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[0001 This application claims the benefit of the filing

date of United States Provisional Patent Application No.
60/693,316 filed June 23, 2005, the disclosure of which is
hereby incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] This invention relates to processes for producing
hydrogen gas.

[0003] There is a need for new low cost routes to hydrogen
production. Hydrogen is widely used as an intermediate in the
petrochemical industry. The largest single use is in the
refining of crude o0il into fuels. Hydrogen is also an
intermediate 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
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reaction (3).

CO + Hy0 (vapor) CO; + H, (3)
[00071] Finally, purification steps are used to remove the
carbon dioxide, carbon monoxide, steam and other impurities.
Hydrogen product purity requirements vary widely depending on
the final hydrogen usage application.

[0008] Current 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
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CH3OH (vapor) + H20 (vapor)CO2 + 3 H2(2) [0006] The
typi cal steamrefolLm ng product, known as synthesis
gas, is a mxture of hydrogen, carbon nonoxi de, carbon
wiosiwbe2sand steam | n nost applications, thePGEBE2PELR4H4S
gas i s passed sequentially through one or nore "water
gas shift" reactors, where nost of the carbon nonoxide
is reacted with steam naki ng additi onal hydrogen and
carbon di oxide via reaction (3). CO + H20 (vapor)CO2
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enove e carb I oxI de, carbon nonoxid eam an
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The resul ting,synthesi séﬁgas can simlarly be processed
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are described as preferred electrolvtes.

[0011] Recent patents to Cortright et al., U.S. Patent Nos.
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
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10010& The patent discloses a batch process u3|ng
WorRWTP280Df water, an ionic conductive el ect r ofGE/ES208¢{pp4645
an organic conpound (fuel) which react in the presence
of an el ectronic conductive catal yst, oxidizing the
fuel and producing hydrogen. The reactions are said to
occur in the liquid phase and are believed to proceed
via el ectrochemni cal pathways. Thus for convenience
20808IeR7 othiss d YPBuOf ot | ONi HaRhas@sbel@Enuly e disclosure in
al kal'ine electrolytes is referred to as
Gréest.r oc Wrrissal inelvdai nglQEGR) PhAaiseoheefandiagwiafe alcohols,
range of .qarganic fu C g hi SS
G osed g pr ecoure oty Hilctvahifys  owvoenared
hy@r’@@ﬂa&ﬂs@(ﬂlsanﬂo hydikexi ledragen descrhdmssl astpheteraretl published
eIectrontes 10011]Recent patent to Cortright et .
apglicagignspa(éRClRES. BhO64ITS7,0%, GO AF Fngic conducting
ngn P S S. n ahkan of conductive
el%%%%%§§%%sa ggngﬁgélgﬁgﬁﬁaegﬁgékg &népggg%e%?ehbs
mef 289 0c 191 weids 6 FIom %@mdvmbl |aswedreﬁste@atc@malysts The
cati 00501 370 e SI [ 1 0;many S
o fRiaset BErsliret ot ) H fhe ot f aRfkbotea ot
pH<afoor Riteg-efried c&hqbﬁodw@agénefmbmssarhwr dd:afcbdesleaves as
and various oxgﬁgnated hydr ocar bons to nmake hydrogen.

anThé@@“ﬁ&ﬁéht§l US| i Bheduabpl e PHHR- di si-oke fR&ent No.

39vaéheuspﬁ191‘i§hé&n%u%¢ | nga ebeet fAiJ@’ltleéaﬂfbﬂ he 0050163704
qU| phase and the use of conductive netal catalysts
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No. 6,994,839 and published U S. Patent Application 15
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reffens R tat g ahkal kafi fRTEBAr tATEArAbRatE; a&nexee)e fog re-use

ifdea tte? regener at o tReal kal e eath crIdonat 8 t @c¥homically
oxi or ré-use in step '(2). However, this approach

ugﬁavnxnhﬁnc%¢¢quwafav@mabieahechaee sSgﬁeﬂMeaﬁd Heatregenerate

s required ta regeneyrag.e al kal i ne eart .
]&%%]er?q%ydreo%ﬁ reé@t‘%?j}g(fesull | ng |aen Cgcl gnﬁl canetsultlng +n
stpsifidH0d23d4S. Patent No. 6,607, 707 discloses that
%gdrogen can be produced by conblnlng an al cohol such
12kt hardi S wi tﬂ@‘%@”&as@oancﬁ FRUF LR | ﬁlltsﬁ’eoﬁleéseﬁla%t oftydrogen

é”fhcﬂé a#%ghué ggh %igt Frely gf&@ﬂlo ?nguwﬁe 5%' hdth@nol with

e n1xtur east 10.3," but nothing
asbasef iand sfprbhedednbewm@dpthaenblemqfedadlcsactlads/mte such as a

0013] U. S. Pat ent 0, 419di sgl "
et ﬁ@ﬁeﬁ%%%ﬁ'c@? 'Sﬁ { WholE e chiptyge is "at

léﬁ@@tﬁgﬂgﬁ'ackﬂﬁs MBtEDnQﬂ axdernet v tpgeviged beyond that
i npressed "and

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
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enplaoying acidic to strongly basic el ectrol yt
W%g@)ﬂg%{%ﬂg i ncluding the use of KOH up to 12l\}l?CT/H52006/024645

order to effect producti on of hydrogen. (0014]Liquid

phase reform ng provides desirabl e advant ages over

conventional steamreform ng because |iquid phase

reform ng offers el ectrochenm cal pathways that are not

accessi ble in conventional gas phase steam refolLm ng.
enpdwvgritage sdiddicuden stronglyHigheiceféﬂebemoyytbansolutlons,
: stean1refo m ng; 2. |ified product clean
LngLUuG RS et %ﬁe ﬁ%@d‘?g Mess Ps;-LLJ 2fg in Oﬂﬁer to effect
pﬂ%d@@ﬂ*%nﬁcﬁpﬁéh&ﬁﬁﬂﬁm fully integrated process.

SUMVARY OF TH ENTI ON [ 0015] A process for producing

[Oyddogen Igasticomivisst i foomiaed i preovidehedes qna.‘dl@hasleantages
ov Frelsgcgoi}év% tlgr)l(zlatf“ Z%gl %o?r;?ragf rn?i’lr?cflt Zggfe:ag%gt e_quuld phase

reCf@ﬁfdti@ig Veoﬁﬂéﬁd; ysblmdra@h@mae@us abkethangs carchamat ere not
el ectrol yte, wherein at, | east one bi carbonate
a 1§ oniPr oRRIEEETHY: Hct | §RSof PIRRSE ectEYt erpforming.

AdhRgRRgAt adhAandhd.he at | east one oxidizabl e organic
substance conprises a oxygenated hydrocarbon, for

exaidpl e Aethanolefdidioncyi sy Is tete e formd nwrief er r ed
enbadi e acess for prodqu hydr ogen gas

con%rlseg$u%;% é% ﬁroﬁufﬁe eﬁﬁﬁamghase at | east one
oXi @i.zablm iaigaieC 3D $HeRIC EorS Wehpae sRifgneing i n the

presence of a conductive catal yst and an al kal i ne
el edtr ol VWOVt PeicP LR MFdr diert Ygdd Gegrgdiest RreFess -

STRAMAEAC IR Thav iRg e and bottom wherein the at
| east one oxi di zabl e organi c substance is introduced

[0i035d sai @ r @accEssat favrpopnrpdsx@bswganhwdb:bgem dwagy comprising
% veen sai d .t

IR At D AL 20 e () Pla 8 KBt Exigizpble organic

sumrdam €1 sHatgraseath idt G thexteast 06mati8i NG Bt least one
substantially at the top_of the reactor such that the A
Cﬁ%*%ﬂt%ﬁﬁ'boﬁéFélgﬁFut|§ﬂ¢ianénthea%V%?%ﬁerl%ﬁﬁﬁk%QﬁN carbonate

e18Rst ARt Al | M,he\Q@l%OOg/tOOQL%Q%ECT/OHQZOQ§ g%ﬁb@ﬂéte . composition

countercurrent to one another, thereby resulting in
prtddelqadodmtneﬁpworawﬂ edis¢ @hecteohytdi tar beganerated and the
03|t|on (CD | east_one. netal ,bi.carbonate

S ConBERTt 1 oAREs RS PROOLTT coutaatg,  Comprices  a

oxyiceeRIeMrhgdepcasiethn | N feen] amaip DE Wetthahbe hytdogendimethyl
producti on sequence, the alkaline electrolyte is
tlh@&ener dte ugrﬁéegirggmembodlment the prdcess 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



BRI EF DESCRI PTI ON OF THE DRAW NGS: [0016] Figure 1

conpares the energetics of steamreformng with Iiquid
w@bmseorses orming in various al kal i ne nedi a. PCT/US2006/024645

[0017] Figure 2 shows a schematic of a batch reactor

test station used for liquid phase reform ng catal yst

eval uations. (0018] Figure 3 shows a schematic of a

conti nuous reactor used for liquid phase reformng

catal yst eval uations. [0019]Figure 4 shows a schenmatic
couptegchirgend phase aref oramerthant egrihtastehy t restbting in  the

r te praocess_for renpvin arbon digxide from_ .,

progﬁggggg ﬁ?ﬁﬁ%@e%e%%% BF P& e&&ﬁqﬁfo ARG ron;  (C)
theelectlcelsitt @nd QA IF glierorehensc @nssderBdn C1 §f rdgenerated.
l'iquid phase reformer in close-coupled co-current _
IniQ%%xﬁ%ﬁ¢%ﬁF@W%%napﬁéFeéﬁr&ﬁuﬁ%§$r6§@§sMﬂncqnﬁﬁﬂﬁﬁkPn with

et R SO0 LUk BB ML lacipofyee i
regenghawsdauschenaticemef a |iquid phase

BRIEF DESCRIPTION OF THE DRAWINGS:

[0016] Figure 1 compares the energetics of steam reforming
with liqguid phase reforming in various alkaline media.

[0017] Figure 2 shows a schematic of a batch reactor test
station used for liquid phase reforming catalyst evaluations.
[0018] Figure 3 shows a schematic of a continuous reactor
used for liquid phase reforming catalyst evaluations.

[0019] Figure 4 shows a schematic of a 1liquid phase
reformer integrated with a hot carbonate process for removing
carbon dioxide from product hydrogen and for regenerating
spent reformer electrolyte.

[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-



f r.in a close-coupled counter-current
W(ﬁ%{{(}%ﬁ%ﬁ on wth a hot carbonate process for #%%%038024645

carbon di oxi de from product hydrogen and for

regenerating spent reformer electrolyte. [0022] Fi gure

7 shows rate conparison data using a series of

catal ysts for hydrogen generation from nethanol in KOH

el ectrolyte. [0023]Figure 8 conpares hydrogen
prgeserat i dnign preshyamydregeneral dwar bddahg fresh alkaline

electﬁolytes gggp%_a Pt/ C catal yst. DETAI LED . ,
elBESERIBFFON [ OBSAAS! YibeBTeaF| Bt PRECESSESy disclosing
1ibeed fiade | k@'ﬂbﬁé‘mﬁ!hﬁcea%.setﬂ@% r&I R Qxid) zaBhk8ible for at

fuel s to produce high- pressure, high purity hydrogen
legthole dedileyingeskRaglrgl:i ne el ectrol yte.

rtun [y, pri rt. praocesses disclosing. liqui . .

R R o L
eflfeastiviele fabtemmhged easonshe[ @A25]elhe fcoshe ofcan@kiing reagent

hydrogen in_alkaline reforming is effectively
ra&)él‘%r NPy By tHee pPréecofok hghéal%ﬂ%l@é&geenfu?ét hefen such
prblaBsky td& PELEEUEEENE OXd tizADLE BUBke  WAGRSUCDYr example

processes are conducted in alkaline electrolyte, for
atepdrpl e cat Y7, soiclplas) pksuch axoyH dbftabaleuy 13. Although

bout 12._-Al t-hQugh ngly al kal i ne_el ect raolytes

5t Aae. L e b OHURL TeT at (G6Fy SOVETHr ogdi12)  can
produkael ovel gvebelef mardonydiroxede vainth caphonl&wedxi dF, carbon

.the product purity is achieved because the carbon . )
dl&’?{éﬁiedearl‘)@- FEHAREt FAEUH A mmEBRatII]A NG| hPphaty 1s achieved

bedbiakl Ng£l eetE o YaSoxi 801 @Y pcoRYEE! I IR immediately with
el ectrolyte into a bicarbonate-rich m xture thereby

theedudialgind e epEcamdlihe, r ezaxtidiy r abeverhivgddrha oelectrolyte

.effectively.and effi.ciently conduct the process in_an
EPic | R GFRCErSTy e  "pal Ul Ciflar 148 Conti TbuS “10 P¥ and

ther acessSt Bdn hirghepH, Ih thhiderbeconmesreeceseaky dmml addficiently
fresh caustic electrolyte along wwth fresh oxidi zabl e
copgact A GSRS Soritt &8 e bR oterekebpteauBpreicularly a

conRethberisl hiheador aofy @yrepal hydroxidereombkalnecessary to
carbonate,” far exceeds the cost of the oxidi zable fue

adgdei figesbf ocaedt i Conskepentlytet el qud cevidgh t Heeshuspkédizable
ntral,s the groduct gric%Fl whi ch kﬁfunfavorable.
ro

“ufd0267Ch THETGEher haRA: 1Pt RO pr iDr AP ocBLRELC, whether
inar€he 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
WQRXWHMEIZE03 pH<7), the hydrogen product requir esPCT/US2006/024645

addi ti onal 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

ine|§P}E£Piz¥ée%l\@cttliQﬂltytté§§ nged, t e 3dd {rgshrghetyr olyHe carbon

W th additional fuel. wever, the reformng rates are

diloovigle tlemves ntlad kakpaese| éot ridley tedudd, hyidregen, requiring
Jdnpantantly,.th arbaon di oxi |.e t oce [ -

OB B A B oA ot PG ELOET] AT oangp Dodition

thantderassdck afedaads s drvgaddi daronretbe @debathe reverse of
di oxi de and hydrogen can_react via the reverse of

rep&d ot 3(3)2RA6Y e ® 0PPPEHGRe CEAPEEN THHIKitRe, MY under some

colfel RN Ld&ongnahdnogen @l £as bepndifddeCafeact to
urther react to formnethane. All of these inpurities )
fommstméeharaovedAiln subsélesst imperighss shivat ahd/ gremoved in

s Rt O et g R St IEDo I gP0888 s . e

SSesS can epy untravora

coaftf eetf t ke dydiogeropicedust | @ndcoslydrogen yield losses can
[0027] Al ternatively, if the prior art processes are

thegiedye ted e LAty PIASeh ithe dveeaasmy e qudrton cost.

ipl e, %%yﬁbtﬂUEiderPQentﬁéOd% i o3 SO FteqULEESesses are
addi'ti onal cl eanup processing.In this case al ka

copaiugareat esimar emgudtkl y addandmniced ¢ledinanburmt esfor example,

r.oQpi th H. As pH drops hel ow 7. carbon.di oxj
oy Do nbeBhoath; Bhsthal AEs | FeREAT ooy DXbAEL creanup
pdyedisedeny A si gmi fitgdnt | yakieghen kpilicaraeioyates are gquickly
mai nt ai ned by the continuous addition of a caustic

copgyanrd 9n Rifarkaal et hedtdR iR WaRi BY- hyBP o§Bndrgps below
7, 2980 BL6AN A0 4L D dcy MBEEOAKRENS! LRrGRS! | SmbRRYEY! in the
rather than by the fuel.

product hydrogen. A significantly higher pH can only be
maintained by the continuous addition of a caustic reagent.
In this case, the cost of making hydrogen is again controlled
by the more expensive caustic reagent rather than by the fuel.

