processing node and
ProQiRd niwdus dprlocess Iis @dpibieRr edienbddibaigh ofreantor, the

rea® SN PVERL T 0D T¥8ﬁ§é§n@9\%anEﬂgﬁt§1i£§r GENLIAUQUS 1 ocs
operation include greater productivity and easier
contproktesgscontomblidmre@xampoeiriabch phecessesl cano monitor

y.ncl ude fregquent start-up and shut, conditions, and
condiiiri i ( HARE PerPoter Lhe Hrodt " irbdudet myhngPatiast, a
contEeiowPastdd &t | DOSPPOIRE OIS cBBY¥NAOL1 DS PUOdUEEd tale time,
all. In addition, in a batch reactor, the reaction

OF Ff xRl i 4nkbhstaferySEéRBNEFNEESE tRafteprésese ¢hiet mlaction
or 5 SOPLLGACEA " EQUTL 8810 TBELCLE, TN ddlpoquonty.  1ess
off cxprciaSiGat@ @onprodoas preocessdusedr odunt | ®@édition, process
conterso ntv%%lila}:l)lzégo(ygx?f athgo}ljc:rLrSﬁous process typically do not
change with time, so that process control can be based on
fixed rather than changing control points. Since wvirtually
all large-scale hydrogen applications, such as the
petrochemical and fertilizer industries, require a continuous
feed of high-purity hydrogen, similarly such operations can
benefit greatly from a process that includes continuous
regeneration of a critical reaction component, the
electrolyte. In other words, 1f liquid phase reforming for
the production of hydrogen is to find its place in large-scale
industrial processes, then the improvements of the present
invention are an important aspect of that advance. Unlike the
processes of the prior art that are typically conducted in

batch operations, the present invention allows for continuous

operation and production of hydrogen with simultaneous
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or at |least until a decision is nade to term nate the

reaction or an unforeseen conplication arises.
weanwaqesent | y, | ess of f-specification product PET/US2006/024645

produced. In addition, process control variables in a

conti nuous process typically do not change with tine,

so that process control can be based on fixed rather

t han changi ng control points . Since virtually al

| ar ge- scal e hydrogen applications, such as the
regﬁ@@%@%ﬁ@ﬁicaP¥an %F%rtﬁlﬁféﬁoﬂﬁﬂﬁ%tri%s,Eﬁbqyﬁﬁél@lent and
costaRlrirRdeusf eedRlshi gh-purity hydrogen, simlarly

such operations can benefit greatly froma process

[0043dt | nEligyes Sont LAauous regsmmation dfl lastriatioal of an
the_ ele I n_other word

r ' conponent trol yte. ds,.
oo HAGR PRI BHT RESFGPEL Hohr BBUERPOARS Licuia phase
refbydiagen i tthid ndridsgehase, | Bhkakgarseal 8 fﬁ%led with a

dustrial processes, then the inprovenents of the

Catlfi‘ﬂ¥§é'nt i nenttdn WREEHQHHYF t fed asPédt of phature of an
eled@y¥anGee UﬁhﬂkeahheoQﬁ§9?%§g§ o%eé@%aﬂglograr%ﬁéﬁﬁt such as

are typically conducte at ch " operari ons,
methpuoént |Hvércgem akl ewstfiorucrily newobveferat itk apdactants

r tion of hydrogen with sinultaneousregeneration, _
pasfi HHEUGR e, N a?%eéffi E@ﬁ?agﬁa COSt FaFEAT Vs sized
so pheceshe [KHA]1drigUsiRown | $naecgBGREABHEC (s Wstd A Oy reach

of .an_experinmental, continuous reactor for conducting
a i dRaseCt ef 019l nGONVRTERIOR -ar r Aingermsrtion hés typically
volifasher dis fillediphth i pti nuousl .
2 “Fed with a ﬁ?é?gréwgf'azﬂgﬁ%%%¥%ﬁ§t%§%%% z§°o Pdf@ﬁﬁﬁé 100%;

moreerceiarablyf abbuts9ch a® rtdwenal 00y digerpisferably about

ocoplinuously evol ved as the_reactants pass through the
98°re§éto¥8§éd.c?§%?55}??'the Ractorli s si Gt 39wt brocess,

statrbeupeagid ofisuSHGWD AmeGUHFONGI L5hi 3B/ ¥nd,6) & e%CI"re.sult,
h | evel of fuel conversion. Conversion iIs

they’ 92%’%‘&FFyh§§699e2007@F0b@bwpdll@@% v &f erqaisitprbotte almost
L00goKR nghethel 0%, TOLE WAL 000 PTIALR AR o
the spelesgndontivemusopr doedsding regeneration, a regeneration
unit or section, including various configurations as further
described herein below, can be included after the
"accumulation tank" in Figure 3. Liquid from the accumulation
tank, comprising spent electrolyte, water and unreacted fuel,
for example, methanol is fed to a regenerator. Steam is fed
to the regenerator and by-product carbon dioxide leaves the
regenerator as well as a liquid stream comprising the
regenerated electrolyte, which is returned to the reformer
section of the process, for example, the feed tank as
illustrated in Figure 3. A continuous, integrated process is
not limited to such an arrangement of elements, as other
configurations will be apparent to those skilled in the art in
view of the teachings and disclosures herein.

[0044] It is known to remove carbon dioxide from methane

synthesis gas by using hot carbonate, promoted hot carbonate
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start-up and shutdown tinmes are mnimzed and, as a
w0 206%0dbdos the product hydrogen can be producegcgiysdooso24645
constant rate al nost 100% of the tinme. In the
i ntegrated, continuous process of the present
i nvention including regeneration, a regeneration unit
or section, including various configurations as
further described herein below, can be included after
the "accurul ation tank” in Figure 3 . Liquid fromthe
Or ZFeBHAGratRERCITIIE BbipEFiRHg BPERS el efCFoIRHDOSRE epL the
predBt: Unfeactethd el ogah ap! ﬁot”eEQ§B8ha{:§ TedelPs@ to an
regenerator. Steamis fed to the regenerator and
aqueyapr odeompearnbepndi oxiadiedwres t helkalbener ababoaste and

. Il as a ligquid streamco i sing the regener,ated .
bicifherftry 8 ThAi cAti s CPEPGFRGHIED t REOVET oPEr ket | GFbient
typDEathe ppAseasrefioboe@MRidut ey feedtdagkods 25 oc). Many

illustrated in Figure 3 . A continuous, integrated

CoMpRERe@ss haveotoast tEed otouchnanearrangefentalsd of carbon
: .01 h C [ t{.on | ren

i) 25Ut orPS O St M K018, M DR ARAS o rescce,

suchli scdérysomeds hes@nat ifdd44fefidriesd known Hergianowes promoting

carbon di oxi de from net hane synt hesi s gas usi ng hot
29eRay bona“?k'é?ébﬁor%%owg c8PEBhaticor =P V&Byp’ﬁbc*ég§e§resent

invéthtl b | NGrameA8s. oh@l JIHRRSRS @fn the REESENto at least one
i nvention, the phrase hot carbonate refers to an .
of BhBebE3CELAPOBIKLBACcONPLI SPRGTRILRAN SE@hordie wageneration
i carho . S At at ur,es \, [ :
Ste€a§gighgﬂ%gﬁﬁgg%qy?c%%égggééd ﬁ% ggggggd%ﬂgosg%p?gnd can be
selavoed 250fiCthe. ogviowpy conpoisidsidhave beebhousedmtiaes, such as

increase._the rate of carpon di oxi de ,absorpfion, and
met 08 EBVan TH I LT Ut BTpROtes ST CBipdtndgs well
as SOFBLLEBS rebeengdetd heNocAnas, Pr gARRG idgenNtshHa mixtures
When a pronoting agent is enployed in the present
thereeent i oA athreagtespet cop RNl @an Ielead@sd merat of such
0 t t] m, xt g S Lon
prodEile P RGeflk s R i ERaT el B AR EPPgE R E o, promote

the Akdseasit iome ceapoiow, cahabersgbretedi dbnomddre igroupr both.

consi sting of wvarious agines, such as .
Promoters ar% typlcal%.y ag}:(e in concentrations of about 0.1

to about 3 molar; preferably about 0.5 to about 1 molar. The
use of a promoter ordinarily does not significantly affect the
amount of carbon dioxide that can be adsorbed in the hot
carbonate electrolyte, but a promoter increases the rate of
absorption of carbon dioxide as well as the rate of
regeneration of the hot carbonate electrolyte. Promoters can
be useful because they can facilitate processing of the same
amount of carbon dioxide in smaller processing vessels,
thereby reducing capital cost of the processing unit. A
typical hot carbonate process integrated with a methane steam
reforming/water gas shift process is comprised of two towers.
The first or absorber tower is located downstream of a water
gas shift reactor. An aqgueous solution of NayCO; enters the

top of the absorber. Carbon dioxide from the shifted
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met hyl ethyl am ne, al cohol am nes, hindered am nes,

wo R87/M85J; as borates, arsenates, glycines, pi RRTAZ2NR/024645
and m xtures thereof. In the present invention, one or

nore of such pronoting agents can be used to
positively affect or pronote the absorption reaction,
the regeneration reaction or both. Pronpoters are
typically added in concentrations of about 0.1 to

bout 3 nolar; preferahly about 0.5 to about 1 nolar.
SYngpRSifte %6F aTBRERBL OFL 't dithar | F§TRERACAOEAC water to form

aisSbred sAM Iy {ect iher n Of7 £arbon di oxide that
can be adsorbed in the hot car onate el ectrol yte, but

a @PonotkefOs rrbrié@ses t3EHC@t e of absorption of carbot7)

iLpxi de. as, wel he rate of ener ati on of ot
r00§5 PN O S8et Sy, SPrt R R Rar TE 1 Ghe Oed| chEs di¥sorvea
bicdhemnsess fagitit aﬁ:©mpl°c@£‘ees§cbﬂ190@f thBe a$aie Lo WilbsMantially

carbon dioxide in snmaller processing vessels, thereby

redyeRfliciAgCeaprialticasidsof %rbé§§§bﬁ§a9ﬁrt-’lch solution is
al t bopat e oc te
senﬁyp‘ﬁg £Ret £gpboga ﬁigl;e g8 ohl gh%f%t or ocess regenerator.

ane steamreform wat er gas
Pregpmpe i séc of tymocedher s. ré’dilecédrstpmmrabsboberemmmeing the

reg%rq%%%%i‘% SSRUERDR 6P Moo whi eve DRdeRop g engtive Brocess
rrabgaiders 6ar hor diexdde: f iamehheoshidfdedsychestseas For

reacts with the carbonate and water to form di ssol ved
exaf&iﬂe%wb VA a IRAUAT I (DresTEe + I@capledgry  for  the

(%Qg% ( str n yRtes

and the g))ts ?ézg%l %‘?bargona?gggg%?tés rr?o%t iﬁ?%gﬁgrator is

typidel hpsoedecedubst altoua |1§. ¥ educedo i aboatba@n aﬁtmoxpi&aferably
s, bic %naterlch olution is sent to t

to ?Eguge&j ABwer® TREUF edene Palor . ‘ﬁre%%?ﬁl%f?saggug ambient

predypteal |y & editﬁﬁeﬁnﬁ‘dﬁn t @ enteid g dABegenerat Oleddhomics
this as well as the other, alternative process

