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TECHNICAL FIELD
The present invention relates to a method and system of producing hydrogen gas. More
20  specifically, embodiments of the present invention relate to a method and a system of producing

hydrogen gas from sodium hydroxide and water using a sodium ion separation membrane.

BACKGROUND
Hydrogen is considered by many to be a promising energy alternative to
25  carbon-based fuels. Hydrogen is particularly attractive as a fuel because of the lack of resultant
production of polluting substances such as unburned hydrocarbons including greenhouse gases
such as carbon oxides, sulfur oxides, and nitrogen oxides that are typically associated with the
combustion of various petroleum based/derived fuels. In addition to energy conveyance,
hydrogen gas has numerous industrial uses such as, for example, in the production of
30 electronics, desulphurization of fuels, production of ammonia, and upgrading of petroleum
sources.
Various technologies and methods are known for the production of hydrogen. While
hydrogen is the most abundant element in the universe, it is rarely found in its natural form, but
rather is found in compounds such as: hydrocarbons, carbohydrates, fuels, and water. To

35  separate hydrogen from these compounds as hydrogen fuels is not only complicated and tedious,
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aqueous sodium hydroxide stream with the first aqueous sodium hydroxide stream. In such
embodiments, water, hydrogen, and oxygen are the only products produced by the present
invention.

25 In further embodiments of the present invention, separating sodium from the first
aqueous sodium hydroxide stream in the sodium ion separator comprises feeding the first
sodium hydroxide stream into an anolyte compartment of an electrolytic cell, feeding mineral oil
into a catholyte compartment of an electrolytic cell, and applying a potential across the cell. The
anolyte compartment and the catholyte compartment of the cell are separated by a ceramic

30  membrane that, upon application of the electric potential across the cell, selectively transports
sodium cations from the anolyte compartment to the catholyte compartment. The sodium
cations, following their transport across the membrane, combine with an electron forming
elemental sodium. The mineral oil in the catholyte compartment protects the elemental sodium

from reacting with air and/or moisture.
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FIGs. 1 and 2 are simplified schematics of a system for producing hydrogen from
20 sodium hydroxide and water according to particular embodiments of the invention; and
FIG. 3 is a schematic representation of an electrolytic cell according to one embodiment

of the invention.

DETAILED DESCRIPTION
25 An embodiment of a hydrogen generation system 100 of the present invention is shown
in the simplified schematic diagram illustrated in FIG. 1. The hydrogen generation system 100
includes a sodium ion separator 110 and a sodium reactor 120. Optionally, as shown in FIG. 2,
the hydrogen generation system 100 may also include pumps 126, 128, and a gas separator 124.
One embodiment of a method of the present invention includes feeding a first aqueous
30  sodium hydroxide stream 104 into the sodium ion separator 110 producing sodium 108, water
102, and oxygen 106. The sodium 108 is fed into the sodium reactor 120 where the sodium 108
reacts with water 114 generating hydrogen 112 and a second aqueous sodium hydroxide stream
113. In some embodiments, the second aqueous sodium hydroxide stream 113 may be recycled

by combining the second aqueous sodium hydroxide stream 113 with the first aqueous sodium

3



of the invention. DETAI LED DESCRI PTI ON 25An enbodi nent of a hydrogen
generation system 100 of the present invention is shown in the sinplified
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El ectrolytic Method to Make Al i Al cohogl ate in m c | opn Conducti ng
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of the present invention is illus ed 1n FIG 3. The cell 130 conprises a
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material supatantfally degradedbypbe ehieisals ind deadides thatBecdlld 3pisekrsaldp gs Mool r eact i ve

wth or SHQS O%Qstsi ally degraded by the chem cals and conditions that the
cell 130 |spexpo'sed to as part of the process. The cell 130 further
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150, and a catholyte outlet 152. Venting means 154 are provided to vent,
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or gap above the fluid level in the anolyte chamber 136.

25 The membrane 142 in the cell 130 may comprise a material capable of selectively
transporting sodium cations from the anolyte chamber 136 to the catholyte chamber 134. For
example, the membrane 142 may include a ceramic NaSICON (Sodium Super Ionic Conductor)
material. NaSICON membrane compositions and types are known in the art and are described,
for example, in U.S. Patent No. 5,580,430 entitled Selective Metal Cation-Conducting Ceramics

30 assigned to Ceramatech, the disclosure of which document is incorporated herein in its entirety
by this reference. The NaSICON membrane 142 exhibits a high ion-conductivity for sodium

ions at low temperatures and is essentially impermeable to other additional chemical

components which may be found in the catholyte chamber 134 and the anolyte chamber 136.