[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 pfocesses for

producing hydrogen gas and includes several alternative



[0028] As is described in detail below, the present

i nvention provides enbodi ments for continuous nethods
woboopoedoxi ng pressurized hydrogen from oxi di zedi/es2006/024645

materials via liquid phase reformng in an al kal i ne

carbonate el ectrolyte and then regenerating the

electrolyte so that the electrolyte can be reused,

t hereby avoiding the negative inpacts described

above. The oxi di zabl e fuel is reacted with an aqueous
embRPAREREFyt e HIF sSFHEAL € enpee acubedingotd I@Hﬁ&@sm‘m:elsstch or

-0 FEIFNGE ui.t abl e cat al.yst. Fur r nor e,
Con{tﬁgﬁgﬁgfe severaﬁga??%rﬁétgi groéélnll St a%#e%%@ggg&n gas from
oxifareliet i nggthécr ebobatagcetepunilbzihg ebesttobyte with an

regenerat.ion step. [0029] The present invention
alk?gggﬁes et]oecgiréjclé(gsees 9 .plfé’éfuciﬂbe hy8feg§ERTgAsCBNd 0f that
eletbBgbUges. sever anAHe RAMHIMB meM?, this inv%ﬂﬁion relates to

2007/ 002503PCT/ US2006/ 024645 enbodlnents. _
theex &EIE NUGHE eristiurmiton el af eshighbarelsarecontidumes:  gas

' PEDELSS fQfr. e uction. of hydrogen.gas from
o e L CrsEh, oTEbs fanady MRS Ny et apch 2= o
lowan allcaltiaie eéegtrohlyeﬂ:hamd,fafrtgﬁ re&gmeLg&t@n a®f dimethyl
that electrolyte. In_another enbodinent, this .
SERPRy it | {gﬁxhéi‘fé?eso oaiﬁt@h@éﬁt iHOUSTPFEuctWI ofn alkaline
elebtgbiptesSHu® hﬁﬁ¥09§§eﬁé§aHib£'%Fpgtkﬁ.Ctéggﬁtﬁbﬁgt@n using
oxygenat ed hydrocarbon such as a |lower a cohol’, e. 9., .
steadBt harf?r exa@plet hars suthl abedidmsdryibast hen greater detail

Xt S, Of: .0 ethers, wth_an al kaline
belg?qécﬁlgﬁ/t elrghéég{]]hdeér %{;‘%ﬁé‘”ﬁ“ﬁt i Sﬁt AP at alé_ﬁeﬁ?ﬁ???@ fuels,
paruscugasleamirfor lexadpl e, spstahd ) besdescri bedui alkaline

eater detail below, this invention reforns nethanol
ele%ﬁﬁgi%{’%fed fuel's, particularly in liquid systens,
[oomsjng_|©ﬂy&ﬂz§$kélH%@éﬂﬁ?tEgngéﬁceEO%%Hé%%f%ZQQh? use in
organi c substances suitable for use In
the Tpresent invention include saccharides, celluloses,

starches, sugars, alcohols, ethers, carboxylic acids,

aldehydes, ketones, biomass 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, potagsgium, cesium, rubidium and



t he Present i nvention include saccharides, cell ul ose
WQ 2007092883 sugars, al cohols, ethers, carboxyl |%CHE§%9§6/024645

al dehydes, ket ones, bi omass and bi omass deri ved

materials and m xtures of the foregoing. For exanple,

sui t abl e sacchari des include nonosacchari des,

di sacchari des, oligosaccharides, polysaccharides and

m xtures thereof; suitable al cohols include Cl-05
mideohd sciaatedt Xt urres Adienaef,, fest etubarbyyaet Ranopresent as

et hanol and thejr m xtures;_suitable_ethers include
aﬁm%ﬁﬁ%ﬂﬂseﬁQ%ﬁtl%%thyT%@h??leYhEPe @F@FEVPleFﬁeFoaﬁ&ntratlonr
ererrtyéEéréHeée% Qarxtétfdilnﬂa&l y Héefa‘ﬂo@d cghsl Nb%’m 1 (M) to

thanol and a particularly useful ether is dinme yF

aQWhmrlz[Noambuﬂum|$mﬂebe¢itmlynmsbﬂﬂfemlehkonxmmmmmd being

a el onE BECT DL bOAY be i) it GPBULE Hor Wof fore  preferably

aldoud hergoes, Podwabs exrefrals afangiaich @ﬂ)@@trgl Nt &% about 4 N;
include al kali metals, alkaline earth petals and

SYEK s PQHerdf-  Favt Feliar Fyneentadreonet afsthe ehectrolyte
ordlkaldfes fé&?:!é?ﬂé& ﬁ%gs%ﬁ‘:eghecthfé' SE O QUP, consequence
consi sting of sodi um thium potassium cesium

ofr ubkdgknerainton ninay uices ldws edhanPrékerailugs tégpressed above,
U%ect Iyte i s .pr.esent as_an _aqueous sol u

T Y% el OPgt o= EORERnCPATTSAF St G Order for the

pxrcﬁ;feersenfce dretdns ref ©F (Bsnt iy, aberés®W. §18BEABLvES) b9 need to
about 12 N (within solubility limts for the conpound

by @y 1feH)En Hwrdef apP yrapbue 198 deahbbaesssNofnglectrolyte,
referably, agE#t u X 0
lﬁ)toﬁ(;about 4 géggngs a ou%hg ﬁ@y&%Eﬁgbﬁgﬂk§ 88 %ﬁe%tr01yte
comm:rwmlrttrsatl i ofpriduesa ectfr oltyntee @n:emexne;d invention can be
Iyt resent in th ess. as consequenc .
O A SGanaPACPE Ay BE | e48 hall S REOSH fios T GLy herein,
paaha\vasl daty Wid1l1dwei g t hEdie t heeT80GRSH expr esgedcbAvenient and
order. for the process to operate efficiently. Fresh
Slert@ét%%rlgtletrw nexy be r?ecfﬁr%rﬁ@je@frﬁroﬁf@ererte@atmn Thus,
Igfe f_ele 0
B rEe O Phe mhare ks “Eh opLeRpshy (Boddhdd ®ut does
nqﬂnmmﬁwwmstotmhqnmﬂ&nnnqﬁlth@lplekepﬂ|hemaﬁrsﬂﬂemMed at the

eror T CLUrSrTy HhF ohF AGCPor OBl BoY PoRologs be operated

scs:onavemeet angssdhtabheypHaidpaloatdn henaichigvedadft@bluve and
regeneration. Thus, even if, after regeneration, the

TappPe&eies Bht HoEPTHOMH@ur Pagd st hat close to the
1ot copitol i ahpoiLiove) sl qoledaatobhe stal! @le o level
e process, the process can nevert €ss e operate

achleﬁedcnkﬂﬂsmammrakbgeaepa@aoh thenrnldemtlﬁae@ezanﬂ such a

thereafter oper te. on a continuing hasis at clos

VA | AR &P ey BFor, ARG CHI' ePHSTRGAOR: R CaTOet
vakd evel achleved foll ow ng regeneration can

identified and such a value can be selected as a o

[0FRdeni efhepreaceen meteér g@arkafiafe ¢begpyThete composition

204000 T 08 hNeL . SELCEL SRl Olcionty, s

pdafleratafer abhyl udas! ade&t&]rre}b:ed:atinmtb@nabe was inel I The molar
The nolar ratio of netal carbonate to netal

rﬁﬁ%ﬁu%ﬁnﬁﬁ??%xﬁ??ﬁ?@%ﬁ?eE°|%GB?HePlFﬁrBP%ﬁBFecénu?§fNﬁrled in
OrRFHIEOUS, al bete?aeeel eCt nplyh® subddbbes TOL1Ks81hA ¢ %qectrolyte
present invention. Typically, the feeds to the reactor
sxmdmmesefgne wre none e emresentamnmmczrabl e ygheitly, the
sSUbstance _or fuel and an a queous el ectrol wher ei n £
%%esl teF Ras™ & hrgh rfb?“?ﬁ Fati TGt Pt a ESr poratdns °of an
to netal blcarbonate Useful ratios include nolar
rati os of about 1 to about 1000; preferably about 2 to
about 100; nore preferably about 3 to about 20. As the
reform ng reaction proceeds, the carbonate/bicarbonate
ratlo S reduced by the fornatlon of reactlon

. o S~ .



0] talysts suitable for use in the presep
Wé%{?g/ﬁ%ﬁ%@% can be selected fromthe group Cons?(g’{‘/Pﬁ?&O%?Z%%
conmpounds, conpl exes, alloys and m xtures thereof,
conprising at |east one netal selected fromthe G oup
VIl transition netals of the Periodic Table of the
El enents (the Groups of elenents as identified in the
Peri odi ¢ Tabl e published in the CRC Handbook of
oxGhEmadtlrey andgBhysi cssultStakake, ORC Pfes3, 1888). an agueous

Suitahle catalysts c further conprise at | east. one .
IR et BHETEoR (The miEhteTor BeF o PBOPGIGAT) Batio of
ndFAUPcM b Fha BOd LBl XdH8S BNed88dna e Par tys@fhar | ¥atios include

useful catal yst conprises platinumalone or further
modGpri &t RS a0hrepRPusellect@daPeein 1RE0gr pmefeaisdilat iakput 2 to
alYutCORBEL . PG ﬁﬂ}denfék%l aHBghYl s cat @l ¥shur o9 As the

concentrations i mthe réactor, expressed in vol une%
rediorntiyig cakhytabautprthddédsn abhat &¥orprted Ariaddsbonate ratio

., about 1% to ahout_ 40% nore preferably about 2%to .
1%%3{11 /60y n‘g}ﬁ p%‘?W%‘E&%I?l?/PuE%%Fl aP ﬁF,S? as discussed

oAt .| nur@dr%ég@&@h}y Rhesefx@ir@ Wi 6RBCE&MHJMHdHtion step
of about 0.5%to about 40% preferably about 1%to

widdohaB9os kewerpreftdralsly cddenndys ol cbdeenaoyy feyvpically,
e oyt 109 09 n ot-her usef .

oS S0l RS APl o £ oD O L8 Cihar racio of

aeancent0G i os aboabobt 2Uetferabiyt a10% Qrleftes albyut 3; most
about 25% to about 100% nore greferably about 40%

0
Przﬁfcﬁﬁabﬂofo%‘b%‘f gxAnpi% #HPout 60% t BRAbBH! Csfo%h?neEeCtlete
cdnich 8GR d.caM YLl fsd 0 dlshe sampuint,cafi et akbisedl Yof  the
active netal present in the catalyst conponent. Thus, '
bijgpnldemadiss aridel ©f dHewgverr , stuppotheoprespeeei adcipbanol in
conponent e a ' S 1 9
th&dgeﬁtl onacf]P{/J,g accaﬁrgse%yuﬁ%f%ffm@% ?ﬁée Iglgt a?@%%ﬁ@?w ePg methanol
tHete icat@atersdnt scauppsd elfle otopendaBedofductihverder to arrive
non- conducti ve material selected fromthe grou

Y
2t ofai SPPRGPSR et diod et O5RPdeL0 sTPRER, tRFufaRget PH, or
vidld | GRxlUM Napozi ey énidihddNitter &8I 8.5 G#HRAB  electrolyte
silicon carbide, silicon nitride, silicon boride and
compaaiteenshep ot heFmusr@ntor snveseion fshibishing a target pH
ar PRLLS 1 1¢ludg those selgcled Lrom thee graoul?neé:a& carbonate
consi'sting of beads, “powdéers, coafil ngs On extrude
relidisitreat es arigarialriddss, aadem xdéfgesed hepeods carbonate-rich,

0034]. The reform ng . reaction is typically conducted at

eJa?”c eﬁ%er%ﬁﬁeC&F“PQ it o150 ?P?‘Brh%gutcl ghan about 50 mol%¥

md¥Af efARlonARout 2006 £ oy &pbput tﬁ@o%ﬁcbf”?hﬁ reaction system
preferably about 200 C to about 250 C, for exanpl e, _

carthéde efsrdriag) provese te ssrabbiyhcohdtctbd asllegbooilyte is at
200. C.. 100351The . . ref orm ng react.l is.bypiga . .