Progiiemgéhent shok ﬂ@éb@né%tpfﬁh@@ﬁ%?%ns@@é@ﬂb]@@ regenerated
B t essu
1'1eaf‘e £l e %ra@tﬁvﬁd(;gﬂpr odluct f¥§£1fugﬁ ikl 'cﬂgieﬂ:r £ Fr%dhée stream

ecte on o ro en, the pressur
,con$mnp¢teomegenénatt®1€m©re, the part1al pressure of carbon

dioxide in the absorber liquid product is used to drive the
gas out of solution wvia the reverse of reaction (7). If the
regenerator pressure is reduced below the ébsorber product
partial pressure, large amounts of carbon dioxide tend to
flash out of solution, simplifying and reducing the work-load
on the regenerator. Steam is introduced at the bottom of the
regenerator and acts to reverse reaction (7); this reaction is
illustrated using the potassium salt, but any suitable alkali
metal or alkaline earth metal carbonate, or mixture, can be
used, for example, sodium carbonate. A sodium or potassium
carbonate-rich stream leaves the bottom of the regenerator and
is recycled back to the stripper. Carbon dioxide and steam
exit from the top of the regenerator. There are several
variations of this process including the use of solutions that

can be promoted or unpromoted. Hot carbonate and promoted hot
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typically reduced to about 0.3 atmto about 2 atm
wo 06%foe43bl y to about 0.5 atmto about 1.5 at gerfiRboos/024645
exanpl e about anbi ent pressure. A conbination of
t her rodynam cs and econom cs provides that hot
carbonat e processes shoul d be regenerated near or
bel ow at nospheric pressure in order to reduce stream
consunption. Furthernore, the partial pressure of
carbon dioxide in the absorber_Iljiquid product is used

carkpafrt vBrPRES§asS 64 SHeIBIIRTDInbYI Rapirdweaer st opl. . “The
Abscgleﬁ@i&?no(fnCarlg nt %Jé&%%qeiﬁker RS ! %If;ege £is ana

bel ow t he absorber product partial pressure, r
Anirgmlnt Shef Charboaldikngidesdmrendopo flddsi28oyt €f966); Kohl et

sol ution, sinplifyi and reduci t he wor k-1oad on
al'TheK#%agﬁ%Fagp FSﬁééhﬁ%%Piﬁ??o&&%&?%ﬁnt#ﬁ?%ﬁé%oﬁpgfCarbon
Diostide I egaiefdtinand raclcadt O pheveng tieact Boh EHition, Gulf
this reaction is illustrated using the potassiumsalt,

PUDBRNEHY sUFeBRA®Y al KAPRsheRal oFXal kalPrd. ear dh8mdRal  and
Piel%ﬁ{w e, s Mg ur]ﬁ’oa&%{é"be géi}%—(jt%{me?(arﬁﬂcgltclolplec ia of

sodi um car bonate. A Sodi'um or potassium car bonat é-
Chersitgalam Teclwesl odre, bott'omus¥. t HOIEgemeoht or 5and4s53, each

. recycl.ed.back to.the stripper. Carbon di oxi de and
INCQRILREST t ???ﬁﬂt@%&ﬁ%ﬁ??§§%$e regenerator. There are

[ooseNer alottast aldONSL Ohot hbsrBHASEESpi-BekHEdEA] ihhe udSe various
of solutions that can be pronoted or unpronoted. t

heat ¥ BEHREE2 AhENpPEWDt et k ai BoRET e LpPBCc 5dtames eor staging
SCrLi t al or pt.i of .

baSé(j%gr ong%gg%%gg?%gk'\g%ggﬁﬁ i'onsFO& %D%mﬁg a%é %\%enggpodlment

the Theg@henacat Eagi beerunpmt 2441288y (4966) ghkehl tempalrature
... Alkaline Salt_Solutjon for  Hydr n. Sul fi.de . and

ehas iy o GRoae. AbLD BLF BT PROEEARI B DAt foRi4fg e£fluents

frooEdiebican, cdadd Bubl i:80h ngnEBMANY-cRWet @R vEX hd&Y 9 exchanger
158-221; and Pierantozzi, "Carbon D oxide",

whigh rRcex hpeks ERegclépdfa fercaieni e Feernbepggndarpols the
; , | - ch iRpgor e rej .
» rg%eggggeﬁ¥f0%a%]T€§%3%§3§§ ul h%% car@%ﬁﬁ?eggrggggg%gatlve
heaﬁnekuhengar80d$ maﬂu$tmamm¢aﬁhomﬂrnytmeChamical Engineers
HandOR 9" 30D SEhemes, or SLaging by 14-19, p. 14-31, 1963.

In alternate embodiments the absorber and regenerator towers

can be staged so that liguid product from an upper absorber
will be cycled to an upper regenerator and the liquid product
from a lower absorber(s) will be c¢cycled to a lower
regenerator. Staging alternatives are also described in the
above-noted reference by Kohl et al.

[0047] The regeneration step, preferably comprising the hot
carbonate regeneration method described herein, can be
conducted at suitable temperatures as described herein.
Useful temperatures typically are about 85 °C to about 200 °C;
alternatively, about 100 °C to about 190 °C; such as about
110 °C to about 180 °C; for example, about 130 °C to about
175 °C; or about 150 °C to about 170 °C. In those instances

where the temperature exceeds about 100 °C, the regeneration
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based on process particulars. For exanple, in one

wo 260RsHosent the regenerator can be run at a peyweKk2d09/024645
hi gher) tenperature than the absorber. In such

enbodi nent (s) the liquid effluents from each tower
are run into a recuperative heat exchanger which
pre-heats the liquid feed to the absorber and cool s
the liquid feed to the regenerator. An exanpl e of
recguperati ve heat exchangers is illustrated in Perry's

Stethefti cBFCER§RRdeYs FARABOERT 4th &l MTGIESWEGK Messel  or
envifdhmelt el chalid-31 1 J963-phisal ﬁf&@é&%eggﬁogbnﬁBhﬁinued.

the absorber and regenerator towers can staged so
In thaeférgedd prdbdddmeiitem anreppeerabson berdswi [dofducted at

el S0 RODT 651 () TTORe Byl e (FaPaer 90 °C £

aboutegener atpr. St agfge abdBy Naliréetedl eriahis0 adeser i bed °oc and
i n_the above- not eod reference by Kohl et al . [0047]
lessTHdigne géiattatiObh “G-ep, preferably conprising the hot

[004%Y bon%tl%ﬂeegé%%r %%Q%HEt hofl desgr] bed J}ﬁg&%ﬂnder&aéq BE  the
te I De

conduc at suitable tenperatures as descr
presesrtei hnveseioh tger asafeslyypirteddnatar ethbolti@bidCphase,

1e 36 OGN Gulon "SEORBOIE 116006 LABOHT 1H0HDCHCY ofarbonate

rege@¥aion apestedSs 0€Eoko aROUSrdTacOlon 6fF aBitoddd from a
OC to about 170 OC . In those instances where the
fuel; sisdr asumetdededds about 100 0C , the

[o0dgRgeneraly t4epi% SangeasRaks Ly r‘é‘iﬁ%%ﬁ%éi%g? of a process

pressuri zed vessel or environment “such that
wherdigui - phabenprtecesshc arp et igont Enoed.then pegémerador flows

o P LRI 0 S, LB, er
exanl@Uta 100u® £lowakter pabiovely, HRAlRIrddads aputhd0Bresent

. 0C . and | ess than about 200 OC . [0048] There are
1Invepdrligus Plvefiaw vé élafddiatedss Tl kaws pr esent

[ooggyvent érﬁ‘a{?‘lé‘éffﬂhh% iéfﬁ%%gr gddie d4 %‘éﬁsﬁgﬁé@ery fluid

el’ectrochem cal reformn process wt
elensarth orrat e€r 1egehbratiams gir oftekbess f ohet ke quagducthan ehtered
befoh edrggerx]/viftrh%mlta any intermixing and exits the reactor in
exactly the same order. At any instant then, the exit stream
is made up of fluid elements, all of which have been resident
in the reactor for exactly the same length of time. Stated
another way, idealized plug flow is a simple way of modeling
flow of a fluid in, for example, a pipe, reactor or any vessel
in general, wherein the structure of the wvessel or the
conditions of flow (or both) are such that "plugs" or finite
volumetric elements of £fluid pass through the wvessel with
substantially no back mixing between the elements or plugs.
Under practical operating conditions, an efficient plug flow
reactor can substantially approach the above definition of an
ideal plug flow vessel or reactor, but it is expected that, in

typical operation of the present invention, at least some
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fuel such as nethanol . [0049] Figure 4 is a schematic

wo 20@Rjoesgnt ati on of a process wherein a car bopgiRishdfe/d24645
solution fromthe regenerator flows co-currently with
the product hydrogen along a reactor, for exanple a
plug flow ECR reactor. For purposes of t he present
invention, plug flowis defined as follows: [0050] In
an ideal plug flow reactor or vessel every fluid

el ement enterlng t he vessel follows the elenent t hat
hydrQd et e@oFef BF @IPEE wivtHdut PYRGSENt €1 Kilehtighategft end some
bac&lﬁaifﬁ%?égnlgbéﬁﬁct|y the same order. At any instant
e exit streamis made up of fluid elenents,
[005‘a1] of Héw chehavenbeenurposdentctien idie reBkbtwRtéoprocess is
y.th |.engt h St at ed. anot.her

enciBid VA End TR0 N als e I iR AL EHBRO ISk MY oroducea

duriafg a thlali Hytiogbar exanph®, redditen react @bs6fbady into the
vessel in general, wherein the structure of the vesse
eleGrq e onef t | HAEN 0 ftFPomFPéFeﬁﬁpﬁﬁlﬁge 8§ER 1t hdd carbonate.

Typlc%l%;f aldk ué'ﬁ‘éie <] Oéﬂﬁﬁ §% eb?”ﬁBﬁl:é oV tt'h*é' LaRBIH dioxide

ough t e vesse stantla y no m Xi ng
is petwared;t her«f arents abOptu@£°Lmdemhmunn95&|or more; for

£igjent fl t
oot oy BELHT | APFy Bpr SARR" { K Sbov e Rer P 1 ISHE BTty C27b0m

diodueal pekugek! 0\M7:Mﬂ'Ssel:h@r et bHydrbgks, expgact edan  be
that, in typical operation of the present invention,
subsfian gk 13 onERPAVBHen Byas PRedHRY withe bygredughe ihto the

abséfﬁ%%‘jfEﬁ?hfﬂgﬂﬁfnetﬂéc%gﬂ%%%ﬂ%%?ggeggeeé thCQé&$ve about

For reference purposes th nate process IS
% ehoi riced | 9% herf imprre. ofbgtheof catiporadboridieoxilie: may be

pre%%g o et SHCG e GPEREY ofgbe b PO hGO®  oF® more; more

preffiIE5poaHbilg vBRaltDiLesbonave. otypicad | y abeuthiz@¥bonate-
to about 99% or nore of the carbon dioxide is renpved;

rld’br EFERABPY HsBut theossegcansutanbofbe mhserigyr are combined
I u ut gase carpb
and 6X&TP! £, ahQ E‘%%ﬁ%&%ﬁ%@o (ﬁﬁ%@ﬁumféggm #s€QUi g % Mverse

I oxl de | eaves e pro rogen, It can
reactlon (7) and substantially regenerate the
carbonate-rich stream. The carbonate-rich stream is then

split to feed "both the ECR reactor and the absorber.
Typically about 50 to about 99% or more of the regenerated
carbonate~rich streém is sent as feed to the reactor;
preferably, about 90% to about 99% or more of the regenerated
carbonate-rich stream. Substantially all of the carbon
dioxide formed in the process leaves the process with steam
from the top of the regenerator.