25The nmenbrane 142 in the cell 130 nmay conprise a material capable of

sel ectively transporting sodiumcations fromthe anol yte chanber 136 to the
cat hol yt ewohannen6s334. For exanpl e, the nmenbrane 142 maycCirnsbudes@4zer am c
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the first aqueous sodi um hydrdwileeNet +8am D4 i nt o sodi um 10Bactisaer 102

and oxygen 106. The el ectro@v%{mlcgka&?gqﬁgp%ﬁq% es aqueq&\gfél%ggi um
' (o 2 20H
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no . 1 i di um 108
or ar que Ve%ﬁe%&@ddz)?gfg@.ﬁhﬂ%%ﬁtg%}?ggﬁs%on}%gﬁﬁt éﬁﬁ&%ﬁgodﬂfm B@?o%ga%'s&& Sodi um

fromthe first aqueou e strea accor £0 the pr esent
i nvent i on 10%acbyrdihg@dhaygesthenventiontis tydereimg shesiod aquevds yodiax hytkoxsderseeam 104 i nt o

t he anol yte chanber. 136 of e cell Q through apolyte inlet 146. An
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ions 164. The sodiumions 160 are transported fromthe 15anol yte chanber
136 acr os ;i sediumentyrlan endddroxide iohel tdathododinm iglsd hbhae traBgorted fromite cat hol yt e

chanmber, 134, the sodi,umions 160 are jojne ith el ectr 166 at the
catnods 13ayiamRg Taf Bt B e BluRt robe St ety b B sA e ecause
sodi um 108nhambkii34 ahe doBiuaiibnsadBOlark foirdel Gith ¥lebRAE tdokethWtddibavatsebsmibdie cat hol yte
chanber 134 is filled with an at | east substantially inert conpound, such

as, for exlampitd sodiinm &8s slsivin by Reactipn 2. pBespwse sodivae 1 08edidizes ine8 andaki | e ni ner al
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sodium could be used in the catholyte chamber 134. Mineral oil 116 is fed into the catholyte
chamber 134 of the cell 130 through the catholyte inlet 150 as needed. As sodium 108 is denser
than mineral oil 116, the sodium 108 may separate from the mineral oil 116 and occupy the
bottom portion of the catholyte chamber 134 while the mineral oil 116 occupies the upper

25  portion of the catholyte chamber 134 as illustrated by dashed line 162. The sodium 108 may
exit the catholyte chamber 134 via the catholyte outlet 152. Meanwhile, in the anolyte chamber
136 the hydroxide ions 164 donate electrons 166 at the anode 140 and then decompose into
oxygen 106 and water 102 as shown in Reaction 1. The oxygen gas 106 may exit through the
vent 154 while excess water 102 produced in the anolyte chamber 136 may exit the cell 130 via

30 the anolyte outlet 148.

By way of non-limiting example, the cell 130 may be operated at a temperature of about

80° C to about 100° C. More specifically, the cell may be operated at a temperature of about 90°
C to about 100°C. A temperature range of about 80° C to about 100° C in the cell 130 may

facilitate transportation of the sodium ions 160 across the membrane 142. In addition, the
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than mneral oil 116, the sodium 108 may separate fromthe mneral oil 116
and occupy the bottom portion of the cathol yte chanber 134 while the

m neral oWbD 20iB706s6upi es t he upper 25portion of the cat lrairytSeoiolossether 134
as illustrated by dashed |ine 162. The sodium 108 may exit the cathol yte
chanber 134 viag the catholyte outlet 152. Meanwhi]e, in the anolyte chanber
136 the hydHBk émﬁaﬁgla%wda %ﬁtéheé‘?té@??f@ﬁ@s’%ém&‘lf‘% eS8 R 140” and t hen
deconpose yi b GaBK GEt HG RN afRidRDnal Qdvé@s shown in Reaction 1. The oxygen
gas 106 may exit through the vent 154 while excess water 102 produced in
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lea
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convent i oR@ indlesedivm iqnisepagns  Hpreduses fhpovgellapgpnt pf podllagy eqpaatet Y 88 power