@ CORHTEPER Sobk ST R hy P SBL L0 et Eargiming reaction

il @radheck g essusepHTYE Gddut thecdysibogenipr epsuferadly about

about ~1 at nposphere (at to about 1000 atm preferab
a aBBuePeust nf t goa@&ﬂu‘%o 2 at ACTRorr prefahap| 9oa8sut’ 1%0 about
18t to z?é’ouaiéé’&’séé&‘ Fopener, h&r&ﬁﬂb@?o@?pr%%%&ed optional
that useful pressures for operating the process of the ,
adstigsierds | auéntsiadrrsc ateie beetierai urdell bfoonewkiddesd dpher than
tthe art based on thg.use ta mgjc t he hé%{o en t hat Ls 1 3
05 odUCeF WY bE&SpatOFhus,* "Sor €5 tPan pgHtroL  an

o B RS B @ B Ak NEeghottadi @t M t PuabpEtmd 080 ah® scope of
and all values and ranges therebetween.

tHeoo3g|eRasitcalinyerdliial | dacduaas olopiteonaddat widddnchea minor
' . by t el :
5 of o RS e Lo LS FRLBDALET 428 2o codiom

solutions of netal carbonate/bicarbonate salts. An
exanpl e of the overall reacti®dh is illustrated in
equations (5) and (6) using nmethanol and al kal i ne
pot assi um conpounds: CH3OH (liquid) + 2 KOH3 H2 +
K2CO3( 5)



a3 |jquid) + 2 H20 + K2CO8 3 Hy2 KHCO3( 6 7
“thwg$h%ﬁ%qz;tﬁanol in al kaline elggtrolyteg ?ﬂ%ﬂﬁi@@gn«us

the Free Energy driving force over conventional gas
phase or |iquid phase reform ng as shown in Figure 1.
Heats of reaction were cal cul ated using standard Free
Ener gy, Enthal py, and Entropy val ues as published in
t he CRC Handbook of Chemi stry and Physics (previously
orl deotagtedn. Hydrd:sidmdenat ootldéhattca aepatirge valswecific pH
of Free Ener nmeans that a reaction is

Lepdr miRRiitarfi AT Y fRYohab! & ¥RdSa PosPH i ve Waltilpr instances,

1tFhge ERRIGLd SHAteriRdydpiiel by Wavor apl €1 )pet §8te small,
reformng of nmethanol is favorable at roomtenperature

foutextshmp lid nefi@s areaséugghsh. zhthdwollestedrhan about 10 wt¥

refaorming is typically conducted at out 250 £ to
02, bAGr 55, AT nCREITEA etpREat DL merdstes bothat the
oviche 1lherrdEam Gridri vifgnd i Cec@moiheal By € 8ttractive even
reaction. Figure 1 shows that the Free Energy _driving ,
thogode fée methERToIC r fOLMAMY | FEETRfensed walter , @i ncontinuing
adf i AL R bl doft KB o 3l iRIEaE2) ¢ Pach nore
favorabl e than nethanol steamreform ng, even at nuch
[0i3gHer t €aperlatsimsessulWalhicrt for sherg ito e ouaglehy invention

theory, it i el i_.eved at this_additional Free
ool SAVATLSGe 4 0es T RonPAR Rel GOBELE FBdct Pbn Compounds,
coaplleaer Casbosydi @fideniatueak atichecmd KebolsK2§Oht least
strong bases. This supports the experinental finding
ongehghe et hafdiectelor Fremy itheadtedis Ahtl aFkaRpAgion metals of
Q| Yt bger atyql t than
o oee Ty cal Ty egne ok e ot Tor o g, oTens 2=
1 dedd3Z3Bas edh driehezad nglial Tesl of pehkishwed amdtheodBEt Handbook

. t heqretic onversi onefficie or et .
oty SRSTTHEG Tl ERBAE ok 11 Bhe: | oy BEPERt RARBY ogoui cable
catRilysits acshgnidiwent adwprtage. afReackisty vatemaddlh selected
met hanol produces 3 Hy nol ecul es. Lower Heating Val ues
Eromv)thet mstiarfol ahd FyOER etB38 RIPWBI ETBnd §¥oup VIIB, and
nifcthiRlee, cfE2REELT Vehy pAMAI 10, NEsBeat NG RAIHE: Obomprises
uel and product gives a theoretical conversion
pleffineime rcyoref o 486 tiner t bewpetstay a@fhecabnsgleasedgfrom the

H gher Heat,i.ng Vi H is 119% HHV.and L
o2 R RO e R o R e PTG G FhPRt Gce PESPETagatalyst
cdrddrawsit ilddé | S herener@adddier akagrysdie canpketleames, are

conbusti on of a substance where "the water produced is
EVIH G YgadPphasel *1% n teonkPast, v i prefgeably about 1% to

e309ndi g yaliie mhalbife wpler bg 10t Bedddiubds. 1
aphat;,e. S T%e%l% erencyhe getween the two ° noe
peguriresparids toefhk hehbdohenapoplzdatinum dfs t hephatkly present
formed, " (Smith et.al., "lntrodyction to Chem ¢al
2ty ke PRRCTHEF R RaREcSR0 e O alh 1F | 208k o Feqpreferably
atbutldds 495odhesaddi fogralprerrerdibhly egsddd MR 1 fo about 20%;
efficiencies greater than 100% arises from
fasnderpadiec REAMT haP%i stuppPPed t#0%ri ve ftheanother useful
r r on. i S i gue_regar di ;
AR ERNY SPTtns Sortstuiebotelt’ 0s, PR, Boltentracion
of' tdimartetdcatd abdnici Edey; forefrethiabe sbeam Eekorni atpout 100%;
i s even higher. Howev the sl ow reactign kinetics o
MG H@ﬁ%ﬁ?go%f R or S TG FBgRE T eQ0ShppPyi RgabLe about 60%
ccengebher gog heatnat- e PesghHe €S @ove- A0 PCo lthe amount of
contrast, alkaline reformng according to the present
catpderitiiand loanadlel condetceéd paescarpearrat thescasalpatagomponent.
ahout, 150. 2C._.In_this tenperature range t hanol . and . .
T et K CREhEP RS oot | BUPATTY o e FUERSEL Q0SB TR, imactive
significant advantage of the process of the present
invention is that the productl®btained is nearly pure
hydrogen. In ROE, the gaseous carbon dioxide that is
usual |y produced by steamreformng remains in the
l'iquid as K2C3B and in carbonates it remains as KHCCB.

e . - Y "



040] Anot her advant age of present invention j a

W‘%?“&;@%ﬁ%ed hydr ogen product can be generat edPR?WfJ%E?/@Z““

the need for gas phase conpressors. The reactor

operating pressure is often dictated by the

application to which the product hydrogen will be put.

Various applications can require anywhere from

near - at nospheri c pressure hydrogen to hydrogen at
cospureat, hither echtatlyrspher esresenor et T operzat e midieionally,

anbi ent pressures, liquid feeds are pressurized up to ,
o TRSREDT GHOTAL G rESs GPERRET hds hydesgGenchs Catalyst is
suB¥ek¥ed aint e PIesSSUreonhutbheveeast OhonlBolBSttive material

applications, it is nmuch | ess expensive and nore
sedprrefledfiramn phessindure ¢ppsidtiredof hagtabsuseaetal oxides,

: res . in e pressure_of the hydrogen .
51 ceRt S o BEree ot LB S Sk fafart & of Vol harEn oorie,
carkani ors ifldrccgoncaebl &g, | squiidophasiec reior nEHicdhe boride and

.reactor is a pressure vessel which is_ initially
mixRurged WFeRSatmi xt uberbreERobgueotdefryui Biorms  of  supports

in€h8EEr dndfe dR1¢diZapténf Usle SHEHpaSIRINAMg of beads,
and, typically, a catalyst. The pressure vessel Is
powfens s eatealt dngs heeit edextrudes r sadisitor tesnperat uproliths and
. Hyd e nd.carbon di oxi de when pH <7) is evolved as
mlgﬁggggagPégﬁogfoceeds, as described in reactions (5)
[0oaBdjor (Bhe anddhe iy essaceighadgaldypidcreasesnducted at a
Catalgst activity, for exanEIe, can be evaluated as a
s

CERRRERFBRS 0P &t el YR SustPi ABOREs 3R I°Cas RiAdferably about

208" 0ge%3 \adablaso adtem%a_eetgréfgésﬁmyeé%%wt%o) ©C to about
Eventual Iy one reactant becones exhauSted, the

25Ppe8€t i oozl ovexample hal thandrefierpiagsupecagpsoacies suitably

Co§ﬁﬂ§£g3ta¥ag gutlgobyghcal bat ch operations, even

0S€é Oon a commerciral scale, all reactants nust be

[00BBIged @het hefegiiny ngeattibe proCEsieatl at domluen@d such
of the reaction, the product and spent reactants nust

EhE remtved YBEPPRE suth sE&PErEHeEnd 3hut §SRTAFEN oderessure.

TyBOcRI PgUEhel S BELRENPIdCRE ANY, AonsequetdYsp (atm) to
processes are not "efficient, particularly conpared to

abeuht LRGOUS tpriocessEeraljin042hoet i § atmenopedbartalldd tatm; more

n chem cal .processes in i_nuous _r at her_t han

pr%% g%%%yp?§88§shﬁga mde%gngkﬁn%bﬁgﬂﬁﬁgﬁg p ?ﬂ%%?%@;ék can be

appretested enbediugefilopridieupiesair igperdtiiony ghdigedbcess of
advant ages .for caontinuous operation include greater i

ERpr BAGECHY Ly VART 1685 G JPRcEsSSEBREPEI PYForRcesidnigiled in the

arPALRR Y AGeSERE GAL | 06! e hr QGUeNky §E8GLA URNER] 15 produced
shut down conditions, and during these periods, the

wiptodeet pprtoducethway notefivdet pspesificcat¢ams sy any pressure

. oduct ot . be,_prqduced a I In_additjon,,in

lngg cﬁnPef'Q#k }h%tﬁeg%ii%ﬁoﬁ%xt (% i e5ordthntty values and

rafapgthRgrsBetaknpr ocess control is conplicated
the need to nonitor conditions that

requirin
[0RaBassar TVPiERARYe AlHm limfo, ol AOEERYESE, Tgact with the CO;
: C ] ) ' dyctiye i-al o
R L L0 YL E GPRERlEls Yopld B Bhrponatees.
Theeiprmebter¢de aleadtiadyters aprenfallesktine carphitdatrisonof metal

ari ses. Consequently, |less off-specification product is
o PR RRCE (DI o AHANEF o, SioBess ol r PRSI ee |fig overall
re60BLbAUOYS PROGESS rhyRircaliy doniali Shanges Wi tdndi Mes)  using
so that process control can be based on
methanol and alkaline potassium compounds:

CH30H (liquld) + 2 KOH 3 Hy + KyCOs (5)
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L X rat her than changing control points.Sin
W‘E/?(}O?/?]%S?“’S/ all | arge-scal e hydrogen applicati oﬁ(gT,/U%)gﬂO““S

as the petrochem cal and fertilizer industries,
require a continuous feed of high-purity hydrogen,
simlarly such operations can benefit greatly froma
process that includes continuous regeneration of a
critical reaction conponent, the electrolyte. In other
wor dsi;Ouf (Liquid) phasenseformycog Bowr,t he2 pradogti on of(6)
hydrogen is to find its place in |l arge-scale
[Opﬁaastri%eq%Q%é§%esﬁ@WﬂﬁP?%e i ABr ovéngrtisigt t helectrolytes
inRERSSAs WINEMHI oD BhE:a) bERGLhEN: ARGy Lhdfentional gas
advance. Unlike the processes of the prior art that
phase topi badihyd cohdeet e forrdaioc eopehavinons, Rilpmre 1. Heats
present .invention allo f.or. conti nuous,_ operati op_and
Oy SEITSR. of A Ger HATES] A {iheoteanqird Fr8l mneroy,
EnZ20Q 10902 %03PGH 5290 67 2464 5a s egeneriahiean iof dH¥ CRC Handbook
electrolgte in an efficient and cost-effective, .
ofpr pRevsstrgosME e izs s (Rrevheratyc i9ensifhedbn of (It is
unRRARSE nEal 5 ﬁ%@%h@ggu%ﬁ?%Ct@f f‘?éecﬁﬂgﬁ}t@( MEans that a
' quid phase refoiming. In this arrangenent, e
repeddoor is fhekeddwhahigatayvalfgstoraldle saxdnki mmaisiive value

fed with_a mxture of_ an el.ectrol and an oxi di zabl e
of, ofrten EaeTelel 18 nbheaeSEbratsr Ty arplancrebie®y ¢ stean
refefiidifdouH WneaRinead as fdieFasicd at SrPae Stéhperghutdebut the
reactor bed. Typically the reactor is sized so that

kipRé iCSa@ionsl SHH i n ¥GGRENEAs SRR ig)g rbachyprically

aduighd eyel Alofwebsgonyersjo VeESl op i S i

COtygicaldly abouf)2096to abou?blg%ggpgrg?gragly aggﬁi increased

t eRB%ried ualeo U ckGEHe sivae: p ridfe r @i ymadyonam 05 %6t v abouforce and
100% . nost. preferably ahout 98%to. 100% conversio I n

t@%ﬂﬁé%ﬁcggtfﬁﬁﬁjl?ﬁbce%%g%ﬁ%r - Gp°¥Rd dg%ﬁ{hﬁﬁ% Energy

drakend nfsieed fard n@shandesukorhhagproduebniydeedeivater, in
can be produced at. a constant rate al npst 100% of the

KOH nat | At he) | REegmat&afOscdmtt iiduk2 pr 6Eedcdy mere favorable
thRheseRbchauent i opr Lol uding,regenerati ol @, puch  higher

regeneration unit or section, Including various
t eppefriaguuratsi.onsWashbutt heshdescribetiehdrming beyowhevary, it is

e included, after the "accunyl ation tank" in FEjgure 3. \
ool et (PRt Hetia c AR Leiog: ahketcdMRT S ngabpiipet arises
fremeChhol yd Bd-wad €r R dinreaskedebuel cafbonexdigtvie, a weak

met hanol_ is fed to a regenerator._ Steamis fed to the
aciggendrat dfCAnPhy KpF8ouc s tERonLEEERI de |BHves sipports  the

] T . | sing
SESIA, SRy 3t | JOUhaL SURURY SLR0 difeous ena
alkeflomeerebectrohyodst kenpriocessn far érxwapl e;enperdmeces than

tank as .illuystrat in Figure 3. _A continuqus, .
CHoR R VRS rocese s bt Meeiod 1 S A Sy Eing. ~
[oaseangeneiscef @l eRting asmidero£onid gpaat | 9Rg ?&bﬁuct, the
be apparent to those skilled in the art in view of the

theeaerisgd £MRVEEEIoEs Rk Handn fpoouathanet kpsaAming under
CrESIDR AN 1 ) Pl L0 FEATBOR IS G5 ki cicanc
ad2eTeee2503PREAdS200H/ O2dibdd with methanol produces 3 Hy
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