[0052] The process scheme illustrated in Figure 4 is an
improvement over sequentially integrating an ECR reformer,
typically including catalyst, with a hot carbonate process
because the reforming reactions occur in the liquid phase and
most (for example, greater than 80%) of the carbon dioxide is
converted directly to bicarbonate. As a result, the absorber

in Figure 4 is much smaller because it can be sized to remove
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substantially renmoved by sending the product into the
wo Rsaehgr. Typically, the absorber operates i ®ARER24645

about 50% to about 99% or nore of the carbon dioxide

that may be present; preferably about 90%to about 99%

or nore; nore preferably about 95%to about 99% or

nore. The bicarbonaterich streans fromthe reactor and

t he absorber are conbi ned and sent to the regenerator.

sed to reverse reacgtion (Zg and to

Again, steami
les%ufibﬁﬁnﬁ%‘?‘?? ?Q%er%ﬁ; atBet R orAPEIfec 2 ebie gaseous
h homnate-&4 troamd Scit Lt1 e feed "both
yd%—c%}%e%g% reactt'eo%hg%}%ﬁt{}e abfsztr bie}r?.nagl'%?ca?ﬁ/ about 50
[0033] abouth99%mwrcens e eyfbadignersyenst at@te cardemwatte- dinstention

. 1S sent as.feed to the reagctor; preferably,. —

lllé%%ﬁ%%%t%naboﬁ%ggﬁ%%r nore of %fahe Fgl&% &tat e 1P lified.

Subsdboial By raTh sarleam abohstantiahl ¥ allgoftihe @af Bh-plug
di oxi de forned in the process |eaves the process with

ELowg} ed? r oA ML o Bt e BRI o2 [ GOBFTbIRte.  For

exafbPeessypehens i | 1 ustrat edel nebi Qs & 9§%arb1i£c&ore of the
I nprovement over sequentially Integrating an

carbaet odisxidey picbakl ymanclhali pgyesanal yss, mendvead hotpreferably

aoo g IORALS REREFES PORNORLE LELY MM LEA0H OlBove sos o

abogt e ®rot haor8P%oof ekgptar hpBudi 99ide iTs eonerdbdiment,
directly to bicarbonate. As a result, the _ absorber in

the FREGPELRT] SRR SARI 1Re Fédadsetied cam Bdamzednt Figure 5.

Agai®TO¥eles Pl -ahout 20%0fo] hfsCREQQHh%iqf?Ldg EBQT e.g.,
t he gaseous hydrogen product stream rather than about

metlip09% , [ 0688] afftk ploeessoemvodiomiily cileome preserg flow ECR

i,nvention illuystr.at in Figure 4 can b urt her .
reaq YT | 1 POE° SURSTAR |y ot LAl Bon GPCHIME S rom aTn  this
embdiigerdt Ove(ios tanoni £l Uy 41 DWp £ EERer eaghoh €abxhele leaves the

captured as bicarbonate. For exanple, typically, about
reagyyer t o-abdute 99 ottt cEIRIN di oxifde SRgttantially

BBy RE prierent-ds nevedn PHebanaR! viab 28k 0 ted
cax about 990% or rlrforez; nor e%%?lef%r aEPyIEab%)ut Q%%%/E&?o 4%as note
above. The Dbicarbonate-rich stream is again sent to the

regenerator where steam is used to regenerate the
carbonate-rich stream. Substantially all of the
carbonate~rich stream is re-circulated as a feed to the ECR
reactor. This preferred embodiment is a simplification of the
process illustrated in Figure 4 because a separate absorption

tower is totally eliminated.

[0054] A further improvement over the embodiments
illustrated in Figures 4 and 5 is shown in Figure 6. The
process again uses two towers. In contrast to Figure 4, the

first tower i1s loaded with catalyst so that the tower or
reactor acts as both the ECR reactor and absorber. As
described hereinabove, a suitable catalyst is selected from
one or more of those useful in the reforming reaction. The
second tower continues to act as a regenerator. In this

embodiment, a feed of water and methanol enters at a feed
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about 99% or nore; for exanple about 99% In this

wo Bhqdigyent , the absorber tower can be el i m At 66%/024645
shown in Figure 5 . Again, a carbonate-rich solution

is mxed with a .fuel, e.g., nethanol, feed and fl ows
co-currently along a plug flow ECR reactor, al so
typically containing catalyst. In this enbodi nent,
substantially all of the carbon dioxide | eaves the
reactor in the bicarbonate-rich_stream

A,
Plak@bstafi? al Py SEBPOOATEI BGde- FLEBOhYdIDgéATpFodiRNel s  The
spe®ipiicedoag nobedrabave geHedy carbonatenri eh-sbrgaMyg  the

is again sent to the regenerator where steamis used
opexat iy e oo atthierecap bortdte- reshterr eand Sobsthet isdbicular
| .of the carbongte-rich streamis - circul at. as .a
cat el gy hafEin r Bntegrs . ThvREERM & FBE EReturtar Fger the
tower sinpkhéi edticoe afhitdde dff oglesstbibdst hatednbRikedyrein the
4 hecause a separate absorption tower is totally
Eop o) thrd fht 2T OR54]0A it t Hete | Rt hefieqigt dnarter; for

@@@di L8 _hlk biayr atedyd ddaures dnand.aqal,scShowd a
e I gur eg%&.ﬁThe prgcessctagai n uses two tg\ﬁefiksl.étl n dén an
the cehspaption Fegbosate, sdlatfiarstrymweounsereadedentt to each

catal yst so th the tower or reactor acts as both the
othfr? H8e, 8P gl eB L R P RECHBE L Fhed KRS Bty Eo fapture
and suehabke ceatoahy sii d:8. &el &6t ed Hircerronret®. note @hy methanol
t hose useful in_the reformng reaction. The second
VapQighe P c GRNTe st 0X bR 45Ca FRTERY at®r then ¢plym with the

gas&Nhodi H?ﬁlﬁo anf egd gl Jpat erand meLhanol e@a@“?a.%n@t‘i:ea stream
feedpl ate a? an internmedi ate point along the Tirst
absemver thifre Speni file f @ed | audt imwl Bepaddse odoguehrd in the

. factors as t operating t rature of_the reactor
Lot BREFRE pattd CUTar: et Fy Shoerpioyod-Othebeion the feed
ensuygd cajHat t Babkeadtiblihyend®er tde tower mkBnbkhig1m el ecacted

third of the tower; alternatively, in the top third

befenfar ttéte oPiRreasertdmise65HGHuaPteEs fbReexifite, tower.
This?ﬁ%‘ika@b@%}éei—.%i% e L oMEln EE?Q&Q&H’MQMI%%_%? and\tlced in
e absorption carbonate solution run counter-curren

pregsumacdnd sent to the regenerator tower where it is purged
or reacted with steam in order to remove substantially all of
the carbon dioxide and to regenerate the carbonate-rich
stream. Stream flow rates and sizing will depend on the scale
of the reformer and such quantities are readily determinable
by an engineer using standard engineering knowledge.

[0055] The countercurrent flow of product hydrogen versus
the regenerated electrolyte flow in Figure 6 is superior to
the co-current integrations as shown in Figure 4 and Figure 5
because countercurrent flow enables a more complete separation
of the carbon dioxide and methanol from the product hydrogen
and a more complete reaction of methanol or other wvolatile
fuel. The down flowing electrolyte acts to absorb gas phase
methanol and/or carbon dioxide from the hydrogen product,
thereby reducing the impurity levels of these components in

the product by as much as about 20 times over the co-current
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ot her. The down fl ow ng carbonate-rich streamacts to

wo %ahsée and renove carbon di oxi de as a bi capgRaheisohicss
any met hanol vapors or carbon dioxide are carried up

the columm with the gaseous hydrogen product, the
i ncom ng carbonate stream absorbs them fromthe gas
and pulls them downward in the |iquid phase. The
section of the first tower below the feed ensures that
. substantially all of the nmethanol is reacted before _
Int i il G bondMETHCEROYEr e HATEGUSL Ahef | 8 tioypk . 2 higher

beca-limcﬁS Bgl%é“c%%%hy”&ﬁ SI'Orfe,amI-ij. aegéé{ 1%,ef %h@blﬂethanol is
reauce

I'n pressure and sent to the régenerator tower
contwhieragl i tins phegedesrctoeactadumt h stiearebyn opdevitidng for

. renove substantially all of %he arbOf dioxide and to .
incy SPBVERE: Car Bondt ETTRIT s Pf odm | &Y Cant FROWICS time.

whil@t egc@nd siighvddnidepend onyhie0a} e Rfpdd®nt on the
reformer and such quantities are readily determ nable
design aspesgifdesr usprgterandardt engioreeliang khewkgntial to
inctddRo] t}xhe %8&%358%“"@{}{@“&” ¢ epfggyaiz'&iigﬂéo (e.g.,
Versus e regeneérated electrolyte flowin Figure i's
metlsapel )} obyt @ the s8o-tcuwasendvent egrsainidiesrlas showd ico-current

Figure 4 and Figure,5 because countercurrent flow _,
proqsh eslndvbr 8U€enHI EPETSERATSE 1 R o AERECEAFEBAS time of a
firdh oxi-gler apda AL hAnok fhemebbBedpiRduct i 0gen andoas fold,

nore conpl ete reaction of methanol or other volatile

a 9@heronTass donn inl @widny BleEol Jeslgiet govbdabsoibcgaased to

o P e a : rb | 0x].d ydf oge
9% p?lg uc???bt%hggéﬁ%%g{%&ﬁg t egllllrr%tlr |q1 frgg}vey%glé;f hg'sg to 2
fold@oapaneert $iignithiecgroducFoby caammleh as abopto@8méntest 1.5

ver the co-currentin rati ons. Fur r nor
fol<§ , entint egrat ohé'r urt hernore,

orfAS si BT Re FATCTE M gHerOhecHle Cubst At i G the
assdiattdd 4 QmPXAENE, eddicom®d o £i s, contained in the

reactor colum, thereby providing for increased
[00%%hver sh ors i ¥ @it t efonpighgardvastiafiscef | fdle present

o L1 Gy UL ) TLMEIE LA BEE L IPL ool K BRPONSERLAN con e
propotedt wdkhbati ndieagseetine:a esbdehneotisig afdd héresh caustic
reac_%(rilgsiz%glfgrggﬂieg?' %'a’rbonates and or their mixtures) using
instead an effective and economical electrolyte regeneration
method. Also, liguid phase reforming in alkaline electrolytes
produces a relatively ©pure hydrogen product that is
significantly lower in carbon monoxide and carbon dioxide than
typical steam reformed hydrogen products. Furthermore, the
hydrogen can be produced at pressures exceeding 1000 psi so
that expensive compressors are not needed downstream of the
reformer to obtain a high pressure product.