14



W(?%‘)ﬁ)s&élg?r processes utilizing am nes. For purf@f@@ﬁ{/gﬂ%

ent invention, the phrase hot carbona
to an aqueous conposition conprising alkali carbonate
and bi carbonate salts at tenperatures above anbi ent
(anmbient typically considered to be about 20 Cto
about 25 C). Many conpounds have been used to increase
the rate of carbon dioxi de absorption and desorption
usiiaghatigtardbonaseipyovedses, Gioh cbapddds SoHBYI ems LHV are
referred to herein as propoting agents. Wen a
A5 aRet i gt agerAnqaEr rrpg%%lae?ﬁg’flﬂe BP%seHr’te iSRRG on;exts  as
fodl ow@ast omgnconpound,canhe-added o aled a5y OPge Of complete
the reaction mxture, the absorption step, the o
copgysirapat iodn stepodrarce ovbenat ' thet Wetest praduassstis in the
n qQund._c sel e fro e.qr si st
s By SR s o qQE Ea AL ety | LAt r e ARG ke when
tham n&ser hiinderad eme nas,quasl wehbsas borates, The difference

arsenates, glycines, piperazine and m xtures thereof.
beftifeehe thfeddit GAVETREBHS diie 'dte et I sigperization of the

walleQMOlHRG Agent S can e dsed,t 0, Posthi VY@ §8Ct O Chemical
pronote the absorption reaction, the regeneration
EngéaetirénvorTtsomndyPrasriotser's MeeraypHeall y Sedded iBd., p. 143,
ncentrations, of .about 0.1 to abou nol ar; . _ .
19%?@% erab ye alﬁalod 1%@#0 about 4’ not a?l%ﬁ"ﬁjen%sel%f‘ gfflClenCles
grekeRet echandi N80kl y deesecBOot £8bgni Eheaphkymatf eatathethat is
ampunt_ of carhbon di oxi de that can be adsorbed in the
Suﬁ@ﬂlégrﬂéhaﬁélgﬁbc¥¥%lﬁ?@PIHGPQa~5?%ﬁ%%%?-inc¥%5§%§°1 1s not

unli Bl Heyia 3R OF OF b AR 9 E@E?@ﬂeﬁb@égd%fagfé@alﬂelasthan 100%,

the rate of reégeneration of the hot carbon
thel etthedyeel c@l bnetfdisicarvhefosefmativesausbetheyafmrming is

facil. tate processing the sane _ammunt .of carbon
RO SnRPTer P obBs PG  eret G oN ihagyl o "for methane

stlkeaduci ngf camiddql eesgliiekst hespsweessd NgetiibthefAmic heat at
typical hot carbonate process integrated with a, )
C PO AN E TS PP EE 0PHCh gCrat erlfyaSORRF#ELpr Geldl e reforming

ackRPRlinged tf tWR t Qe SaniThe f4 &5t M absorbgs tQ¥WBKucted at
is located downstream of a water gas shift reactor. An
teapeeedsiresl uesonl®f Ns2GIBoent erx) t1e t oplof tihe temperature

absor ber . rbo i.oxi. de .fr the shifted nt.hesi s
=D BT ePETh e M T an SN G EEr T Ty Dreferred.
[0di3990] ved bisdarlidiad-es Vialvgaeddon 4fF) . tK&ER gr82€e£8 +of the
H202KHCO3( 7) [ 0045] A stream contai ni ng synthesjs gas
PIEFENTthe HiFYoIdre dt Hi EarbohBte®TOGICE %@%ﬁt%% pparly pure
hy O ARSOr DAL RuSt BALT Bblioledurehdd HALDAR difXi dgs usually
Thi § bicarbonate-rich Solution is sent to the top of
prodecsec dnd Stoeer | refermbgeneentdns Pnesber dligiid as KCOz and

._typically reduced prior to ring.the regengrator.in . .
i WArnatds e P GiherS SRed narTves prBseegenie’ deciviey
o fardran gepeit Sed ¢ t BErpHe s anbxt AveRigRdadesey iAW, so that any

herei n. For exanpl e, whatever operating pressure is )
cagdIoBc t BP9 B+Ae hOrefeGidOPon Bia hhCogervel s préssurgds shift

j : r ner:at o, .| pi Y ced : f th
T o0 e R e el aout b armpoion of the
caafbamt didxaden girertéyanglmg labliks anheemrq@lessuceea’d up. In

conbi nati on of thernodynam and econoni cs_provi des :
COERor AL ST S SHBW d bo regelieraf eqopense  in
cRRNnAlorRal QW RMSPISIlG Pr &S St €utdh 048! tonr RdUEBne steam

stream consunption. Furthernore, the partial pressure =
regforgdiison RIf@se@Ees n t ferhbBor PenoxigE d grbduearpen dioxide

to Lyve gas. out of solutjion via the rever .

1R o P ERIC 7R et offiner atnr "l 865 A reaceor

reduced bel ow t he absorber product partial pressure,

| arge anounts of carbon dioxide tend to flash out of

solution, sinplifying and reduci ng the work-1oad on

the regenerator. Steamis introduced at the bottom of

the regenerator and acts to reverse reaction (7); this



step is necessarily conducted in a pressurized vessel
or environnent such that a |liquid-phase process can be
continued. In preferred enbodi ments, regeneration is
Qg%%q at tenperatures of about 85 C to aRQudsddefaasss
or out 90 Cto about 100 C, alternatively,
greater t han about 100 C and | ess than about 200 C.
[ 0048] There are various alternative enbodi nents of the
pr esent invention that usefully integrate the liquid
%O][ase el ectrochem cal reform ng (ECR) process with
Hohat eP¥ el a1igw RdRcE®sdent gnitheadding to cost
amoﬁit&téa%&n@f eﬁé!%f%sxﬁn%@lénmd such as met hanol .
0049] Figure 4 is schematic representation of a
[994Rkess FBPA @G@amﬁéaat@ﬁunﬁe%@rmt ioveftbont he that a
pF EARNALAO by iEQYEL COF SMITE LY pi % EP&:&F% tout need
hydrogen al ong a reactor, for exa f Il::Bﬁ
fo% g2 Drohass qmmpr@ee@ref tﬁbepresemrrm&t]mg pmesgure is
[ ed,,gs In u
O (BSeroror "hescar APEAICARERY CPEbEd, Bned product
thi@gﬁeSs@nliolb@\Aﬁouthe el &fﬁemus happéntatednsbefcmre idequire

I ctor |1
exact I y 1 ﬂe S,Igérr%'r orgr er %h%\gg ér?e%g taht ﬁ]éﬁ?e? hgoe%ytdrogen
ast pedares mwidreg cftnfdspheres ementsoral | 031‘0 whpehathavebove

nte a for exact|
e e A R
off¢raiiing apseaptee weandf thedel hydrbbew ofs a ddaliveed nat the

a react.or or_.an i n gener al
oy esrug[)én%e s?r EgF% of the ¥ s%e%p% e‘_‘emc’f’t?r'ldllt oh§ much
legfs f¢mer(sorvebca:dd) raree safthi dikat "gol LLngSS@ﬁ:‘lsznllﬁ_QLlld feeds
tr| el ement f flul d ass _thr t he vessel
tﬁvla Subst ant A 338 Back nit Cﬁaaﬁ%t\?%%w Pﬁ‘ésﬁ‘tueeﬁerﬂfs the
hxoirqgjemgs’rodhded pr actl cal operating conditions,
cien |y | ow reactor .can substanti a roach
ﬁ%]abov‘g & ingt iSRS San® FHER LS LF@faf‘f‘ o&f"%é@sgga‘&\:"r for
Ccrrehmtarng liutzunﬂ pbampﬁe:ﬁceﬁnﬂdgal t, THe tr}é@lcﬁalé apekAlpr@lsure
present .invention, at | east. sone rogen gas
G EL BRI Y g Pe b e P Tmeous
llbanld- mmmgomﬁﬂepcaruroxn[dl%bllEOIfuéEf e e CaPUIPRIRD L, and,

ttr}” carboga%%@roc SS i S enC|rcIedJrnthef| gure.
Wost P’ t Re“B5F pbh %@rﬁsédﬁéede%%? mef tHen sealed and
heh‘:y:@t"ogt?ﬁ frowani ﬂ@acﬁtﬁﬁ:ﬁi i Q@mi)ér@tbﬁﬁ bed Ayl de® (and carbon
eolxeL (ﬂ%te tlg c;rmthe corr ondj ng net al
e PHyi'catd ye‘a‘f%‘ﬁﬁ 5 AJFBeaEEGFtQ@% BFOfBReS, as
daﬁcrtlhedcalibonréh@ﬂo@% | §55 enave@tsr pr@fer abhy abput of@¥%sure
for exanpl e, about 90%to about

ut ,95% or nore;
’i?&b‘ ﬁ%’ ART§a88Bus CAFBO¥SHI GﬁFa?élF?éavégrv\Fi‘ﬁm@%% can be

evallodietl RgdragiictorCadt bersshistantd sy #8IOVesk bye11 as
}&ndl ng the product .into the absorber. Typically, the

For BEPCBRr A8 AP0 SPendUeRalbiRut tH09Mt oPabut @W@meﬂt)

EvlmrtaanLyt BeeCaebebah OxtaendNadxHm R, P8 Meaction slows

refer about 90% to about 99% or nore nore

cBraef]%? %“%b%ﬁ? D556 £'6F AbBRRT QTR FpFeustaRt value. In
ty{@il@aﬂ.b%aﬁttc% rdgdta2ibaans HicdM iR d €36t 9F ApHelBa1 scale,

bsorber are conbjned and sent to the regenerator.
alggFisgctapeanirst Ut dcharged ats eche deadiomip®?) odngheoprocess
angubstanthal lapd egene e on rj e

The carbonate-ri gﬁ st‘:ﬁéanﬁ%tﬁc@gﬁ sg |gt %P&t?%ée% %g}(()j hSpent
TORREARER PEAEt BP ARECYHE abRwFbesr . surpissa@ttyuabentl 5Butdown
r@ 0ahout o9 ich
e R T e e

about 90% to about 99% or nore of the regenerat ed

carbonate-rich stream Substéntially all of the carbon

di oxi de forned in the process | eaves the process with

steamfromthe top of the regenerator.

vesfse



052] The process schene illustrated in Figure 4 is an

W‘%%’ﬁ%%%n? over sequentially integrating gn %CﬂUgZOOE}OM“S

reformer, typically including catalyst, with a hot

car bonat e process because the reform ng reactions

occur in the liquid phase and nost (for exanple,

greater than 80% of the carbon dioxide is converted

directly to bicarbonate. As a result, the absorber in
prbrgasesd iarenichmotmal EEfibtenatise igamaiichiasivedcbapared to

rﬁr.mve | ess than about 20% of the carbon dioxide from
CoPféRYaY8oHSEORFErGgen product stream rather than about

[0929%o [0@§3H§h%fQ&C§§:§a@I§Qﬁim Andbe: REeSRIMa1 processes

_invention illustrated in Figure 4 can be further

1ingj plcrnicaguosSghstapienl IGhaal | acardiom dosricgesingmmede and a
; w - pLug, f reacgt of. c b

coBt RELOMLRIc 00, BLLS, TLOUboECRY RARIRLRAN, e g recen

in9e%ttionabout BEH @]l noaévahthbescarfben dondidaiddiat operation

, nﬁé be present is({erm,ve,d; preferably about 95%to
I0GHhBHE §FGRGEIMSC M Ik f BAAEYS ABBUPTISFSEO CBdOL - For

ex8ffar MsEch f Yrovcgde ahaut; 990adn dihent start-up and
enbodi nent, thé absorber tower can be elimnated as
shyRéanni ncFiGhieeoBs, Agaich, daréagboblzeee r ingdriswlsut | shei sproduct
] Wi a el g. ] ., feed and fla
pr el Dobbome St Drng R at P ot op TogHEl” mey mot be
proypicedl | gtcoathi ni ngircataaldisdion,n tiki saenbadcAenteactor, the
substanti al | ﬁgal | ,of the carbagn dioxide | eaves the

TeREELPBr PATHESDI d&r GRS siGhediing so  that process
cosibstantial | ﬁoﬁ@‘l@%ﬁt@ﬁox'J_‘j@qtflf_leﬁ'l%yd"cﬁ%en_xﬁ’éé@uato' S monitor
produced as noted above. The bi carbonate-rich stream
copdijgana séat teadvsamidenerizange witkle simem | Srusezhtrast, a
. e e.carh te-rich stream--.Su ntiall .
cohPiESBRRRESLE L LML LA AT ORI E HE ime,
orf aedleasthenkt@R reakiddrsiobhiiss preefert® d ehnth t@enthdé Sreaction

a sinplification of the process illustrated in Figure :
OT4 PRcaliSeeEIear A" Pt9%n HeES i s t bPaFpgUSntly,  less
of€lL5pepatedath BASHAJUEE hes LrBERvereNt eMenddi®ion, process

enbodi nents illustrated in Figures 4 and 5 is shown in
COptgale WML IRDcess agaiontigemuswoprowess. typically do not

rast. .t o _Flqure_4, fir tower i.s l.oaded wth
cngfgl %tﬁsottlh%f the tttg‘\%gcr BFSedl okl o6 the { ased on
IikER nesdtear ahdnaksoihegmg Asofdeseli heddigy.ei n&@ione @irtually
c—iltsLuitgbl e catalyst is selected fromone or nore of

hose24SEr GLALR t hEVIORPSIRi ng FACI0MOfhe setdll  as  the

petP¥WBhemOBLI NUES] 1ALt 5@ [RE8EEFRALL! - rLRuliReS & continuous
enbodi ment, a fe;ed of water and net hanol enters at a

fepdebt phavk-aurabyi ruedimegiat e spoilAerdlyonguthe obiersttions can

. ecific feed | gcatian nds, on such .
bep@BPE. (S08ERT o gePh Ry ERRETR ur g ¢ Honh B orcont inuous
regatlepntiba pabfi culsar catialiysil enpayad.orHowey@iponent, the

typically the feed will enter the tower_ in the mddle
el?ﬁEFBIBFet he towethea tee¥eg i véfy, ligniherhapet migf@rming for

u : kN N C terg X
P ey Pl e saay TR SR g o B fre-scale
infhetabsbr mioressedondtbensokbei omproveoemt €r «dur tBet present

._to each other. The down flow ng cgrbqnate-rich stream,
1o%EnEIPE EERL oPe ARG EMGyECR Bors i ueGFe.  Ohlike the
prbtessbenade. the ghyidet BaRol tvaPOLS Ol B BPM ¢ ¥R cted in

are carried up the colum with the gaseous hydrogen
bapeBdgPerataenisnc s Pres BohatBVSRESam aBdomss fdensontinuous

e a .t hem in the .l iLquigd.