[0057] The following examples are -provided as specific
illustrations of embodiments of the claimed invention. It
should be understood, however, that the invention 1is not
limited to the specific details set forth in the examples.
All parts and percentages in the examples, as well as in the

specification, are by welight unless otherwise specified.
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nmet hanol) by 2 to 3 tines over a simlarly sized
wo 20@deosent process. Under such circunstancescrivsaé0d®2464s
residence tinme of a first order reaction is increased
by a factor of 2 to 3 fold, a 90% conversion in a
co-current design could be increased to 99% and 99. 9%
respectively. Even an inprovenent of 1.5 to 2 fold can
be significant. For exanple, an inprovenent of 1.5
fold can increase conversion from90%to 97% wth the
Fur bheuedee edary ghtnyeant subhertcrbeasrit i ¢hsejspecification
or YA can,geo0gM G, A0VANALE Of L BreSERicutar set of
inventi’'on in its various emnbodl inen i S that hydraogen
progat bes pr odieed of thessutbe readitdonent iphugsisdyl addates or
fresh caustic reagents (hydrqxi des, carbonates and or
PEr ¢RRFFIFF xt &fses}nEgFﬁﬁdi ead LR Fect RV RARRLe  expressly
her@ﬁ?n%?‘%%fé%éﬁ%éobxt%ﬁﬁgkﬁ$¥éﬁ'Qﬁym%dM%brA%§91ing within
[iquid phase reformng in al kaline electrol ytes
suclpr sduges dncdluatingel gnypusebagdr ofemypntmaiict wibaini gny range
so gegiiblcantiy ! ouer.in capbon. mnoxi de and CaTbOce with a
droxi-de "t han Jfpypl AP St edm 761 or ned rrﬁ)}l(r:flroger‘?l prodﬂu%?s.
lowdtlr tHerirr eRr,, | harldydangapsan hemprodreediat QI €850E€8, any
exceedi ng 1000 psi_ so that expensjve conpressors are
numd¥ Re €t Bt SRSt R8N ot freFPEG 1EBE LA Ya HiggH osed.
In PLESILLE aRN OdUR!  £ol 98RThg ThRARIOW: Ng:@X3BP! @5 AkBnge are
provided as specific illuStrations of enbodi nents of
specheichbl yedlisndemtddn. IR shwl ¢ be(RindeRst podyhere k is a

however, that the inyenti s not, limted to the
var (Y Frantefy FeBued ¥ &t HUGF fe P ed o PRI e s 9 K
is asd percertages igx.the i es, wszwell 9ag,i vekhe 97%, 98%,

,Specification, are by weight unless otherw se

9965pé%if%QRﬁer@ﬁE?%ﬁF%& aﬁ?yrﬁﬁﬁ@réFaﬁunﬁ%W%eré@??@é?ﬂﬁed by
any  PRoSREsLELCRIA o fs clai 881 asu8haBsvENaL HARPLSEMdG cally

a particular set of properties, units of neasure,
discbmeiedi ons, physical states or percentages, is

thtended to literally incorporate_expressl.y _herein by
[00$€$ereng%rorpgfﬁgﬁﬁfseP anfgﬁﬁnb%¥e?§PEindﬁweﬁﬁﬁﬁnSucﬁﬂnless
othéaiee | BelFudeng anyisubsedpait nupber s Wshiol fdry property,

range
characgeristic or variable, the term ‘'substantially" as

applied to any criteria, such as a property, characteristic or
variable, means to meet the stated criteria in such measure
such that one skilled in the art would understand that the
benefit to be achieved, or the condition or property value
desired is met.

[0059] Throughout the entire specification, including the
claims, the word "comprise" and variations of the word, such
as "comprising" and "comprises," as well as "have," "having,"
“includes, " "include" and "including," and variations thereof,
means that the named steps, elements or materials to which it
refers are essential, but other steps, elements or materials
may be added and still form a construct within the scope of
the c¢laim or disclosure. When recited in describing the

invention and in a claim, it means that the invention and what
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so recited. For exanple, whenever a nunerical range
wo hidh2ssl over Timt, Rl, , and an upper |im tpdRuys20db/024645
di scl osed, any nunber R falli ng within the range is
speci fi cal | y disclosed. In particular, the follow ng
nunbers R within the range are speci fi cal ly discl osed:
R=RL + k(Ru -RL), where k is a variable ranging from
1% to 100% with a 1% increnment, e.g., kis 1% 2% 3%
4% .5%_ ... 50% 51% 52% ... 95% 96% 97% 98%
is §§%m8ii f@o%?o%%fé%?/%ﬁi t&nf%uW@PFcﬂo%léﬂﬁe and pOtentlally
& epr eseaked My anypi e ia'le 0 15 St edaims,
Hox above is al so spec:lpfl cjél y d?%cfvosed [O%?Eﬁw%:or aims, are
lanuﬂ¥m%eSODf thenpeasedt iemdentdon, nonl esscdtiber wissiglitional,
W th respect to ecific property,
unre?fa ec%tee]r?%etrf%s r\f%ﬁtf%%%e 9 term "substanti al I y"
[00&m] appliedutedaryreiigheiid, tHlCih 861 81 P4OP&K | Yincluding the
characteristic or variable, neans to neet the stated
desGiked | gppdinent freathite S§@@Wlﬁﬁatf%ﬁfé§ skiilednih erd "the"
1ncfﬂdemﬁﬂhgagnQ%E%faﬂ%§r@ﬁl% @efé&ﬂkﬁdpecﬁggkgye%uctates
he condition or property va esired
othtﬁ:ﬁ@% Throwghpoutfarheeratipt e, spexidieate oo | Nah udixigiizable
t he ,.wor.d rise” d variations of t
fue]vwr%jnc@‘é‘ggé a8 SIShA siicLh¥ aFawes nﬁri%%,@rag‘oﬁ& |‘£§§efeﬂt
fue1§aV§m Bﬂbhﬁgtlonindﬂéﬁé%encé'“ﬂ&de”aanﬁetal carbonate”
"“including,” and variations thereof, neans that the
whePires| ehehve oF Warermaralt sawkPeRtes pef medl as a

inc
: r nt £lements or materials

Slm‘%&i e addélagliLl r%HES“ Iepﬁgorm a construct within the

[00&klope Ofhe¢ hecaxtrai Madvoudi's claosuumpasifeen reaated | mnd  lesser
descr.i bing the invention in | a .t ns that

val S TR nCROTE s Ghat 51 LT aF REACRS. CHRYAferodies e value

of what rHqldews %:ﬂoﬁ@f’@ﬁt bal ldone onfhesei1 eE88es reasonably
particul arly lied to clainms, are inclusive or

eetgigh- *‘elﬁ@egegha%l@gﬁét obgEaideedadi tafonehe prESERtednvention
as & §£&%éd°£nﬁagtag% ﬁqlpch [&fg){@ﬂfﬁaw&g 1H50HIROME  wore

e specification,
spec1f1cally, the term "about" when used as a modifier for, or

in conjunction with, a variable, is intended to convey that
the numbers and ranges disclosed herein are flexible and that
practice of the present invention by those skilled in the art
using, for example, concentrations, amounts, contents, carbon
numbers, temperaturesg, pressures, properties such as density,
purity, etc., that are outside of a stated range or different
from a single value, will achieve the desired result, namely,
the efficient production of hydrogen including regeneration of

an alkaline reactant.

EXAMPLES
[0062] Example 1
[0063] Catalysts for liquid phase reforming in caustic

electrolytes were experimentally evaluated in a test stand
shown schematically in Figure 2. Mixtures of methanol,

aqueous caustic electrolytes and catalysts were initially
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descri bed enbodi nents, the singular forns "a," an,”

wo Ro2kd3e” include plural referents unl ess theraaBRiRNbiscss
clearly dictates otherw se. Thus, for exanple,

reference to "an oxidizable fuel” includes a single

fuel as well a two or nore different fuels in

conbi nation, reference to "a netal carbonate" includes

m xtures of two or nore netal carbonates as well as a

single netal carbopate, and_the |ike. [0061] The term
chargg UFMt@nébnﬁ%§§E§0@réﬁ?@@laﬁﬁuie§§§F vaades! t hafhe vessel
was t NOsen Sheci figally recited,br quigded dhated he,Maldie, of 50 ec-

the rel evant property or condition facilitates
250 r eason&bhyptieet iweg <« heedsacte| @yi € pbpesticee big)ldefup caused

the.present. inventign as .described i.n d il _in_the
by eReLPPRCBYEBROSR. ol oSeC AT Er SEERY caPey, SPRAVEGPmOE the
prod@®outaswhemsused msc s Jmai fihedrderde oe@mcammkug%km high
wth, a variable, is intended to convey that the
PUT hiyhBYSTREEr AHges ORLY| S5aEcheru st el Feusi bhanardf00 ppm)

of tcg&%)oﬂr axﬁéﬁ&gi&é,t'&%rB%ﬁseﬁoH‘dee”BFO%é%}’héﬁlé)se A wet test
skillTed in the art using, for exanple, concentrations,
metenpUMd,) cont enssd car boondtoibertshe t enpenat wieshydrogen gas
ressures, properties such as density, purity, etc.,
evof%%ﬁ'are outside of a stated range or different froma

[oosangl e xal yeriwkl | cachicenautRevdesimeedinasul loatRafRIns  were
the efficient production of hydrogen including

evaleyer@r atisdndof e al kafkne steact anthowmxAVPEESTROA6R] LY in
ri i@l € %3[0063k S oL Ligw gy 2??8&% R Mhtalyst

I'n causticelectro ytes were experinen y eva uat e
evalwmaaioest stEd sbowhtschematpgreadntad & glwelrdgen pressure

. Mxt f t hanol , aqueous caustic _electrol ytes and
IncEGReFy AL SR i BEATYEhaiB8d PREGSA r Bctforf veadel state

temp8tathed segalrsh sthe vasseltamss thepibealedub@tantially the
reacti on tenperatures between 150 2C 250 2C .

Samg| ABEFES. wéeTheanihedods anpresburk HoFY- BpHcagsedhat the
pre%%/ulf%g'd%é‘é’dfa%gee”-di%%t‘i@r o adtaphy (&5 8natysision of

catalyst loading and catalyst type. The catalysts tested are
identified in the legend accompanying Figure 7. Although KOH
electrolyte was used in these tests, it is expected that
comparable results will Dbe observed using an electrolyte
composition comprising carbonate, as disclosed herein.

[0065] These experiments demonstrated that platinum
catalysts exhibited the highest activity. Even so, there was
considerable overlap in activity between the lowest platinum
containing catalysts and the highest nickel containing
catalysts. Since platinum is about 1000 times more expensive
than nickel, a nickel catalyst can be more cost-effective in a
particular process embodiment. Amongst both of the catalyst
groups or samples including platinum or nickel, the higher
catalyst surface area generally correlated with Thigher
activity. However, higher activity per unit surface area was

generally observed with low surface area particles. This
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product gases using potassi um hydroxi de typically

showed high purity hydrogen with only trace anounts
woOhkewmorsoan 1000 ppm) of carbon nonoxi de, car bBAT/US2006/024645

di oxi de or nmethane. A wet test neter (WIM was used to

nonitor the anount of hydrogen gas evol ved. [0064] A

series of conductive netallic catal ysts were eval uated

using the test stand shown schematically in Figure 2 .

Figure 7 conpares the activity fromthese catal yst
OPSEFRTORona S THERPESLIYS @S b et ed tds  )igr ogederstanding

thal®f €88Uri8 HAG-0asSg; @ he t eat.ed .t q .a —_
steadyjétateE?énpérgﬁﬁggﬁbf Zgﬁéﬂgfﬁptggﬁgté%lon within
theytdatidats substahtlas | yatheffant dearadest4pad fomidien®) This
5Q.m,l 45wt % K so that the pressure curves are

i o R St §sPoFbadrhgve when
usiand staflal sdrt y@ee JDeeCabahystsst aakiedhar eﬂé&?ﬂ%&é@@& that

in the | egend acconpanying Figure 7 . Al though K
a & oF e viasataedsin ashede teees, cpsti-effepeitved On the

othkhkatngegparabl e resultg W I‘lgllggl obseryved .usi ng a%gchibited an

el ectrol yte conposition conpr ng Car bohat e,
excgpsebogédyhérigim . adtQi065]y TheseuekpesiipEate area. In one of

denmpnst.rated that pl ati cat al ysts exhi pited the
theh%é‘ﬁeeéfﬁmg&%isvﬁeﬁr%\%ﬁ%ggyt R s ‘Torist@eranf e the amount
of overil@pzdBlact kkhtyahet wegkdihgdiowestphati,8uUMg o platinum

contai ning catal ysts and the highest nickel contalning
catgdvgfystds ol bicantium decnpesed 1000 cridees tmréemonstrate

tha€Xpensi vepthan, ok a nickel. catalyst can be nore
cost-gffectivergnggﬁ%%?ticﬁiarJﬁ%ﬁcegéeenﬁg%ﬁ$kﬁﬁF can  be

subpirengselbpt cafolidieelgat abfstmgdoupsconp3anil @ formation was
L ncl ydi.ng .pl.ati num or nickel, the higher catalyst

achifvededma, e A P or 1Rt bt BANGRt KDRi gRRuit of methanol

pregehtViwys Hewevethahi dher taet | Yihdr PRIt SIS aC8he  toral
area was_generally observed with | ow surface area

amoYRFt i eBYITRPSBLSRFRUGTh i(angeneons ¢quennky stidst pressure)
st ok e VOSBCELDEL LD ARAOLECOR MIEALER, resoure
curvan affect catal yst performance. This

[0066] Example 2

[0067] A geries of experiments are described which
illustrate significant features or steps of the invention.
These steps are common to the process integrations described
in the application, particularly in Figures 4, 5 and 6. These
tests were conducted in the form of batch experiments for
demonstration purposes. Furthermore, in  view of the
comprehensive teachings provided  herein, they can Dbe
integrated to form a continuous, multi-step process.

[0068] The steps are described as follows:

[0069] Step A: Generation of hydrogen from a fuel, in
this instance methanol was used, in a liquid composition at a
PH Dbetween 10.5 and <12, producing a bicarbonate-rich
electrolyte, in other words a solution in which the reforming

reaction proceeds via an  electrochemical . pathway, an
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suggests that high surface area catal ysts are nost

wo 206Tdoysswhen using smal | particle size catal $eirfisaffdo24645
may al so suggest that a nickel slurry catalyst as the

nost cost-effective. On the other hand, an experinent
usi ng Raney nickel exhibited an exceptionally high
activity per unit surface area. In one of the
experiments represented by curve 3 in Figure 7 , the
. anount of oxidizable reactant (nmethanol) relative to
LlonpfeRwert @t al §SErohase si BRPFFRYNt PyeyéBPeasedPHn to a range
pecfbders! gndenpnsirate, thals | lhe LeLabEAgeiaChdiion, but
the reactant can be substantially conpletely reformd.
not Gobhbl ef ethef canatnore was aohveveed i to tihi sadupexteent ,

singe t a ni of methanal present s Jl.ess than
1007 | he e expal Tt & LHe (R oIS A G drogierate
the pr OﬁyéﬁﬂbéﬁaﬂecﬁﬂéﬁqU?@Ebbﬁtkb_&%@éesslﬁbe) was |l@s%onate-rich
resulting in the distinctly different pressure curve .

eleqgosbyt Exarpecly [ OUBT s 5y | ddhaf et i dht Sagfonate  to
_  odonh e il 1 ES R P et ir .

b1 BSGIA LE0NLENERLHS AL S5 S capLI 0B 95 Bencing che

eleprouksise | pi ege adponsadesicie bedat indepdpioh | Sadp om;

ticularly. in Figures , 5 and 6 . These tests re
100F T GuctBFR 1T he FoITE of BiR o BYFBRFRERTS foloctrotvte o
prod@ef®nsdd ot 1 Oha PUEPOSESen FEFSREFNBr Buel N e\!l%\!\/, Ofeth&nol .
conpr ehensi ve teachings provided herein, they can be
EXPERIMENRted to forma continuous, nulti-step process.

68 € ' f - [0
R e s
[0073Bt ancEheebhanbl reestused,sclreaticpily cohpesi tinorFiagure 2,

t H hetween 10.5 and 12, oduci ng :
wes o BaPsar b 1 cAoel HETTNY | SOLRRLGENGH wBpRgsgiun carbonate
and SOboitd O kil WH Edr-bdieat &f Ordl NnsHS/ACt i 00 prageeds Vigtarting
an el ectrochem cal pathma%, ani on- conductin .
PH | bktpbl yt @onthtnedy | BaERPRGLI t 30PH PO &« ng catalyst

(20 B@’???E%‘S Skﬂ:{i;q@o]xoce% I tRESHELGP. pRoSHRR kAN Al -rek, 1Inc.,
(Somerset, NJ). The reactor was run at 200°C using pressure to
follow the reaction progress. Reaction (6) generates hydrogen
and converts carbonates to bicarbonates. In the process, the
PH is gradually lowered as the level of bicarbonate increases.

[0074] Reactor pressure at the start of the 200 °C hold was
300 pgsi. The reaction progressed for about 95 hours. At the
end of this period the pressure had increased to 495 psi. At
the end of this period, the reaction rate had declined to a
negligible rate even though 70% of the methanol and 70% of the
carbonate from the original. reaction charge still remained in
the reactor. The final pH was 10. A pressure versus time
record for this experiment is plotted in Figure 8. Table 2
summarizes the initial and final compositions (based on
calculated pressure changes 1in the batch reactor), pH as
measured with and without methanol and the initial and final

reaction rates. (The presence of methanol has a small effect
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not all of the carbonate is converted to bicarbonate;
[0070] Step B : Using steamto substantially
woegeersate the bicarbonate-rich el ectrol yte t®C®US2006/024645
carbonate-rich electrolyte thereby increasing the
ratio of carbonate to bicarbonate to approach the
original ratio and increasing the electrolyte pHto
approach the starting pHin Step A; [0071] Step C:
Using the regenerated el ectrolyte to produce
on pHdi ti 6aabohndrogemps biniohewpBeplse. easwEeade titration

EXPERI Q0 Ste : Ki f
bef?ﬂ%tﬂﬁagggt%F gﬁélfxpg|66?§¥aThe %:%:ﬂé%§§§Q%éms documented
hydﬁ@@@xﬁfaéh@albéybshow]@okmd@ gonheedt, inashehareger iwirt pprapduct at
aqueous sol ution of potassium carbgnate an t assi um
vargpear jovees a@UEHRGN FHeTabte 2 (ﬁ?%rt?lrf’gcdtpﬁ?ol—yatﬁ. gyas ot
sep%og{:éaananﬁhgaggltaﬁﬂ}gté‘ Lekon HicR@agatdley $ihdi120 wit:leure was
supported on carbon) provided by E-Tek, Inc.,

savé@omepset StNp) B, Theexeertorfwas sualdt 2000&e§si fgken for

. _pressure to follow the reaction progress. Reaction (6)
tltg@ﬁ%?ﬁtes hydrogen and converts carbonates to

[ooPbgar bopatesr: | RetybReprpEeasecthelptei bagkaduabky original
| onered as the | evel of bicarbonate increases. [0074]
PH Reactor pressure at the start of the 200 2C hol d was

00389 PSi gpedhe Leactign, PLogresseddsy RAbouls 9p1heuss. int

L A?gthe eﬁg of tﬁ?é pe?yod t he presé%{e had in%reased e @

flatk 40f peeatad tie eadepétehisgeperi od Vapieasr efEppofhe flask
rat e had clined to a negligible.vrate n gh, Q9

WETBf Titte Wt handt“and ﬁﬁ%@%h% e %§%%bnaﬁ§¥ rg%?%ﬁe%fé%@ted a

revebkEINYE reaedt noh chay genst idJemtarsinedstnipbed most of the
reactor. The final pH was 10. A pressure versu

carbeBoPdckafc: B okl (TR PRIt (ol TP F T8l vEe during
Ste agl‘e ?céf%ﬁ?fa 5Ri Qevia%iotri laansh fdpah €8MRRTIAJIONSrom the

based on cal cul ated preSsure changes in the batch
confleacker pnd pHsavoisasumwes weplsuard WSthouB Weth&gslc meter.

oo, heg-auhEl BRER ek, G| 9 b, (R che cambon
dioRaERONAt P LRSS t iraenashad sodreppated ailsstartrialilon  thus
indicating that regeneration had approached completion.
During this refluxing the condenser returned substantially all
of the water and methanol to the boiling flask. Comparison of
the pressure buildup during Step A with the carbon dioxide
measured by the wet test meter showed that about 100% of the
bicarbonate created in Step A was removed in Step B. At the
end of this period the condenser was removed and boiling

continued for another 1.5 hours in order to remove

substantially all of the unreacted methanol. The pH measured
after this step was 11.7. Some water was lost as water vapor
during this distillation. Electrolyte carbonate composition

was again measured via titration after the steam stripping.
The regenerated electrolyte was saved for Step C. Table 2
summarizes the total carbon dioxide evolved, the initial and

final electrolyte compositions (based on calculated pressure
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before and after the experinent. Gas chroma tograns

docunent ed hydrogen and carbon di oxi de content in the
woeerioozso3 pr oduct at various points during StepChUS2006024645

el ectrolyte was not separated fromthe catal yst, but

i nstead the whole m xture was saved for Step B

except for small sanples taken for titration. [0075]