op%}%ggliewTh%@ecﬁgﬁﬁglé{:ﬁ%ég 0P HORLobdn ! Mol iyl cancous

ensures that substantially all of the nethanol is

reacted before the bicarbonatlg-rich streamexits the

first tower. This bicarbonate-rich streamis again

preferably reduced in pressure and sent to the

regenerator tower where it is purged or reacted with

. a . g o a1



the regenerated electrolyte flowin Figure 6 is
superior to the co-current integrations as shown in
wob@unesds and Figure 5 because countercurrent PdDVS2006/024645
enabl es a nore conpl ete separation of the carbon
di oxi de and net hanol fromthe product hydrogen and a
nore conplete reaction of nmethanol or other volatile
fuel. The down flowi ng electrolyte acts to absorb gas
hase et hanol and/or carbon di oxi de fromthe hydrogen
reggPSHGE%Pnt hetfeby theducehgcthelvapurity | evel seéfichese and
cosB0BPPBERE Sl PribEsproduct by as nuch as about 20 tines
over the co-current integrations. Furthernore,
[00&3hver sFbguné Bhe fwsiel 4 s bichlaatiecauselgybstanbhal |lyf an
expg££m§£ Sfor ex%pple, the nmethanal is contained in the
FeatTor ol (TR SRS ShyT BrOVPTI hGTF TORMF eR@dliquid phase

refEONYRESI ONnashd d esttdnddmend ONgeE resbdePcest itMB1o3 with a
Wi |l e actual inprovenments are typically dependent on

cateh¥SHesi gt spdd f icORntiopomsdicutfednt wikbw Aasnikeure of an

L al [ e . i dence time of the
eleg%g?%g I e&?%eln% eé%%,"&{r]re %gnolieg%cf/tazn’? o ¥t |ﬁb%l ovefich  as
methardhi | afydsigred ©o- conténtiopsdgessiolderasuehe reactants

aséiégurrstﬁmggs, i f the resjdence tine of a first order
PaST HETPBANI §PPnEFELSEF PG f atyRtCotly EBe3rpgrgorais sized
so ORY% COR¥ErSaeMR ilohsa GRnELI1:8 | & coyl d

increased to 99% and 99. 9% rgéé,%lg%ﬂ%?y?ykzvgﬁaéﬁr (6) reach
a high obeHBht @F FuBli oconverdienn beCsnyeirkiicantis Fdrypically

agpb e, .an.l o nt __of old.can i ease
abo%%nggfsitgn%dg?n{ 9%@%’0 B%@/féﬁgpgyt l?(]eooéil;%soc at g‘a about 100%;
morg|prefecanty eglomoti 858enef bbouk00B6RA siogri fdredRlirably about
983 econoi& Advant age of the present inventioninits
5 var ous) b o $L9% t hatIthy di¥den Scarf B ipfusthscegprocess,
stamt-tiwubnBhesmaetvd €onbinuews!y; addh fL@shngaustd ¢, rogyuit
reagents (hydroxi des, carbonates and or their !
the RRedtes)hiy@y pger ngdeabicanrefiicetli vé andoestaoti calte almost
£l get el yte regenerat] d_.Also, liquid phase
100%, gr r%ﬂn% t|'elnlﬁfﬂ kaﬁ{rﬁe&g?egﬁ%%g &§%r oco‘fﬁ%sm‘hmPs process of
the rprasenel yirpare iydr bgehupt nduateddirirats o3, gnk f ireaRide¥ation
uni | ower in . carbon, rr(_gfo j de and  carbon dioxide than
% yBF c &L E%m r Bt hy YREFEHS prstitfct B i qnifer adr durther
desddi®dy dr ogareigan B Rfpduced At RIESSULRs RXceediNg e the
. 100Q psi so that expensive conpressors are not neede
ACHIRHA T ean toink heln ef bywee 1o obigithdafhbghtpeesseueulation

£ ]grogé&%:q; : 7 fall .ow xaml es are provided a
S pec |r(:l;f$?€s%§§]fq}:o%%eofv¥r§g % |’ne%€%ecserofa’f“ﬁeu8fr§?ﬁ§88 fuel,
for jewmmpion. hetshonoldike Awmilerst aogdeqhewevebr .t hattdhif is fed
o %gventi on i s not Iigigoed to the specific details set
Pt SITIHE Ranphes SYARE lidts arEPper dénedges tepves the
regdit@=0l 05, fs1vel hgasgn l?i%iﬁ?ecétf,fé:ﬁrﬂ' ogom§£fs@{g the
wei ght unl ess ot herw se specified. Furthernore, any
regmigeest alaperelvéeit edhicht He spetutiedt i on dhe reformer
| aj sugh, a t.reprgsentin artjcul ar set of
?eCt%rongg%tfl es; unisqés&g S?fe_asﬁ?lé, %%%aﬁ)a}gt)n_s{fhﬁhygie@gl tank as
illusttategredorirpeF temt @ges, ias doHtenRarmid,0 int&radddy process 1s

c iEcor.%grate expressly herein by reference or
HOT ot B lge,t%n Withhen f &FFPAGSMETRI noSuckhlemmyes, as other
con fhiRjelddiiRg Ay 19UBRet O NUbErS v LOL nsany; Lange
~ recited. For exanple, Whenever_ a humeri ca range
viewg dfowdye Itiegichin@is, aadd deis Alppenrdsi MctreRw,. i S
l.scl o ,.any nunber Rfalling within the range is
[ool%aeci fiigal 15 %PQWOS%%. TPROEEr tTEWNH , dLRE1LASI Tgthgmethane
synthesher g W hivg ithe Kangeaapsnspesi Hirealdoedisgt osgd;
R=RL k(Ru -Rn), where kis a varlaye rangﬁjng r%?ngbonate
1%to 100%with a 1%increnent, e.qg., kis 1% 2% 3%
4% 5% 50% 51% 52% 95%1H6% 97% 98% 99% or
100% Moreover, any nunerical range represented by any
two values of R as calcul ated above is also

L Y L I I T T 1 ~NAr-eoesn1l r— o o "

g\nﬁ? hart in



0 Thr oughout the entlre speC|f|cat|on
W‘i %0@?/3%239% gt he word "conprise" and variati on@é'@ﬁé@ﬂgomms

word, such as "conprising” and "conprises,” as well as

"have," "having," "includes,"” "include" and

"including,” and variations thereof, neans that the

named steps, elenents or materials to which it refers

are essential, but other steps, elenents or materials
ormeyimeladdedoardsesti Ut fldrmrey canshesct Wohi puttheses of the

scope of, the ¢laimor disclosure. \Wen reC|ted in

Pr&ESEYs bllﬁae[“ﬁéopnveiﬁ{l?onp%@s?n Bote| faRPratake s to an
adddhventiproand what b FEL@&H&d | s16ensi deredtonde  ana

what follows and potentially nore. These ternmns,
blp:@rrthomt@rl vadlien &pl i eeimeratwies, apeve nchmbiget or (ambient

RIS AN A Dol 24 BRI LO0Tly AINGELAEC) . wany

compeuserci hiagat | BBeni natadi ngo t hiewdest e b&ﬂue rate of carbon
emhodi nents, the singular forns "a," .an,” and "the"
AHoxd|Aed S AR L et BRENFESARPEL SNt AE (Wt SR RPRAFE yPrOCEsSeSs,

suqﬂth o%h@%r V\"s%ﬁlet{mé% fQEcexampl o 1 ﬁE?E_eLﬂce t[s promoting
‘an oxi di zabl e fuel" includes a single fuel as well a

agemssor nbendi & f promotiing sadentconbsi v loyed efier éloe present

et r bonat e' |nclude m_xt res(iﬁﬁé
1nt\fentlo aatcg]?%%sr{%t%%eago%?Pn cgnSI r?gl V\é[)o at least one

ofCaﬂiwnﬁéaestiaﬁd miecdrtke. tidH0gddIheriehnstebputhe regeneration
enconpasses greater and | esser values than those
S@@eaﬂ?#.%appgﬁ%ﬁ-@eitf-@a FHGFeddd t haE LREstalcge gjomppund can be

sél@cec\é@tfﬁrppaaéyg%ulsoeehtshgelﬁacwf'tv'g oL aéﬁ’ﬂ?é’é Y such as
neeting the technol ogi c objective( e present

netipydnt ¢ ory hs adaser | laéd:qmldeammesn hhedspedl famateson as well
Nore s eC|f|c term "about

et BT a, AT ikt PBFEarTh, §1a mixtures

theatdodhl e, I8 im@n@ﬁcégemcommxentth@h th@n@un@ﬁr Snael of such
ranges di sclosed herein are_flexible and that practice
DISMOTHEG r REFHES | AIBNOCoIRA t HOSBOSEELVEdY iR tarer promote

tHeS| B8s0b0E 1 6 ARy iRNCephE At QNS o AWHY Sre80RE BAt 5 both.

carbon nunbers, tenperatures, pressures, properties
Prm@lt@@ NS | typlpaMYy adsted ,in hapnaestoatspde m‘f about 0.1

19e, or dlff froma Sign val.ue
|eve:? O%%sir%ﬁeresn%% gh%Fy, gh%(ﬁ%ﬁ(ﬁt molar The
us;y educt |;m=bxmjtd,rwokmgﬁmxrm Uk k) m@gegegﬁifgeaﬂtlgnaffect the
al kal i ne react ant._EXANMPLES [ 0062] Exanp 1
aMOYEE3] Bht aF 3R f G OIGA dEhRks ecdRe éﬁn ﬁQSpﬁbeéuswc the hot

ca@k%‘htart@ yéféc%fy@épewu@néag&xsm%%e&uaf LB 1 @8k rate of

stand shown schematically in Figure 2. xtures of
absetrirrion avleogsrbaunst ddoslidet r Ayt esehhd eat altyfst s rate of

revg\%rneeraqzlltolnaloly the hot carbonate electrolyvte. 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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charged into a reaction vessel and then seale The
WQ/%@%@?ZS%S then heated to reaction tenper atur'g(;,T/UEZOOG/024645

between 150 250 C. QC. Kinetics were neasured as a

pressure buil d-up caused by evol ved hydrogen. Gas

chromat ogr aphy (GC) anal ysis of the product gases

usi ng potassi um hydroxi de typically showed high purity

hydrogen with only trace anmobunts (less than 1000 ppn)
syotheasibongam®nmeaade,s caibbn thexicdebonatet hané. wetet to form

.tes ter s used to mpnitor the amount of
dlﬁﬁ&’ﬁg%gn%égé%%ﬁgg& VEBOEFPATIEN ég)of conduct i ve
met abl,i £ &t ysg?ower eogyabyat ed using the test stangvy)
shown schenmatically in Figure 2. Figure 7 conpares the
[084B1vi t yAf sdreafeseorabtyng svarbasiongasTihed eghe tdissolved
: ted. g pressure .J.ncr e e ;
o R e A aC it oy Siat GOy Aty cogpt Cantially
reddded@ A |lcdwsirs dioklided suabdktamtiicaldboridie-samh solution is
charge, 40 ml nmethanol and 250 m 45wt % KOH, so that
Seffe %Fes R eLhar et}%ﬁ.‘ r XRFSRConpFehi e Biea regenerator.
prEdBai-eon of cahalivsdl lyadi-aguaed Ca%)f‘iéh?t tpe. chhring the
catal ysts tested are identified in the |egend
Tregensnpanyi ng Rl eay. wall hadgithkOe tdlaact ral teenatelsve process
' e t S, Lt i X ted th omparabl e .
BB e e r e s Y b cararprac “Refein.  vor
exenppesi t vhateospr i sbagacanbonptessasedi $gl oselebee€i Nfor the-
E}%{OJGS%_’These eég(eri ment sdenponst r at edt hat pl ati num ,
PIEEPEFYSHs SxhiBiXEdrhe higheSteweti%i t). BRnTsgenerator is
tyfoﬁ%&@l%%e%@djei@béﬁo@tyeb[ 8PatR 26t latduk betygen ﬁtsfléferably
owest pl ati num cont ai ni ng catal ysts and t he hi ghes
tonjagiaalt cOnt et nfocabminrsts. 5 Sitlee poat iemampils adontt ambient
I mes r b t han pj ckel ni ckel .
pr%gg gﬁ%s’t ca%obgosrr%?ggg%éﬁ- e?? ecg#égs?ﬁylgarﬁ]a%i cﬁ?gr economics
prpradess tnbodhoentcaAvangseé baidtegicasheskahbliy$le regenerated
roups or san‘gl es incluyding platinumor nickel, the
y

ne%ﬁr’g Rt A ySEISEPREE 2 Cark LGN att yOEBRF et P Wt Stream
- collkghBE 186l Vi tyyr ERMENSFe, higher RGt it YF)Q%VSSL&QJet of carbon
surface area was generally observed with ['ow surface
digragdepdnt i ehes absorbenD DODAHD0RE08RCY/ US2008%¢d24645irive the
bservati on | erally.consistent wth_the.
S naer s en PTG Gh KB o 3 ohebfifien (7). 7€ che
retrapsbepr| ipréatnoa g hiredubedcabal yst Hiay t bbkesbean product

affect catal yst performance. This suggests that high
pa§ﬁﬁ?§cepﬁ?%%mé%t al \PHIE aPEONRSE alti v‘gam% l@i%ﬁ-dge tend to

1888l loypardd Cé@l@tt:?@n,(:agﬂn%ﬁE%y@ﬂg Y AlSicugPeste work-load
that a nickel slurry catalyst as the nost

onc e affassanad.omOn tHecanhes habdodanedxpér ithentbaisiony of the

.ck exhi bi ted an exceptionall 1 gh activit . .

relRREARPE CErCRl S o Y SR B RE Al bl Pt “Hderion is

illepreseatiedishyigc e SotdisEl@ur eale, t hatamynts@itable alkali
oxi di zabl e reactant (nethanol) relative to platinum

meggd a185st 2l kRS 1ee g Mttt a HeCRERSBAtEN PP lelikbure, can be

sy a&ﬁaﬁ%ﬁé, | 1 J Q] e% H&H&%?a“z& ogogil.’ﬂﬁm r potassium
reactant can be substantially conpletely refror msc?.
caConphtteriehorteeron lwayesc ey drbtitont S Experégeamerator and

. _but_since the unt_.of t hanol present was.less than

5 A SHE oetq’lel?a(égggpi et s,rSTEF hBPEot al é?%%‘?f? Oﬁﬁaﬁogaé'ﬁi steam

exPEOJEESE (afRd eepsegbientdey kbyepe@ssdie) Wakd@SSare several
resulting in the distinctly different pressure curve.

vardeEbPERafsl E1d 5] GUBTEASs drEs e iwrmtef apelutions that
caﬂe%%r bkl}%glo\e’@d(:%r unpromoted. Hot carbonate and promoted hot
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L rate significant features or steps of th
W‘#?ﬂ?ﬁﬁ%@@%. These steps are comon to the procEstUS2006/024645

i ntegrations described in the application,
particularly in Figures 4, 5 and 6. These tests were
conducted in the formof batch experinents for
denonstrati on purposes. Furthernore, in view of the
conpr ehensi ve teachi ngs provided herein, they can be
carbbegtat edrdaedadam areodeksoudbed Myt t Dastepeptocess.al., “The
0068].The steps are descrihed as follows: [0069] Step _.
BRI | Oh GFY alroaéﬂmg‘smfgl%eﬁp B iehPs Thetdiedis and
amfRkRanoly@scHefteal NEAGL AL gRIposiiiogoat @oRl); xohl et
bet ween 10.5 and producing a bicarbonate-rich
alel ectA¥ldtadie | fabt heplusigs & ol Hydvagen wWiildhdehend Carbon

pibehaLn ng repetian proceads vig ap; electrochem 6al i on  uis

pat hway, an ~ion-conducti hg el ectrolyte, thereby

Pubtwehing i t Copdahny a mgedist weerk ,8 armb49, 5. 158tdes; and
.step, a substanti al pottion,"but not all of the )

Pl@ﬁ?@&ﬁé?é'is E8RPePt eB1PB R ar bBhAre L B670] Breyclopedia of

chBniebny siRamdi@gubstantiakly regeneraly thes  42.53, each
bi carbonate-rich el ectrol yteto acarbonate-rich

ingpgppireltede heeiabpyi nefeasinagg-the rati o of carbonate
rati o and

i car et proach. the ari ginal .
LoDRe et R Ehe SRaa G CP TR Sae AT Ehartdfgrarions
hepH iredimprai i drO0ZAH Stepr@alsi g ddiea t BgENeEdkbRds or staging
electrolyte to produce additional hydrogen fromthe ,
PAPREN OTle RF.QCSH Hefirot CEXPERI MERPL[ 667 p & ki pgpodiment
thid ddoemdriiglod netihanol }uat apl b13.ower (or higher) temperature

than the absorber. 1In such embodiment(s) the liquid effluents
from each tower are run into a recuperative heat exchanger
which pre-heats the liquid feed to the absorber and cools the
liquid feed to the regenerator. An example of recuperative
heat exchangers is illustrated in Perry's Chemical Engineers
Handbook, 4™ edition, McGraw Hill, Fig. 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 °cC. In those instances

where the temperature exceeds about 100 °C, the regeneration
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W(%Q(Q);,%Mg bat ch reactor, schematically shown %&/ﬁgﬁug/&%“
, ot assi um

was charged with an aqueous solution of p

carbonat e and pot assi um bi carbonate, as shown in Table

2 (starting pH = 11.6), containing nmethanol and a

reform ng catal yst (20 wt % Pt supported on carbon)

provi ded by E-Tek, Inc., (Sonerset, NJ). The reactor

was run at 200C using pressure to follow the reaction
stppogiessne®easai bhy ( Ggorgknetr@i esithydr ogersandicedveressel or

carbonates t o, bi arbon the process, the pHis
en@’% SATRPRY PO & a&sat Ué\ﬂelphgfsebl RS Botrat @2 be' tontinued.