Step B : Regenerate el ectrol yte back toward origi na

pH [ 0076] Spent electrolyte from Step A was pl aced
changes aifi| abk &eddeateatttar genér abebsneamoddaimrevélonion in

t flask e._refluxed usi .a.condenser. coil. The
tng Ben 301 AL o, St S R an
[ooregnt ualdpersta:i pped npsteindhia LRI tdiciitde dhadake H,

had been trapped in the electrolyte during Step A .
frogpsdiiedicdxi de vapor was al l owed to escape fromthe

d d I d ' t
[od7¥Y ens[%rgbe?g Hggtﬁhvo W MRy MEGRUS € F i'ﬁﬂgrge\éte Ath  the

net'er. ] I ng continued over ours unti
redanereardsb re Il axi adey ey of win ot e@t®. hablrdsbppater and methanol

substantially, thus indicating that regeneration had
wesi Rodthe fo SRR o s THETH oY e AR e Gcep A and
by Cengdensertiehur nad spdstamdial ltadlds obrt hersgter andy small
nmet hanol to the boiling flask. Conparison of the

inggeaeiit eObui FAEPLRE | Mg sSt epsA vidded h&ocakdba ditoxiegéimated
1o§£Peas3%xe<ng. b¥r%ﬂ§f¥‘?§ LaYt tg{%fr%rté'?g%‘ﬂ%éé‘%cé@%éd.199%3teps A

of the carbonafe create A"was renoved in
andStBp B Thét rehetemnd vds t hgaiperdad &he 200ndensesings pressure

removed an iling continued for another 1 .5 hours, . .
b TS o Ot bR Lty e Bt it | §EGRTSBF ¢ he bioatdiition of

thdBidlen®) watdde, pthaeasueedoalter ghiccrsda wes 11.7. prior to

Sonme water was |ost as water vapor during this
metdiagiql] | AdShtigm echp@l yiiacEgrsedat €conbbst t i 8ht@ls methanol

s BRI, Mooy et LA A S LURR M o seeo
wasStlgp. & . fm&ﬁenlbsanmmmfaﬁshthe tbéabrtgihah gHoxhd€tep 4 is
fur %hyegVigggcgnigﬂéﬂ %ggp B converted substantially all of
the bicarbonate formed during Step A back to carbonate.

[0080] Reactor pressure at the start of the 200 2C hold was
340 pei. This pressure is slightly higher than that in Step A
(+40 psi). In highly concentrated alkali carbonates, methanol
is known to form a second methanol-rich phase. The presence
of a methanol-rich phase exhibits a higher methanol wvapor than
when methanol is fully dissolved in the agueous carbonate
phase. Alternatively, the additional pressure could suggest
that regeneration of the original carbonate charge in Step A
was slightly less than 100%, causing a small incremental
increase 1in carbon dioxide partial pressure. The reaction
progressed for about 90 hours. At the end of this period
pressure had increased to 480 psi. Also at the end of this
period, the hydrogen generation rate had declined to a

negligible rate compared to the original, even though 69%

methanol and 69% of the carbonate in its starting reaction
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final

pressurechanges in the batch reactor and carbon

wdizewiodzsogvol ution in the Step B,
[0078] Step C:

wi t h et hanol .
el ectrolyte to make H2 from net hanol
batch reactor was re-charged with the regenerated

el ectrolyte from Step B .
re added, to_repl
ehaEGR s hy LR | Rk
préssiakl Jawdedrentef £atalysts
estimated | osses fromtrans

up

rafl 200, aC

. reacti on progr ess.
intéepetestiohyt etpHtdr opprd toeld-2-H1{0L tO

ad'E Pr

ace

that re

essure bui.l d-

1K L eFORddrEEDR

noved by

i BRSi FeafEay nal Birajes psf ®hep 1B .6.
Esocadded o]
er8 and-tit¥afd

S

up to

readditi on and increased to 11.4 after
LHHFIFOHOR THE piFeR Bhe iTakliel2 nExtueeichar ok f 0pitial and

EifEP cBbrpRsitlcbs THY
pH in SP%%:LA iossfupﬂt)

Q

T o Puaneb e

el ectrol yte conpositions (based on cal cul at ed

[0079] The

reaction i

foll ow the

et han

Fresh water and net hanol

n Step

and pH as nmeaswseme/024645
Usi ng regener at ed

The

make .
. pﬁgfzted in
Figetarfedath spepsrAsaend B th TiSeecpeact or Teas 2HBLBvEHN initial

of Wi hB nmaReep Aat exnd
8EEEggg%Ed

t he ori gi nal

&5 B R eFhagges in

the
full

thehstait | aepgtal) , of ahie i carzonatashecred, ki Nghg without

metcﬁﬁ’fbf) .baCk

the start of
titpragsisur ebésoséi ghtll yaficghest&han t hals |
hi ghl y concentrate
IR €50¥ bien goreenndinethanekatidébn product at
t hanol -rich phase exhibits

bydi3iden At

variRAse pokiff- P

a hi gher

[00§

s

arb

netE§§§Fﬁ§§%%¥9fﬂg

Idsol ved in the aqueous carkpnate phase.

nat e.

°59p<2

o3

al kal i carbona

n when net hanol

t'S(;e

is f

0080] Reactor pressure at
S NCBA0PS| . aFAPs measured via

%é‘i1(1+%l%cumented

ully

Al ter nat isvghaty, bheaddidhipnal. pressure coul d suggest
. ol 9@@%
——that regeneration of theg_fon grnal -carbOiate Fefargeatst
&b “s|li gftfy | s9ierhan BG0%| causing a pneddin End

i ncr ep@mttal limxpease ixpecal bagowdi @Xi defahbi al | mpe . 1 | mape. 1

bresspiseep ¢ £&8CL 108,81 01 e3sed, flor _ahaut, 90 hours. |
—oA—thp-end off this | rl%([j pt esstre | a8 i neFedspdten € | Step C
2180 ppi’ ‘A0 434Phe hd4f | tht8lpéri od,280he hydrogen| 0.3247
KHCOgener ptol- o5 at e. ¥;|d [decki nep oL o5& 0.05 0.0486 | 0.3349
CH,OH 0.518 | 0.368 | 0.363 0.356 0 0.469 | 0.326
H,0 12.03 | 11.73 | 11.54 | 11.69 9.614 11.35 | 11.07
Catalyst 3.01 3.01 2.96 2.96 2.96 2.96 2.96
(gm)
Volume 250 245 241 237 185 235 230
(mL)
PH, no 11.45 na na na na 11.22 na
CH30H
pH + 11.63 | 10.06 | 10.06 | 11.1i7 na 11.43 | 10.6%
CH30H
CO, - = - 0.1533 - - -
Evolution
Total H, - 0.4498 - - - ~ 0.4294
Evolved .

*

2

Chemical componentg in moles except as indicated

Measured at 21.3 =C

W

it




negligible rate conpared to the original, even though

69% net hanol and 69% of the carbonate in its starting
woeeariozsoghar ge remai ned in the reactor. Fi nal POHUS286/024645

10.6. The pressure versus tine record for Step Cis

also plotted in Figure 8 for conparison with Step A .

The inproved initial rate in Step Cis consistent with

Step A and the interpretation that the electrolyte

approached full regeneration in Step B . Table 2

@ﬁﬁh&riﬁ@?ﬂﬂkﬁi}ntial and final conpositions (based

al c te .essu changes in the batch reactor
o7} W TERTERS BF P hrthst Brerhanst) ohHample 2
wer@ar bepabeedonpdsid | an Ndascat sDyseaggpeeriicalt ini@téDNpowder,
before and after Step C . GC data agai n docunent ed
COMRARDFN Yan & Ve4rBh <di 8Ri dHO¥BNEERt TYPE ht TRdedi offrom Inco

sp¥ieduchralukaki ousy ROI RLigidWE NORLERs £ - N8081] Fabl ocyirs
2 Sunmary of El ectrolyte Regeneration Using Pt/C
wergat ghpstacheéaildal conpoments i thoweesepooe@d asn  Example 2.

T S e Bt ApRl A B TR ® vaPickel is

a [(epeatedciséngadiyaat ahyst pspberhgaladd ckel Powddiult the
conmercial ly avail abl e as Novanet(r)_ Type 4SP-10, from
anquity ApG RIS o dRY sINFFRIS S @, 39yeRot P49 . NOYn, spite of

ité”BidWE%“thé%ﬁé%f“ﬂﬁ%ﬁ%ﬁi%%'ﬁbéﬁgji@ﬁOtEiﬁggsfesF gxpensive
reported in Exanple 2 . Hydrogen was again generate
tham Stepimumngest epiC . waickel ansl gHessnackéVemay be a more

at st, .t han pl ati num and. as r esul t he anmount of
co%ﬁﬁéﬁ%%ﬁt%%% i Eﬁggggd frgﬁ?s 5 %O4Ehelﬁﬂgm erspsed  from
10.i95 t3) Qvers5&Kj neth CStepi €KkethéseaboutolP8 tivABRSh! 888tained a

. expensj ve than platinun1£er unit wei ght and thus .
nigiclk et lwalY bangd e @bstieriectrveRaratistby| despagation),

wa éﬂgﬁﬂﬁﬁ£¥¥§§§§?gn£iﬁnhﬂg'%ﬁn%g ;g%ﬁéﬁﬁéb$g£pff%m 10.54 to

the electroly whi ch cont ai ne slurry and
11 \dls di f ThcubtepoCsepanat erdyermcantdt iddectrolastest eam again

rectdgéggﬂjﬁggﬂl %gg%ﬁirﬁgtﬁgkéfpreasﬁgefrﬁgh%gggﬁ t8eneration
returned to the initial rate observed in Step A, again
suggesting that regeneration of the electrolyte in Step B was
substantially 100%. The amounts of hydrogen produced in
Step A, the carbon dioxide observed in Step B and the
titrations were more consistent in Example 2 than they were in
Example 3, possibly due to experimental error.