Ini NGFeaseSed Ooéﬂkboaeﬁeheé pr essgireeraitiidie sigrt hddhted at
200 2C hol d was_300 psi . The reactlon(frggressed for

CeRBsLR YL SRoQEs 2bRu L @é efd teF almus pet it R prle@isfur @0 °C to
[ edt Abt of S 0 o
ast%g rlggz:t&?cgn raéfit%ﬁecﬁ%%edagggggﬁegﬁ%% b gg{rljg doo °c and

leegenhehoafhu0%06f °Che net hanol and 70% of the

onate,fromthe origi nal ctio char sti.l |l
[oﬁghglned%Pﬁ *fhe F%aéY?#h %ﬁ%ﬁﬁ %%4 QAmentS of the
DrREERSUN EnWei iStsn t ARt e@@éﬂ;\iw tlhﬂt%g%)éﬁt%”ﬁl@@t lii%uid phase,

plotted in Figure 8. Table 2 sunmarizes the initia
eleﬁarpphemleé&poeef%%n@baé%%ﬁbn REflGaf<at @d thr eBslir ecarbonate

o ROar Pt Rl (R | YTl AT SR Tl F oBRer e £rom 2

fueadt esch( #bemprbsende of nethanol has a small effect
[o 007/ 02503PgT/USZOO6/024645 on EH.% Cgrgonate
osi t T 68 as Tal'o FreRSUPRACYF a T BPEPEERORTBER0RE dhdProcess
whakteh tdhecgxpersfentickasodaoRt OfF &S tHeCc WG -ator flows
hydr ogen_and carbon di oxi de content in the reaction
copEygtiental vwaribushpoinradufily | hydspepnAalmg a reactor, for
r ol t p from t
L The el & S i SPvEeT Lavad T e, o i Present
1nﬁentsnalIpéagpféswtakedeﬁmnedlegaﬁodﬁowﬁeo75]8tep B:

nera e elec bac t owar d r|g
P85 ar soaf T Eve s Rl o e ey fluid
elthask Qﬂﬂ:éﬂ:@i@igedtﬁ@ geeeeat Estiean Mapoes chkam theit entered

flask were refluxed using a condenser coil. The steam
befprectidd HWiFBPBLsaN6f PESEMIEHNE7)aRGd et UBRey reactor in
ped, f car pon 0 a
oL LIRD ST g CF RNl SRR, R0 it soroam
isdimediedeipy apdr £ vasd abl emedtsp estapd fwidmit lewordeaseresident
in 88 its vol ume _was measured _usin
[

t t t t .
et cen St e Bl B ofbkihe.  stated

an@@h@@nwélﬂmﬂ&eﬂﬁé&lﬁlﬂuéatfgoﬂﬂdlsjr@pﬁﬁﬁple way of modeling
substantially, thus indicating that regeneration had

flawppéaehéé%&rmnet i, DAIHE t B LIRS, | (K@% her any vessel
| t d

su OORSBSES | *hHSPERP BLATLL PR, BF | B0 TyEs80 or e

copdéssoane mjIfﬁmwdworn@oShepa&aM$hcmhehaarU@du§stmhafinite

red by the wet test _neter shome t hat ab ut 100%
VO RERG b ol BBRALS G hatdtich Bees A NESU¢ROUi PRSSel with

suBb€BnBiafl vt he epdcRf diiishPenkedebie GANJENSRENYES or plugs.

renmoved and boiling continued for another 1.5 hours in
Ungegermias ety ecnebst angi alondiglionsf, tde efifégéead plug flow
reg‘é{:ggc\gtaglr Tglﬁos[ﬁil{%eaasl% ed éé%c\)/%%%m:g\u” % de]f]inltlon of an
1ddist pllgt ifQow He%&kﬂokyiaxﬁﬁﬁhﬁﬂaﬂﬁnﬁQH@O§$teﬁpeMaéd that, in

again nmeasured via titration after the steam
tYQﬂF?&pl%@eIQFeO?ege%eﬁéﬁedpéﬁﬁﬁﬁFoly@%e%héo%avéﬁiféﬁaSt some

Step C. Table 2 sunmarizes the total carbon di oxide

evol ved, the initial and final electrolyte

conpositions (based on cal cul ated pressure changes in

t he batch reactor and carbon 4H oxi de evolution in the

Step B, and pH as neasured with nethanol. [0078] Step

C. Using regenerated electrolyte to make H2



W%@W&?‘%&hanol. [0079] The batch reactor was reﬁéﬂﬁéﬁg&Z%B

regenerated electrolyte from Step B.

wat er and net hanol were added to replace that renoved

by reaction in Step A and by distillation in the final

stages of Step B.A small increnent of catal yst was

al so added to make up estimted | osses fromtransfers

and titrations that occurred in Steps A and B. The
hydeageor gas agaiduatunwal 1208y @G asithg pitegside feed and some
b bgi I d-uEL to follow the reaction progress. After
2&ddl"t T on% P h 8 frlikeup water, the electrol yte pH

rodsapped torlledddrie tWuipidanotnaddoti Murdhate process is
increased to 11.4 after nethanol addition. The pH of

enchacilglt i@ fhetirerehar géastopistdle Aamon 1dox ik sproduced
QS e r h i:gi_na kn..Ste ' h

g e 8 R et p oo TRl oo B iPa £, Aty "o che

eleherbilgacbonat e foammedidur iogrStegporAlieck total bicarbonate.

carbonate, [0080] Reactor pressure at the start of the _, |
Typgga @Yham%%mopa .O“%hi%%pr%ﬂﬁreei% saﬁl%h‘?%bon dioxide
ishingéil%vécﬁ‘ﬁnpﬁf@@teriaﬁl§t &b +402P9 - abBubi BHY or more; for

concentrated al kali carbonates, nethanol is known to
exppbdea sebontl nharis! - elooktphd8&. Thelhr égenceaseoas carbon

et hanol + ] ph exhi;hits |.aher vapor
dltg%%ﬁ%v\heinééﬁ‘g an%ﬁﬁlhs pj' ulf% y ngg[sig?\ged }gﬁé{%q{a’queggs can  be
subatbandté Iphasseendtdder nayi velenditke agddeti prakiuct into the

pressure coul d étulg est t hat eneration of the

re
ab§Prgehal ca¥BoR chafe PHSQ%QEIA%%W%hFPyH%%%Ve about

sothal 198%t Causi Ngr angrl lof NEheMeRt&on NGIERSE | Rhat may be
carbon di oxi de partial pressure.The reaction
rresegitessedeferaabyutaldmthofils Aot habend 019% hiay more; more

L e Lncr d 4 [... Al t
rBGLONIG SIS 106 LACKEREs I 180 Bobeyy SEhd ! plftrmonare-
ridécldmmsshiio drorgltlg bteacade eoidpaties bbsbhber are combined

%;i i nal, even thoulgh 69% net hangl and 69% of the
an t% i 17 1 5°9eRPIF Y r eabBPOR- WESAM 1S used to reverse

red@@16002508PCT/ US2@06/ 024645-6hacgach gneined ddydh&ate  the
reactor. Final pH was 10.6. 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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e re versus tinme record for Step Cis als | ot
W‘?ﬁooﬁi%ﬁ% 8 for conparison with Step A The iﬁ%’ﬁg&gh&@mms

initial rate in Step Cis consistent with Step A and

the interpretation that the el ectrol yte approached

full regeneration in Step B. Table 2 summari zes the

initial and final conpositions (based on cal cul at ed

pressure changes in the batch reactor), and pH (as
legeasthatd wbbhtarkD¥i bhoutherethahoh) diCariienafeom the gaseous

onposi tio s also neasured via titrati bef ore and

by P PHPRCPE R EC BT AEE REEPREd5EEReAPEY thy P dgen and

[oogshon direxi dgreessent ehBolilRehacbEONtREOUYEEs@ht invention
vari ous points during Step C. [0081] Table 2 Summary of

11ENEEFAGREGt e RBgendrigiiten 4Usi wprPt / GCat funki¢mbl esimplified.
Sugggbﬂtgéﬂﬁyla%ﬁe%aéb%%dd@@%ﬁdélfrom a plug flow (or non-plug

flow) ECR reactor can be captured as bicarbonate. For
example, typically, about 90% to about 99% or more of the
carbon dioxide that may be present is removed; preferably
about 95% to about 99% or more; more preferably about 98% to
about 99% or more; for example about 99%. In this embodiment,
the absorber tower can be eliminated as shown in Figure 5.
Again, a carbonate-rich solution is mixed with a .fuel, e.g.,
methanol, feed and flows co-currently along a plug flow ECR
reactor, also typically containing catalyst. In this
embodiment, substantially all of the carbon dioxide leaves the
reactor in the Dbicarbonate-rich stream. A substantially
carbon dioxide-free hydrogen product is produced as noted
above. The bicarbonate-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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plate at an intermediate point along the first tower. The
specific feed location depends on such factors as the
operating temperature of the reactor and on the particular
catalyst employed. However, typically the feed will enter the
tower in the middle third of the tower; alternatively, in the
top third quarter or in the bottom second quarter; for
example, about midway in the tower. The product hydrogen and
the absorption carbonate solution run counter-current to each
other. The down flowing carbonate—rich stream acts to capture
and remove carbon dioxide as a bicarbonate. If any methanol
vapors or carbon dioxide are carried up the column with the
gaseous hydrogen product, the incoming carbonate stream
absorbs them from the gas and pulls them downward in the
liquid phase. The section of the first tower below the feed
ensures that substantially all of the methanol is reacted
before the bicarbonate-rich stream exits the first tower.
This bicarbonate-rich stream is again preferably reduced in
pressure and 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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integrations. Furthermore, conversion of the fuel is higher
because substantially all of, for example, the methanol is
contained in the reactor column, thereby providing for
increased conversion as a result of a longer residence time.
While actual improvements are typically dependent on the
design specifics, countercurrent flow has the potential to
increase the residence time of the oxidizable fuel (e.g.,
methanol) by 2 to 3 times over a similarly sized co-current
process. Under such circumstances, if the residence time 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 improvement of 1.5 to 2
fold can be significant. For example, an improvement of 1.5
fold can increase conversion from 90% to 97%, with the
associated significant economic benefit.

[0056] A significant economic advantage of the present
invention in its wvarious embodiments is that hydrogen can be
produced without the need to continuously add fresh caustic
reagents (hydroxides, carbonates 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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Furthermore, any range of numbers recited in the specification
or claims, such as that representing a particular set of
properties, units of measure, conditions, physical states or
percentages, is intended to 1literally incorporate expressly
herein by reference or otherwise, any number falling within
such range, including any subset of numbers within any range
so recited. For example, whenever a numerical range with a
lower limit, Ry, and an upper limit Ry, is disclosed, any
number R falling within the range is specifically disclosed.
In particular, the following numbers R within the range are
specifically disclosed: R =R, + k(Ry -Ry), where k 1is a
variable ranging from 1% to 100% with a 1% increment, e.g., k
is 1%, 2%, 3%, 4%, 5%. .. 50%, 51%, 52%. .. 95%, 96%, 97%, 98%,
99%, or 100%. Moreover, any numerical range represented by
any two values of R, as calculated above is also specifically
disclosed.

[0058] For purposes of the present invention, unless
otherwise defined with respect to a specific property,
characteristic 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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is claimed is considered to be what follows and potentially
more. These terms, particularly when applied to claims, are
inclusive or open-ended and do not exclude additional,
unrecited elements or methods steps.

[0060] As used throughout the specification, including the
described embodiments, the singular forms "a," an," and "the"
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to "an oxidizable
fuel" includes a single fuel as well a two or more different
fuels 1in combination, reference to "a metal carbonate"
includes mixtures of two or more metal carbonates as well as a
single metal carbonate, and the like.

[0061] The term ‘"about" encompasses greater and Ilesser
values than those specifically recited provided that the value
of the relevant property or condition facilitates reasonably
meeting the technologic objective(s) of the present invention
as described in detail in the specification and claims. More
specifically, 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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charged into a reaction vessel and then sealed. The vessel
was then heated to reaction temperatures between 150 ¢C-
250 °C. [Kinetics were measured as a pressure build-up caused
by evolved hydrogen. Gas chromatography (GC) analysis of the
product gases using potassium hydroxide typically showed high
purity hydrogen with only trace amounts {(less than 1000 ppm)
of carbon monoxide, carbon dioxide or methane. A wet test
meter (WTM) was used to monitor the amount of hydrogen gas
evolved. '

[0064] A geries of conductive metallic catalysts were
evaluated wusing the test stand shown schematically in
Figure 2. Figure 7 compares the activity from these catalyst
evaluations. The results are presented as hydrogen pressure
increase after the reactor was heated to a steady state
temperature of 200 °C. All tests utilized substantially the
same charge, 40 ml methanol and 250 ml 45wt% KOH, so that the
pressure curvegs are directly comparable as a function 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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Observation 1s generally consistent with the understanding
that an internal diffusion, mass transfer limitation within
the catalyst particles can affect catalyst performance. This
suggests that high surface area catalysts are most active when
using small particle size catalysts and may also suggest that
a nickel slurry catalyst as the most cost-effective. On the
other hand, an experiment using Raney nickel exhibited an
exceptionally high activity per unit surface area. TIn one of
the experiments represented by curve 3 in Figure 7, the amount
of oxidizable reactant (methanol) relative to platinum
catalyst, was significantly decreased in order to demonstrate
that in the reforming reaction the reactant can be
substantially completely reformed. Complete reformation was
achieved in this experiment, but since the amount of methanol
present was less than in the other experiments, the total
amount of hydrogen produced (and consequently its pregsure)

was less, resulting in the distinctly different pressure

curve.
[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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ion~conducting electrolyte, thereby lowering its pH to a range
between 8 and 10.5. In this step, a substantial portion, but
not all of the carbonate is converted to bicarbonate;

[0070] Step B: Using steam to substantially regenerate
the bicarbonate-rich electrolyte to a carbonate-rich
electrolyte thereby increasing the ratio of carbonate to
bicarbonate to approach the original ratio and increasing the
electrolyte pH to approach the starting pH in Step A;

[0071] Step C: Using the regenerated electrolyte to

produce additional hydrogen from the fuel, e.g., methanol.

EXPERIMENT
[0072] Step A: Making Hs; from fuel (methanol) at pHS12.
[0073] The batch reactor, schematically shown in Figure 2,

was charged with an agqueous solution of potassium carbonate
and potassium Dbicarbonate, as shown in Table 2 (starting
pH = 11.6), containing methanol and a reforming catalyst

(20 wt% Pt supported on carbon) provided by E-Tek, Inc.,

(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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on pH.) Carbonate composition was also measured via titration
before and after the experiment. Gas chromatograms documented
hydrogen and carbon dioxide content in the reaction product at
various points during Step A. The electrolyte was not
separated from the catalyst, but instead the whole mixture was

saved for Step B, except for small samples taken for

titration.

[0075] Step B: Regenerate electrolyte back toward original
pH

[00761] Spent electrolyte from Step A was placed into a
flagsk and heated to generate steam. Vapors from the flask
were refluxed using a condenser coil. The steam effected a

reversal of reaction (7) and eventually stripped most of the
carbon dioxide that had been trapped in the electrolyte during
Step A. Carbon dioxide vapor was allowed to escape from the
condenser and its volume was measured using a wet test meter.

{0077] Boiling continued over 14 hours until the carbon
dioxide evolution rate had dropped substantially, 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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in noles except as indicated Measured at 21.3 2C
[ 0082] Exanpl e 3 [0083] The series of experinents
walemenidzedd i n Exanple 2 were repeated using a PET/US2006/024645
catal yst (spherical nickel powder, comercially
avai | abl e as Novanetc) Type 4SP-10, fromInco Speci al
Products, Inco Limted, Wckoff, NJ). The results were
substantially simlar to those reported in Exanple 2.
Hydrogen was again generated in Step A and Step C.
chalNigekelin stlze | Bsschctrieas toat a:lr;c‘st cahon plddbxidm andblastion in
a_result thgl apount of cat ncr ased from 3g

chel 58548, PdsBR BorePEe e oNe kT RERREE  ni ckel |'s

[oogBqut 1@0Qpt cresykens expeAsk¥echihancptablfum REr mHRkt H,
wei ght and thus nickel may be a nore cost-effective

fropamglpsnoli.n Step A the pH decreased from 10.95 to
54, S th | whi.ch
[ooﬁlggkel 'Srﬂu teBa@ghmgrg%ﬁgEEo yxt,vgo( L&T {iQP@S‘h”edwfth the

rry-an rcul t sep ar a
regereantati elpctwad ystedmost rduaped untHﬁesIlhemziteEnal afpdd methanol

increased from10.54 to 11.14.In_Step C,
Werree@éar%dat*e% EFRLEFSI ;’f'ﬁ“étvxd%e%%% ?%cﬁﬁﬁﬁéaow i fFegh A and
by "&iHanol 2 Thenhydd ogen: genenat i gpagekurded diad he A small
initial rate observed in Step A again suggesting that

incregensr aof orradfalpisd elvast r@l%@ e aidgledt epoB M@l UP estimated

losé%gstﬂrgﬂ aé]{%ngi’:oe%/%o i OXI %QE@ RE I%¥1 nec& ea:egyalﬁrg Steps A

Stép A serve
andt hie ti tTred | pescuer e wall eagahsi stantat n2 E@aﬁ’pl a1 ddhapressure
were Ln Exanple 3, possi bl ue to experl nment al
A Sk

bul&fir HP 0082} WP eFRSt MRS EHIB| % - t hébiterertdGition of

the@hRk¥R water, the electrolyte pH dropped to 11.2 prior to
methanol addition and increased to 11.4 after methanol
addition. The pH of the initial mixture charged for Step A
was 11.6. This close approach to the original pH in Step A is
further evidence that Step 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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forth in the follow ng nunbered paragraphs: [0085]A
s for producing hydrogen gas conprising

W(;);I%ggzisbﬁg iﬁ t he Iigui)cgl phase at |east one oraTIUSIDé/E24645

organi ¢ substance in the presence of a cond_ucFlve

catalyst and an al kaline electrolyte, wherein:

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

top and bottom wherein said at |east one oxidizable

organi c sybstance is introduced into sai d reactor at a
ch )Eﬁ??]t TSROt | ARl iR dwepclerween Faiad tpB awts 10.6.  The

; al-ine glectrolyte )
pr%?n%%nsivﬁé sue | £ikd o%%ec%(alfogar%%%%_té 'S | ALFgduRkRIEted in
Figuite Saiferr ecootoarasom pditht Subst ANt i alhy Amd Py d@P inicial
sai.d r%%ctor such that said netal carbonate and

Sai d%ﬁlydr 5J&R Jas fFow SUBStaReTal | ywiBunt fan rZEn]tc am@l  the
intenepmeteitiem thengby resul ti @lé&fc!"l“iztoé oduglggl)lgg?%iegt Full

| east ane netal bicarbonate conposition; 7 (
TeOESF At Preast Sirenmd al Hiad:dreb@naismnﬁrm@ﬁtlt@@ iSnitial and

i saj | east _ane .oxi dj zabl e organi c .
fl%ﬁgg?gﬂgggggﬁggfsl&gﬁé dox§rglencaat%e%ﬂ1‘?§:cﬁéopaF86ﬁPr € changes in
the obsbFTher protess, ofamar agr aphs85mukenebd a,41PCesSy without
conprisi,ng said netal bicarbonate is reduced in

metgltraglg)gumr'e cor%%lé G t FETRQssddaa | Washi ceksactmeasuded  via
t1 tratcrionudssk s 0aAdS8eeRd rRag ¢ whepe Jt Sagf‘%%tl agled cnted

with steam thereby producing carbon dioxide
hy@ﬁgﬁaﬁﬂ%lqafh@gé%@@dmg:m@taljkaltlna_e ﬁé@@%i&h YbLoduct at
Varﬁggg?l)gti}gtgr %ﬁg§?go%tgsr agr aph 85 wherein sai

al kal'tne

regenerate efectrolyte is introduced into

[00831d hydrogen generating reagts 2 [0088] The process of
par agr apgur@réryvg}e%?é&r%%iftde Q)e(é(e%%ggtgl%% Using Pt/C Catalyst

Variable* Begin End Begin End Begin End

Expt. 1| Expt. 1{ Expt. 1 Expt. 1 Methanol Expt. 1| Expt. 1

Step A Step A Step B Step B | Distillation Step C Step C
K2CO4 0.4995 0.3496 0.344 0.4912 0.4809 0.4679 0.3247
KHCO; 0.0512 0.351 - 0.0511 0.05 0.0486 0.3349
CH50H 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 2471 237 185 235 230
{(mL)
PH, no 11.45 na na na na 11.22 na
CH5;0H
PH + 11.63 10.06 10.06 11.17 na 11.43 10.6¢%
CH;0H
COy - - - 0.1533 - - -
Evolution -
Total H, - 0.4498 - - - ~ 0.4294
Evolved

* Chemical componentg in moles except as indicated
¥ Measured at 21.3 <eC

(U]
it




hydrocarbon is selected fromthe group consisting of a
sacchari des, cellul oses, starches, sugars, alcohols,

et hers, carboxylic acids, al dehydes, ketones, bionass

and m xtures thereof. [0089] The process of paragraph

88, wherein said saccharide is selected fromthe group

consi sting_of ngsacchari des, di sacchari des,

H%9§8d acchBFFERE pol ysacchari des and mi xt ures

tmlr?@q’}‘ : Lﬂ?&O]sEBQeQY QFessxPdr paragl apds B8 badhetei Example 2
said alcohol is selected fromthe group consisti of

CEXEs ZARSGHEAs UiidImi &t Ut e§aFﬁiY%rof .(S?g%@ﬁa?’lhemp%l%eclesgow‘ier'

orRRragraph Hainaslei nasaindvaheoPolTyips sespeied from Inco
met hanol, et hanol and m xtures thereof._[0092] T

h
FRACASS RTASCAGr apiPce] WHEKGh SHI it 1 The results

Wrréanéﬂbst[aqggg]lIPe $1208sS f PRESYr 2BPoBGed WAAT Gixample 2.
e

said ether is selected fromdinethyl ether

HdrPOenhyRs eBfiRin deReTRNCCetiferStaRIAnPRAUFPEEPt fer eifCkel is

a less active catalyst than platinum and as a result the
amount of catalyst was increased from 3g to 104g. 1In spite of
its slower kinetics, nickel is about 1000 times less expensive
than platinum per unit weight and thus nickel may be a more
cost-effective catalyst. In Step A the pH decreased from
10.95 to 10.54. In Step B, the electrolyte (which contained a
nickel slurry and was difficult to separate by decantation),
was steam stripped until the final pH increased from 10.54 to
11.14. In Step C, the regenerated electrolyte was again
recharged with fresh methanol. The hydrogen generation
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] Alternative embodiments of the invention are set
forth in the following numbered paragraphs:
[0085] 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 bottom, wherein said at least one oxidizable organic
substance is introduced into said <reactor at a point

substantially midway between said top and bottom;
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[ 0094] The process of paragraph 93, wherein said ether
is dinethyl ether. [0095] The process of paragraph 88,
wherei n sai d oxygenated hydrocarbon is a m xture of
nmet hanol and di met hyl ether. [0096] The process of

par agraph 85, wherein said al kaline electrolyte is

sel ect.gd féﬁﬂn§{¥gﬂakgupe%é%E¥6ﬂ§t%9 QbnfBi&ng at 1least one

hydr oxi des, carbonates, bicarbonates and m Xtures .
tespdofcarb008PETHe pruvesiiosd plartay r agpkd 8eeagkRr efh & point
WA EALALYRS 16 ol Gdehd 'ANd NRGEUP SGORSLALL Nafd metal
compounds, npl exes, éfloys and ‘m xtures thereo
ceirponstag aamit alsasiel ecthwdrbgem t heass oUd owl | | substantially
transition nmetals of the _Periodic ft ; :

o@ﬁ%ﬁ ggrfﬁH§8f¥he(%Fbcg§§£%ggbaré%$%b 9%Fg§ﬁg%%?n in  the
saioducat ahysf dturlidasit onapnétsels laitcarbastteneommyisdltion;

o) B PR PR TERE SoRt FUBE) oo SRR e eton 1o
pagegeapbe® 7andhedi vl ratsdiethstabakyskidizable organic substance
comprises an oxygenated hydrocarbon.

[0086] The process of paragraph 85 wherein a process stream
comprising said metal bicarbonate 1is reduced 1in pressure
compared to the pressure in said reactor and introduced into a
second reactor where it 1s contacted with steam, thereby
producing carbon dioxide and substantially regenerating said
alkaline electrolyte.

[0087] The process of paragraph 85 wherein said regenerated
alkaline electrolyte 1is introduced into said hydrogen
generating reactor.

[0088] The process of paragraph 85, 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.

[0089] The process of paragraph 88, wherein said saccharide
is selected from the group consisting of monosaccharides,
disaccharides, oligosaccharides, polysaccharides and mixtures
thereof.

[0090] The process of paragraph 88, wherein said alcohol is
selected from the group consisting of C;-C¢ alcohols and
mixtures thereof.

[0091] The process of paragraph 90, wherein said alcohol is

selected from methanol, ethanol and mixtures thereof.
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is selected fromthe group consisting of platinum

ni ckel , palladium rhodium iridium cobalt,
ruthenium iron and m xtures thereof. [0100] The
process of paragraph 98, wherein said catalyst further
conprises a netal selected fromthe group consisting

of copper, zinc, silver. and rhenju 0101] The .pr :
dPoB3 agréﬁﬁfg*PcﬁﬁérQFnp@ﬁFarﬁg?a?%s%h?g?%bg%ggtggg%hOI S
QethBnd1 conducti ve or non-conductive material sel ected

fromthe group consisting of netals, netal oxid .
JOPPBYL, althf RECSS &F HIHATEP i%BCoﬁﬁtf‘a?,retht E(ﬁ?‘iﬁg, ether is

GRA bBre& RGN, di3dtnGAN c€BED] ORet15tldtegn BEherdediethyl ether
silicon boride and m xtures thereof. [0102] The
prdcesstgre fegeqdh 101, wherein said support is in a

fleoausel echied fronmdde Oroam | f3i, ngiifrdieadsid ether is
owders, coatings extruded substrates, nonoliths and
wiipeghgd ¢tgeof . [0103] The process of paragraph 85,

WP%@F&” Sa*ﬂE(Bgdﬁe%%bb? pL9agtsp1s WSt alkeedafdsgad doxygenated
al kaline electrolyte are reacted i.n the_presence of

Urydepca Fo0 4 ST Hre MixsES sOBf Ny apRIoBI MGHE e S 84 d
%o%@%ﬁ”e The process of paragraph 85, wherein said alkaline
electrolyte is selected from the group consisting of metal
hydroxides, carbonates, bicarbonates and mixtures thereof.
[0097] The process of paragraph 85, wherein said 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.

[0098] The process of paragraph 97, wherein said catalyst
further comprises at least one metal selected from the metals
of Group IB, Group IIB, Group VIIB, and mixtures thereof.
[0099] The process of paragraph 97, wherein said catalyst
is selected from the group consisting of platinum, nickel,
palladium, rhodium, iridium, cobalt, <ruthenium, iron and
mixtures thereof.

[0100] The process of paragraph 98, wherein said catalyst
further comprises a metal selected from the group consisting
of copper, zinc, silver and rhenium.

[0101] The process of paragraph 97, wherein said catalyst
is supported on or in a conductive or non-conductive material
selected from the group consisting of metals, metal oxides,
gsilica, alumina, silica-alumina, zirconia, titania, ceria,
carbon, silicon carbide, silicon nitride, silicon boride and

mixtures thereof.
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electrolyte is selected fromthe group consisting of

al kali netal or alkaline earth netal: hydroxides,

car bonat es, bicarbonates and m xtures thereof.