[0084] All documents, including patents, described herein
are incorporated by reference herein, including any priority
documents and/or testing procedures. The principles,
preferred embodiments, and modes of operation of the present
invention have been described in the foregoing specification.
Although the invention herein has Dbeen described with
reference to particular embodiments, it is to be understood
that these embodiments are merely illustrative of the
principles and applications of the present invention. It is

therefore to be understood that numerous modifications may be
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11.14. In Step C, the regenerated el ectrol yte was

again recharged with fresh nethanol. The hydrogen
wgenroaiodn returned to the initial rate obseryed/usmos/ 024645

Step A, again suggesting that regeneration of the

el ectrolyte in Step B was substantially 100% The

anounts of hydrogen produced in Step A, the carbon

di oxi de observed in Step B and the titrations were

nore consi stent in Exanple 2 than they were in Exanple
mage  pexsi e duéliL@SEXQELVHentahbcﬁijrmnts{ 0084K Al that other

| udi d bed h
arPORUOREhSs G, MR A R i it fs'ﬁieg%lt%g%%yggne the spirit

angr soppey odoo:wmrﬂﬁesiﬂpﬂ OInt@Stidng BE 08@@ bf‘eche appended
1%rlnmples preferred enbodi nents, and

Tation of the present invention have been descri bed
in the foregoing specification. Al though the invention
herei n has been described with reference to particul ar
enbodi nents, it is to be understood that these
enbodi nents are nerely illustrative of the principles
and applications of the present invention. It is
therefore to be understood that numerous nodifications
may bemade to the illustrative enbodi nents and that
ot her arrangenents nay be devised w thout departing
fromthe spirit and scope of the present invention as
defined by the appended clainms .CLAIMS : 1 . A process
for produci ng hydrogen gas conprising contacting in
the liquid phase at | east one oxidi zable organic
substance in the presence of a m xture conprising at
| east one conductive catal yst and an aqueous al kal i ne
carbonate el ectrolyte, wherein at |east one
bi car bonat e conposition produced by reaction of said
el ectrolyte is regenerated and said at | east one
oxi di zabl e organi ¢ substance conpri ses a oxygenat ed
hydrocarbon . 2 . The process of claim1l , wherein
sai d oxygenated hydrocarbon is selected fromthe group
consi sting of a
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saccharides, celluloses, starches, sugars, alcohols,

ethers, carboxylic acids, aldehydes, ketones, biomass
wand7mxsres thereof . 3 . The process of cl aPaT/AS2006/024645

wherein said saccharide is selected fromthe group

consi sting of nonosaccharides, disaccharides,

ol i gosaccharides, polysaccharides and m xtures thereof

. 4 . The process of claim2 , wherein said al cohol is

sel ected fromthe group consisting of G -C al cohols
CLAAYSm xtures thereof . 5 . The process of claim4 ,

mhe&eln igld al cohol |s sel ected from net hano

et harol and FPXEGFes fPher BEPIUEINITHRYHFBEREs &#S cl epmprising

coﬁtwheﬁﬁgnlﬁam%ewrﬁdﬂﬂd'ﬁhdggrgﬂ“ﬂeasg'on§T5¥fwf§§%fé organic

< gf claim?2 , wherein said ether is selected
1

PREERGI 18t hEe DFSERyICE I sethiertuns endnjprm:tmg aamotLeast one

f clal rei
cogg?gﬁggﬁeﬁr@ﬁé%ﬁ%efhyFg%fhpgg?eéﬁm&%%%;prgéggg BF carbonate

el@CErnﬂQte mhwher51na|dtoxyg&@atedn@%dﬁﬁ?%%$§$?té qcomposition
xture of met hanol and dipeth et her e process
UEFdi v re@\ﬁ@f%ﬁ'ln Afaj Feafk ){Llei‘?ér@ﬂé’d@ter ol §t egenerated and

sa$&| ect edehE@M e @AW MY SHE-H9n OE 'ng atnce comprises a
dr oxi des, carbonates, bicarbonates an

OXYéﬁP%B?d hydrgparbeseess of claim1 , wherein said
e LT —

compounds, exes, oys
hy@oepaiksong a6 | eadtcond Mersh sehect edoupOMdhe iGAWMy of a

iti tals of the Periodic Table of the
Sa%%ﬁéﬁ %ans %&ﬁgé%ﬁ%ce§§a6? hefai MUPBTrshphepdfahedsd ethers,

carlobRyYBE fabidier caRIHRRS at xLeas EﬁB &ggafﬁéﬁgtngxtures

fromthe metals of Group | B, G oup oup
thers@tires t her eof .

3. The process of claim 2, wherein said saccharide is
selected from the group consisting of monosaccharides,
disaccharides, oligosaccharides, polysaccharides and mixtures
thereof.

4. The process of claim 2, wherein said alcohol is
selected from the group consisting of C;-C¢ alcohols and
mixtures thereof.

5. The process of claim 4, wherein said alcohol 1is

selected from methanol, ethanol and mixtures thereof.

6. The process of claim 5 wherein said alcohol is
methanol.
7. The process of claim 2, wherein said ether is

selected from dimethyl ether, methylethyl ether, diethyl ether
and mixtures thereof.

8. The process of claim 7, wherein said ether is
dimethyl ether.

9. The process of claim 2, wherein said oxygenated

hydrocarbon is a mixture of methanol and dimethyl ether.
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13. The process of claim 11, wherein said catalyst is

sel ected fromthe group consisting of platinum
waoaizeka@o2sopal | adi um rhodium iridium cobalt, PCT/US2006/024645

ruthenium iron and mxtures thereof. 14. The process

of claim12, wherein said catalyst further conprises a

metal selected fromthe group consisting of copper,

zinc and silver. 15. The process of claim1ll, wherein

salg catalyst is supported on or in a conductive or .

non+Ycondlet i PeoRgseri if sefledted I, roml'ltdt%zggloﬁln% alkaline

ica

O e B 5 T e, CESFPa, CORRiSNSS o metal
hY§rDXE6ﬁscaCerenaBeblCbﬂcﬂtbéhgﬁesSéﬁacﬁfxpgfégmﬁﬂggeof

m xjyres t hereof. 16. The process of claim15

said Squﬁ]a?t RrOq895, Pér mrkeieciled Wheneihe sgricupcatalyst is

e tbatrat 6o monor | Liakand RATHT 8 (Har SOPPCF3 S TheompLexes,

Jp‘?%%eﬁ“-dof méﬁéumeﬁ thheeei n canml 0xith zah el@égtemd&ﬁl% metal
| k el ectrolyte are reacte
seRbeianse. AN s o) B150° hat5h baeboneragrap the Periodic
Talweref ntlsai Bl ahdiatd ne el ectrolyte is selected fromthe

ing of alkalinmetal or alkaline earth
grtchau#) C%}Eﬁl g:ﬁlifé-?g S%a%nﬁj@lm blldar bofretres randaid catalyst
fuﬁﬂh@ﬂ”éﬁmﬁfﬁﬁé@fatlgea%@eo& (4$%g% EE?%dthgnmetals
the metal of said alkaline €l
of GraHR @:gr@ﬁplmm,stdnmlmfv]smjﬂ u;rﬁd Imﬁ;{ums thereof .
potjassi Wy C J: né ru%l di um and _m xtures thereof . 20.
The:L process %? \f\)ﬁ%?lellﬁ sateEdht asead Catalyst is

seleaded ol mMISj&Mb BB aJ&&néDsEbﬁ fogm o 181 6ast nickel,
ne .bi caf%nb nat.e corsgpoun% and regenerat| on %s acﬁ eved
paq; hert Qﬂn|rﬁf%ﬁﬂQﬂéu ¢Qk@itoner@thambmnatelron and

mlxa:@m@urt@lleweb&_st eam 21. The process of claim1 ,
wherein said reaction step
14. The process of claim 12, wherein said catalyst

further comprises a metal selected from the group consisting
of copper, zinc and silver.

15. The process of claim 11, wherein said catalyst is
supported on or in a conductive or non-conductive material
selected from the group consisting of metals, metal oxides,
silica, alumina, silica-alumina, =zirconia, titania, ceria,
carbon, silicon carbide, silicon nitride, silicon boride and
mixtures thereof.

16. The process of claim 15, wherein said support is in
a form selected from the group consisting of beads, powders,
coatings extruded substrates, monoliths and mixtures thereof.

17. The process of claim 1, wherein said oxidizable
organic gubstance and séid alkaline electrolyte are reacted in
the presence of water.

18. The process of claim 10, wherein said alkaline

electrolyte is selected from the group consisting of alkali
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occurs at a tenperature of about 150 O0C and about 350

0C . 22. The process of claim1l , wherein said
woeeariiza3 st ep occurs at a tenperature of abouPCRAB20E024645

and 250 0C . 23. The process of claiml1l , further

conprising the step of substantially separating

hydr ogen fornmed during the contacting step from

reacti on by-products. 24. The process of claim 23,

wherein said separation is an absorption step, said
megplpr Guctaldenpries esea@andnsiza d: abs ohpdioxi@espr i 8&€8bonates,
bigOkAGHING sald hydroden and Q2 with an agueous

SO a

Ution comprisin F5°hg anount of a conpound

sel aét.ed Theomrdieesgy 0o €08ShStiNg Wheddih €REL MR21 of said

lﬁéﬁall tal carbonate, at |east one alkaline earth
a &pecgimloétyg@d i xtatestedefson, the amenpera@sisting of
soef uabout 4 Ct ;.. 350 t hereby.reactively,

absorbi%é%ggﬁg”Crgoggggéygducgégﬁgghet§P8%¥%5Wbo%% e fixtures
thgxegff.urt her byproduct . 25. The process of claim 24,

mheﬁgin §%id absorgtion step conprises the further use

of &t | east oh&’pFofint Phg ﬁg%h@ sel ecYBEreiBm $#kd contacted
elgroupleansi 5§ ngiafta8NES,y barat ege afsSapatSHs,

.gl yci nes, piperazines and m xtures thereof. 26.
blg?%@8§§t8fQ9WHQH¥§,a%@né@@?é@raﬁianpd&ssachieﬁedbwm:further
coht ; t .40 : r ss_of clai.m 26

e e besar oty Bg, ST BOgR RS 6o BB oty stean.

at n2128. Tithe ppooeess of claim 1,, whereim sail reaction step

trolvte is regenerated in a reactor by contactin
chg?% é?e%tE%???EagBﬁﬁog%t?gﬂuﬁﬁ}ﬁos?%aﬁ?daﬁEPEFn3§ﬁigc-
m x2pre fHet bebcegaprdsesiatn! east, Qe 040t jng 2980t step
es

selected fromthe group consisting of am nes, borates,
OCGRERnate’, CHIHeTARST e ppherhohe20aNAC A UZBE Pher eof .

29.23he procgs cl.gl , ergjn said netal is

sel ect ed fro§1?ﬁggar8§pq%%%§?2?ingugFﬁgkaPPpﬁéFéFg the step
of gn@vdiskanit ieddivh netmdisating hydrogen formed during the

contacting step from reaction by-products.

a least
%he one

24. The process of claim 23, wherein said separation is
an absorption step, said by-product comprises CO; and said
absorption comprises contacting said hydrogen and CO, with an
aqueous solution comprising an absorbing amount of a compound
selected from the group consisting of at least one alkali
metal carbonate, at least one alkaline earth metal carbonate
and mixtures thereof, at a temperature of about 100 °C to
about 350 °C and thereby reactively absorbing said CO, and
producing a metal bicarbonate as a further byproduct.

25. The process of claim 24, wherein said absorption
step comprises the further use of at least one promoting agent
selected from the group consisting of amines, borates,
arsenates, glycines, piperazines and mixtures thereof.