[ 0105] The process of paragraph 104, wherein the netal

of said alkaline electrolyte is selected fromthe

group consi sting of sodium lithiu ot assi u

ckliGzh 1 uBRei BRPSRZS nPkt BREQITHRT gi)?f’ [?ﬂs

process 0f rpar agedpd D PhSH eithel €G! addrm¥isiting of beads,

conducted at a tenperature of about 85 Ct ,alk%out %OO.

@owstersl t sophipge| gxaruded e%%?taﬁ%}reé'ofnoasgb‘f 58P phrtures

abpute k70 C or about 85 C to about 100 C. [0107] The

process of paragraph 85 conducted continuously. . .

[ POl Al | Eg@uﬁ’é?ﬁ%?s i9fc INAdPAE2BAt Bht sWRYIdY iS5ed oxidizable

her £ LBk REREPOLA ach kY J1/beraacel b Rt RgkUdEAgted in

any priority docunments and/or testing procedures. The

prien@insisencepeif@tiad enbodi nents, and nodes of

9&?1"@41' on of.the pLesept iAyaRthon bayveheesidessigbadkaline

ih the foregoing specification. Al though the invention .

helresitr Ras ebden srlsegtiefle Endm hthef 8F@WR eCPBS Rt N uPr alkall
i SaikhiigetO n hood t PESE, carbonates,

Z% [ %ﬁ sa%?élﬁ?eli%rrugﬁ%tli've o?%%% principl es

aniccauinacati and wixtyresprbseaeti nvention. It is

t ore b St.e0 us Ll cahd O

B g e i

oddiet aalkagerent slestyrdletgeviised sgidwhad debeem i nghe group

f th AR d . t.d ti QR ;
AR bl oa Bl SR, TRRABRERA oL MAR! 1 2iBTum and

mixtures thereof.

esaid support

[0106] The process of paragraph 85 wherein regeneration is
conducted at a temperature of about 85 °C to about 200 °C, or
alternatively at a temperature of about 150 °C to about 170 °C
or about 85 °C to about 100 °C.

[0107] The process of paragraph 85 conducted continuously.
[0108] 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 been described with
reference to particular embodiments, it is to be understood
that these embodiments are merely 1illustrative of the
principles and applications of the present invention. It is
therefore to be understood that numerous modifications may be
made to the illustrative embodiments and that other

arrangements may be devised without departing from the spirit
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1. A process for produci ng hydrogen gas conpri sing:

(a) an electrochem cal reformng step conprising
contacting in the liquid phase at | east one oxidi zable
organi ¢ substance and water in the presence of a

m xture conprising at | east one conductive catal yst

and an al kaline netal electrolyte, to _.produce
FnG HCOPEoRpr FEENFTRTET DgER (}qpeggtﬁgﬁlgﬁgpPgdﬁ% gappended

GOMakSi ng nmetal bi carbonate, spent electrolyte, and

wat er; and (b) aseparationstepconpri si ng
separating hydrogen forned in step (a) from
by- products; and (c) a regeneration step

conprising contacting said reaction by-products from
step (a) or (b) with steamto produce CO2 and to
regenerate said alkaline netal electrolyte for use in
said step (a); wherein said at |east one oxidizable
or gani ¢ substance conpri ses an oxygenat ed hydrocar bon.
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2. The process of claim1l, wherein said oxygenated
hydrocarbon is selected fromthe group consisting of
sacchari des, cellul oses, starches, sugars, alcohols,
o eth%rs, carboxylic acids, aldehydes, ketones, bionmass
L m xtures thereof. 3. The process of claim 2,
wherein said al cohol is selected fromthe group
consi sting of Cl1-C6 al cohols and m xtures thereof. 4.
The 1pr océs Profcesisaifiors prafacdng yogogetoRsr cemprising:

sel ect.ed from nol ' ur i g
o TR A oo e BT L EhenSbRET0 » Ak 4] T B cbCr EStpris ing
cotlrctied; f iam dheet byqued hephaset atl etiepistet ae, oxidizable

di ethyl eth i
L oStner and M egt et eph G 068%% Chicure

comprising at least one conductive catalyst and an alkaline
metal electrolyte, to produce a mixture comprising hydrogen
and reaction by-products comprising metal bicarbonate, spent
electrolyte, and water; and

(b) a separation step comprising substantially
separating hydrogen formed in step (a) from said reaction
by-products; and

(c) a regeneration step comprising contacting said
reaction by-products from step (a) or (b) with steam to
produce CO, and to regenerate said alkaline metal electrolyte
for use in said step (a);
wherein said at least one oxidizable organic substance
comprises an oxygenated hydrocarborn.

2. The process of claim 1, wherein said oxygenated
hydrocarbon is selected from the group consisting of
saccharides, celluloses, starches, sugars, alcohols, ethers,
carboxylic acids, aldehydes, ketones, biomass and mixtures
thereof.

3. The process of claim 2, wherein said alcohol 1is
selected from the group consisting of Ci-Ce alcohols and
mixtures thereof.

4. The process of claim 3, wherein said alcohol is
selected from methanol, ethanol and mixtures thereof.

5. The process of claim 2, wherein said ether is
selected from dimethyl ether, methylethyl ether, diethyl
ether and mixtures thereof.

6. The process of claim 2, wherein said oxygenated

hydrocarbon is a mixture of methanol and dimethyl ether.
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hydrocarbon is a m xture of nethanol and di nethyl
et her. 7. The process of claim1, wherein said
al kaline netal electrolyte is selected fromthe group

consj st i R Of g%EéEshYQEOXéfgﬁﬁl qarb%ﬁé&%gn said alkaline
bi car bonat es and m xt ur es ther eof The

metedceskseofraldien 1s mﬁ@tﬁdseﬁmrmatladsystmu@ swirscitsdding of
frgm r.Qu con5|st|n of conpoun | exe

melsto) R AR o TR S ST R I YR T i et ures

thr&te@f selected fromthe Goup VIII transition netals
of the Periodic Table of the Elenents and optionally
furher OFPREREL] PEastladhe et WhekeiRcfeddf (GRSt is

seTelled Ofrdd OLUR Igr0§£o%BnEH§t19@NH¥\ééﬁﬁoﬁﬂﬁg complexes,

m xtures thereo process of cla 8,
a Miogrse| am@andxdzmlsystthe:secsfél eotnpdlfsmgn tate ge@a‘p one metal

sel@liedt, Wl i | a1 RS TRORHD of the

Pedfi ddhie cqtaemést a5 phad i mt@é&@ptamal bytiohdhey further
comprises a nmetal selected fromthe group consjistin

CO@Prééﬁﬁeratzﬂ@@Str heRe umed?d sPelegted fromgthghaetals of
crRLPCEsS o g)a'&'fBg OMRELHA 1321 A h%aé%tre'ss tﬁ%ﬁ%%fft ed

on-or I'na-c act'i ve or non-<don uctlverraerl
sel ect ed ’Ifhreorp:tdsmew ouf cdrsinstd ngwlmérer:eﬁalsa,ldrrei&tlalyst is

oxi des, S|I|ca alumna, silica-alumn

sedpctert, Hrpi athdp GEab s dInsir i) oF BLPEOBRY, nickel,

pallbididg, Skhbaelmbor i deqand, mMadraes, thﬁﬂﬂﬁﬁnmﬁﬁldlron and
support optionally in a form sel ected fromthe roup

mixgngiest ithgnsiotheas, tl‘pﬁ)vm%l}/%taafw ngsaeikpymdaad optionally
strates, . rmnollth S Cor s
fufﬁger colt V&éﬂééé@& f%g§|g%%i%50ﬁ8t5%5515t1n9

proce &8T5 1% erein sal
ofelcepiped!, Y tz8 nics &eieeﬁmd amdomitlkergr oup consi sting of
al kali netal or alkaline earth netal:hydroxides,

car Bnat 88 HERFBITaPes Stk Mibet UVRSTEhRr 854 % kptat st is
ug?o l s S¢l set adh T4 O%BBGCQ&QHD ocxor}%@é&gd@étf@éﬂ HHterial

hi um pOt assl| um cesium rubi di um and m xtures
sefleertedf .from thd2grFhpprocssseicigaiafl, el nsagtlal oxides,

silica, alumina, silica-alumina, zirconia, titania, ceria,
carbon, silicon carbide, silicon nitride, silicon boride and
mixtures thereof, said support optionally in a form selected
from the group consisting of beads, powders, coatings
extruded substrates, monoliths and mixtures thereof.

11. The process of claim 7, wherein said alkaline
metal electrolyte is selected from the group consisting of
alkali metal or alkaline earth metal: hydroxides,
carbonates, bicarbonates and mixtures thereof and said metal
is selected from the group consisting of sodium, lithium,
potassium, cesium, rubidium and mixtures thereof.

12. The process of claim 1, wherein said
electrochemical reforming step (a) occurs at a temperature

of about 150°C to about 350°C.

41



el ectrochem cal reformng step (a) occurs at a
tenperature of about 150C to about 350C. 13.
The process of claiml1l, wherein said separation step

(b) npr4,ses orptiQ r OCess . sal.d .
by-ﬁ?gduép%%oﬁ%?F%%E Cgﬁ anégghﬁd ag@%?%%Po%&%¥%cgggarat*on

stdep ¢hhprickemriedsactang adisdrpydoagepanedsO? stéh, said
an aqueous sol ution conprising al kal i ne net al

DYTRIQIU 'yt EOIPTASEENpEPat BPE FFakhoRPSPEBEILE ddiERfess step

comdS seyl EBﬁE§é¥ih§fi(§di\@|H @bsgER Bagsatsl G 1andn aqueous
produci ng a netal |carbona¥e-contaln|ng composi tion

st e fcompadsing saptkadieaer ardtonl st epeceyolyte at a

14. The process of cl ai erej.n i rRLion
e oo rrtee TIEH Lol o P Y B o pheveny
r¢dODEe NG agesbrengct eshid ontbhe ghaup madicindlg af metal

am nes, borates, arsenates, glycines, piperazines and ,
bigsrhprate eprlpining compgsitphanysydsedler 9% weg, in said

Ebde @ﬁds@%%cggﬁ.occurs at a pressure of about 10
atm

atmto about 1 16. The process of claim
1, whereiTthsabdoakekal iofe gbéah dP3ectwhdxygeini said absorption
regenerated in said regeperation step (c) in a_reactor
PESERT o MR oNEABE ARG Saal o1 cEOTFAt by i o2t {fease one
psbfainyhesgbnt Sabd18tXEYr € firoft heheCORRIUEES diindigAsSing of
one pronoting agent selected fromthe group consisting
amiRgs nes Hogiedess, ar 3EAANRESH) yciNSE I Ser aPiRBE2ZARSS and
] S f. 17. The process of claim 16,
m%%éé%%% ¥%£§%§?a| of said alkaline nmetal electrolyte
is sebectedef romtdes grofip cbabnstl ng wierdkal isaved algrocess
and al kaline earth netals. 18, The Eogsgs of
OCFAFFn 36, 2 VREFBFRTE hal r B_NEr 4P i Bh™stR pa?sz? i atm.
condygt edrak gpl%éééé” eof akaw 8.3 aharkonabestd209kaline
atm 19. The process of claim 13 wherein said
mekadl eliecariodyiee- bonradanayatedpddt t faRdofreggngration step
absarption_process step.i on £ h ; ' :
(G0 A gention sopras o SoGLEE b | ST Tkl ion by
psaddcaskatiche gteizal, elleeteDhybaid mixtur20.fultther comprises
rocess of claim13, wherein the netal

a icéﬁﬁﬁﬁat@néonpﬁpwpﬁ&USOWﬁﬁﬁﬁq(Nﬁ?%ﬂCQﬁﬂr1§£ﬂW1 the group
c@ﬁ§9§9£h§nmf§ﬁceS§m§ﬁ§Q,andbé?ége§$ep dPdeRh€es, glycines,

contacte steamin said regeneration step (c) In
paperacinest andegierenace Shedealfkal i ne net al

e'e°559'y%ﬁe08288232ebf claim 16, wherein the metal of said
alkaline metal electrolyte 1is selected from the group
consisting of alkali metals and alkaline earth metals.

18. The process of claim 16, wherein the regeneration
step (c¢) 1is conducted at a pressure of about 0.3 atm to
about 200 atm.

19. The process of c¢laim 13 wherein said metal
bicarbonate-containing composition  of said  absorption
process step 1is contacted with steam in said regeneration

step (c) in a reactor to regenerate said alkaline metal

electrolyte.
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21. The process of claim 1l conducted continuously.
22. The process of claiml, wherein step (a) is
conducted in a first reactor, said al kaline netal

el e?dpl Wik | s%{,gg%gr_aggd IAadmseooNd IAactOin anfhe metal

sai d regenerated alkaline netal electrolyte iIs
bi e rlovheced- ¢orittrigain f cosposehtons. of botlP3saifleabsorption

rocess of claiim 1l .o 2, _Wherei_n regeneratipn step .
PIRSAS SORRUCH SR el Al uPE o AR e gt steam in
salPuted@fbration s2ép The PiRCcaSTRictdrai e lrufenerate said

A)_ hydrogen gas is generated in a reactor having a
akkspl Hivl ta-brig leferei s fFarkanateast one oxi di zabl e

orgajj ¢ spbst L are | ]&d&&ﬁ [ '

reagho'r at a%%%ﬂ%%?a%%ﬁlfyéﬁdmy &%l%%%y'

top 2nhd biid orgrdd®ss of claim 1, wherein step (a) is
sai dal kal i nenet al el ectrol yteoptional | y_cqnpri.sing.
C?’é‘ijﬁ%‘gt ed™al kI i ne" it al TEPEHY ! yt_éailg APt metal
eldBtOrSRItb I QaCt Pbgahe®abelNt igURST @RLLAK Yrahctbe tH said

of said reactor such that said electrolyte and said

regeiogiedaslkedineubsebal | flsctamuitte chpr elrtredeprd into

not t resulting in the production of a
S%&?a&%ﬁ%aﬁ% . cont ai ni ng conposition; and (¢ said

at |Enst Tie pedb@tsdHi cAir bbaaheicont aeni npecerimoJicdgeseration

is steami{reated to regenerate said al kalin]f; t al
StARct(Fd) 12 SAPWE % pFoduckgmperature of about 85°C to

about 200°C.

24. The process of claim 1 wherein:

(a) hydrogen gas 1is generated in a reactor having a
top and Dbottom, wherein said at least one
oxidizable organic substance and water are
introduced into said reactor at a point
substantially midway between said top and bottom;

(B) said alkaline metal electrolyte optionally
comprising regenerated alkaline metal electrolyte
is introduced into said reactor at a point
substantially at the top of said reactor such that
said electrolyte and said hydrogen gas flow
substantially countercurrent to one another,
thereby resulting in the production of a metal
bicarbonate-containing composition; and

(C) said at least one metal bicarbonate-containing
composition is steam treated to regenerate said

alkaline metal electrolyte and CO, is produced.
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