26. The process of claim 1, conducted at a pressure of

about 1 atm to about 1000 atm.
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30. The process of claim?29, wherein said netal is

sel ected fromthe group consisting of sodium I|ithium
woab@ae2wsn cesium and rubidium 31. The proceBeTmR2006/024645

claim 28, wherein the regeneration is conducted at a

pressure of about 0.3 atmto about 200 atm 32. The

process of claiml1l , wherein the netal

bi car bonat e- cont ai ni ng conposition is contacted with

steamin a reactor to regenerate said netal carbonate.

33 27The Theocmsscass chdi mximhesei niideiret ahid pressure is

.carhonat e- cont ai ni conposition of said absorption
abgklgpl:%sa%gnttgcﬁét?u\ﬁ ?L%Osf"lgg‘m in a reactor to

regeser arteS Prod@iRloCacPONAl €, FherBN® NLOESSI Qitrolyvte is
claim 24, wherein the nmetal bicarbonate-contalning

regenioerefond of GhotipesHiar abnor préwrastiepy anshb@i delectrolyte
cohpeEe9eBnPLAductian st %eg‘reﬁ.ecg aEig trlzg%ﬂ;\ﬁ%eh %%re’agéf ncgmprises

reactor to regeneraté sal
atpr deess f ovngr oduomngihydr ecaemtgass €DEPEESI NGrom  the group
cogent ﬁcti ng in the |jquid phase at |east one oxidizable
organt¢IsubStrance® M the prBSEREESof a HHRRFGSve 9lycines,

pipetkakystsanddaniatkabkneneleskrol yte, wherein: (A)
hydrogen gas is generated in a reactor having a top
andZBOttE%? WPEPEPBS savll atldiemst28onewbeirdiinabkaid metal is

[0 l5C t e s int ced intq sai.d.reactor at a _
o ot CaPTy i oy BETSers o & A p S LS s alkald
eapbhtvatalB) an al kaline el ectrol yte sol ution

co i Si at | east one_netal, carbonate is introduced
i n?gf) ﬂﬁ?

sai 0" Tedttdrest £poiTeidubsPant WaErgiat shedt opetal is

sebécsafld Feaft OfthelChythal S@&Hsﬂ?ﬁfﬁgcaggon@%a'um lithium
solution and said hydrogen gas flow substanti ar y’ !
POERRt e cuFpehEmt an@nsubnditer, thereby resulting in

corbsst 11 on T eitad araRTraflr ot i s ation is
corduposd taona i sresgener af edoont 6ab dath t8asHoRPE200 atm.

ox|§lé.zab+ﬁeor arnolccesSSUbSto%nceclaim 1, wherein the metal
bicarbonate-containing composition is contacted with steam in
a reactor to regenerate said metal carbonate.

33. The process of claim 24 wherein the metal
bicarbonate-containing composition of said absorption step is
contacted with steam in a reactor to regenerate said metal
carbonate.

34. The process of claim 24, wherein the metal
bicarbonate-containing compositions of both said absorption
step and said hydrogen production step are contacted with
steam in a reactor to regenerate said metal carbonate.

35. A process for producing hydrogen gas comprising
contacting in the liquid phase at least one oxidizable organic
substance in the presence of a conductive catalyst and an
alkaline electrolyte, wherein:

(A) hydrogen gas is generated in a reactor having a top

and Dbottom, wherein said at least one oxidizable organic
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conpri ses an oxygenated hydrocarbon. 36. The process

of claim35 wherein a process stream conprising said
worb@Elotsosar bonat e is reduced in pressure CONMPRCEWSRIE/024645

the pressure in said reactor and introduced into a

second reactor where it is contacted with steam

t her eby produci ng carbon di oxi de and substantially

regenerating said alkaline electrolyte. 37. The _

process of claim36 wherein said regenerated al kaline
sudlséencel yties i sinntoddoedd iinto sajdglidydregepor at a point

i tor..38. The pr.qocess of claim 35,
SRR B T 1 G REEHRYFOaaT B6R PECSEPESEBA 1 rom
the (8)oupnCeN¥a3tineg Afed RAGGRAId A5 c?ﬂ;ﬁlesc‘l’na% at least

|4
starches, sugars, alcohols, ethers, carboxylic aci .
ong| gekpdesarionaies 1sbilovresiuaed nintaursesid heraofor 89.a point

f, ' 8, rei,n_sai d sacchari de is .
S SR aa Y ot N r St BbreF €0 REo6r OfoRGeak i quaia metal
cadbsaetharsalastioml bgdsasei@r hf@sogeel Y§as clrabvlesusdtbntially
ures thereof . 40. The process of claim 38,

CO%E%EFHrgﬁPB al"@ohBPSi s ¥@éGred fwmahe greplting in  the
pr@@ﬁ&t§bhn6f05tcﬁe§é€|GHQOhétQQdbﬂbé&%Bé?g%E%FﬁgésiQ%On;

The process of claim40, wherein sai d
selégﬁedsﬁ?@n@ﬁbth%m@t,OeehaﬁdkﬂanUiuaxbunasethQM@mhition ig

ess.qf _¢l aim 41 wherei.n .said al cohol, is
refrpzlpaPaaseas ol s L M 1Bt 8 SO0 St
comphisegsasebrptedat eanndinetaybogt her, met hyl et hyl
ether, diethyl ether and m xtures thereof . 44. The
pr ogéss Bﬁecl%%eﬁ RhereldiBaidd cvhereis ¢ nerhgess stream

coRbPeEing4Osallie REOLESSHPEaLbRMM 38, s Whepeln said pressure
coﬁgggggaggdthe bressure in said reactor and introduced into a
second reactor where it is contacted with steam, thereby
producing carbon dioxide and substantially regenerating said
alkaline electrolyte.

37. The process of claim 36 wherein said regenerated
alkaline electrolyte is introduced into said hydrogen
generating reactor.

38. The process of claim 35, wherein said oxygenated
hydrocarbon is selected from the group consisting of a
saccharides, celluloses, starches, sugars, alcohols, ethers,
carboxylic acids, aldehydes, ketones, biomass and mixtures
thereof.

39. The process of claim 38, wherein said saccharide is
selected from the group consisting of monosaccharides,
disaccharides, oligosaccharides, polysaccharides and mixtures
thereof.

40. The process of claim 38, wherein said alcohol is
selected from the group consisting of C;-Cs alcohols and

mixtures thereof.



rocarbon is a mxture of nmethanol and dinethyl
2¥ﬂer. 46. The process of claim 35, wherein said
wabhb@lorses el ectrol yte is selected fromthe groBOT/US2006/024645
consi sting of metal hydroxides, carbonates,
bi carbonates and m xtures thereof. 47. The process of
claim 35, wherein said catalyst is selected fromthe
group consi sting of conmpounds, conpl exes, alloys and
m xtures thereof conprising a metal selected fromthe
G ofip - VI Fhet reireseson ofet alsiof 4the Weeredhc skt €a0bonol ;s

S e cess of claim47, wherein

e tat A ye P irPRer BEARRPLeand: M shYE chnbnmECEF
sel €8t edTheomptdesset s efla@noup | B FOYp Iglg,i G Q¥Boho1 is
VIIB, ,and m xtures thereof. 49. The process of claim

meﬁ%én%er ein said catalyst is selected fromthe group

S f i nu ni [ |l adium .rhodiu .
v m Cobd STt Ut b BB Fhteorener 1
selegped Theopr démeshpl etaem, 4detifeeehylsaitthesat divdthyl ether
ancﬁ%ﬂ?@ﬁrégnﬁﬁéﬁggfa nmetal selected fromthe group

' 0

consi sting copper, zinc and rhenium 51. The

protéss The clmioneks \Wrer @ilRigAl @39at\%¥§é%}15 said ether is
in a conductive or non-conductive

. ted on or n- C
dl@%ﬁﬁﬁieﬁt efected fromthe grouplrpn5|s}|ng of netals,
t OXFRLES 1rrSddCa, ~al U gl i ca- al um na, ,
gfrfgo.ni gwfi Pgﬁdael,sgce??a%ﬂa%n?%l I%Sﬁe%’ar bidfd oxygenated
Ry di9qadirthi i ialeyisile ot bostiltmen b dis@shesapl, .
SZAéHKEﬂHém S5 of clai Séj,mhereln sai d support is Kol
in a form selected Tr t I ad1“bu;§5con§"ih§trleﬁ{§l offahdadglkaline

classins ot g istor it iy BILILBGENG mece
hy gy esidfcggfb%gw&eg%ahi%i@%gm and. seibetzidealing cor

Tho pr ocese Sroatarmdo, “TRbFerR  caniEarieal Fred catalyst is
selected from the group consisting of compounds, complexes,
alloys and mixtures thereof comprising a metal selected from
the Group VIII transition metals of the Periodic Table of the
Elements.

48. The process of claim 47, wherein said catalyst
further comprises at least one metal selected from the metals
of Group IB, Group IIB, Group VIIB, and mixtures thereof.

49. The process of claim 47, wherein said catalyst 1is
selected from the group consisting of platinum, nickel,
palladium, rhodium, iridium, cobalt, ruthenium, iron and
mixtures thereof.

50. The process of claim 48, wherein said catalyst
further comprises a metal selected from the group consisting
of copper, zinc and rhenium.

51. The process of claim 47, wherein said catalyst 1is
supported on or in a conductive Oor non-conductive material

selected from the group consisting of metals, metal oxides,

silica, alumina, silica-alumina, zirconia, titania, ceria,
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electrolyte is selected fromthe group consisting of
al kali netal or alkaline earth netal: hydroxides,
woaodymozes, bi carbonates and m xtures thereof PCHAS2000024645
process of claimb54, wherein the netal of said
al kaline electrolyte is selected fromthe group
consisting of sodium |ithium potassium cesium
rubi di um and m xtures thereof . 56. The process of
claim 1l wherein regeneration is conducted at a
catrboper atilrieccaf abobid85 GEltiecabouitZ0de 0Csilbéon Bgride and
.process of claimb56 wherein the tenperature is about
MiIFEHEGE Fgeﬁﬁ8gt 170 0C . 58. The process of claim 56

wheggi.n trhe temRat We éﬁaﬁpoyi,8§hggé&ﬂ %ggﬁtsqﬁ%éyE is in
. 59. The process of claim1l conducted conti nuously.

a derimheeberoked s fepmeltdien @ wondoss kgt toat ofudedds, powders,

coatings extruded substrates, monoliths and mixtures thereof.

53. The process of claim 35, wherein said oxidizable
organic substance and said alkaline electrolyte are reacted in
the presence of water.

54. The process of claim 46, wherein said alkaline
electrolyte is selected from the group consisting of alkali
metal or alkaline earth metal: hydroxides, carbonates,
bicarbonates and mixtures thereof.

55. The process of claim 54, wherein the metal of said
alkaline electrolyte is selected from the group consisting of
sodium, lithium, potassium, cesium, rubidium and mixtures
thereof.

56. The process of claim 1 wherein regeneration is
conducted at a temperature of about 85 °C to about 200 °cC.

57. The process of claim 56 wherein the temperature is
about 150 °C to about 170 °cC.

58. The process of claim 56 wherein the temperature is
about 85 °C to about 100 °cC.

59. The process of claim 1 conducted continuously.

60. The process of claim 35 conducted continuously.