pl ant sor i I S,
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sour ces, stiltflortizs embddanenpoamergy podatet @ommalhe rp@uiarin tegotiae keacdr 120 nppher , w nd

power, nucl ear pqrer The use of clean or renewabl e energy sources to
A e Py

or .
produce t A&Vt URRYEE 106U RO FEY08 i n the sodium i on
separator 110 gedugesck RI1QY LAl 3, (RWBHNN 16 proRlldt@nihe s@mﬁbﬁge@%@ the 10

hydr ogen generation system 100 conpared to conventional hydrogen production
pr ocesses .1 mayteiftd wothgrsodien reactbioldD nElmt ssdive nercigy 1 0mog wospkist amrtypdve r eact i on
in the_sodiumreactar 120 may. be harvested, and used. t uppl v..t he sodi um
on' sdgar SEUP APPR B gyne Dum ngdmei R BaERNT gty SRR D The

sodi um 10&dainPREG&d 20 mayThd defiGaditb fediRing fR&KedIah 10slHdWakr baed to the
sodiumreactor 120. The sodiumreactor 120 may conprise any type of 15

react or capdidedydpgendhyadnisergnéaesalivan halrardesimam HydHlsgedivamiceodi um

hydr oxi de..,-The sodj um r or.1 .configured to receive and react
sodiunlloéﬂ%%a @%f%@y%%ﬁ?ﬁkagégégégg %@g%ég%miﬁﬁoﬁﬁé“ﬁagﬁcOnd aqueous

sodi um hydr oxi de stream 113.Nalhg,GOMN40A(EQackier 120 may readeadtiog 4sodi um
108 and water 114 accordinq@to the followm ng reaction: Na +1120 4 NaOH( aq)

+ 1/ 21¥PReact i othesodigy 1Ghmashsdpd imheagicionl2Ope a igad. t1or exenkelie sdpmbBY as a
[ id. F he | . ch 120
arper ol BRI R SRR A BB BR AR A0 IS MRS 220, 2
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Cont ol || RG G FUgn RKB DaAA B IFRRPERDAEY bf rRREUA Brraitat DR6Es Bitanpl .
the vater ydddnpByul6f hedalbi 18X ¢85S ah e, lEvater 114 may be fed in excess to the
25 sodium reactor 120 to control the concentration of sodium hydroxide in the second aqueous
sodium hydroxide stream 113.
The reaction of sodium and water is highly exothermic. As such, Reaction 4 may
proceed in the sodium reactor 120 at high temperatures and/or pressures. For example, the
pressure in the sodium reactor 120) may range from about 1 atmosphere to about 400
30  atmospheres. Additionally, the temperature in the reactor 120 may range from about 200°C to
about 900° C. Because the reaction of sodium 108 and water 114 is known to produce large
quantities of heat, heat from the reactor 120 may be used to heat the sodium 108, the water 114,

and the sodium ion separator 110 using known heat transfer technologies.



25sodium reactor 120 to control the concentration of sodi um hydroxide in

t he second aqueous sodi um hydroxi de stream 113. The reaction of

sodi um amstowatigr716s3 hi ghly exothermi c. As such, Reacti orcd/usayiops@aszed in
the sodiumreactor 120 at high tenperatures and/or pressures. For exanpl e,
the pressure in the_sodi umreactor ange fro bout at nosphere to
about 400 30 a@%ﬁﬁ%&%‘“{n Aala?w.%%a?d@suc ﬁ‘éﬂP@%@?% 05 1 tlﬁ oPES or 120

nay range pfqre s@@glﬂtreagtgpfaOt g%@ ?%Esm%%@ Gt is BERRYSRid NS erhﬁﬁ’ﬁéﬁe' el fop0di UM

108 and water 114 1s known t duce large quantitiés of heat, heat from
t he reactapmﬁmﬂm@mwmbemusd&Iw¢ngmdﬂ2mhmhswdumﬂmﬁﬁﬁwdtnadwamemngmmi and the

sodi um i on Separ at or Si.n wn heat t r tec l.ogi es.

Because Rgﬁﬁ? ﬂﬁeﬁmsg%éﬁfgb?ﬁg ﬁH@géﬁ ‘F“@ﬁiﬂqﬁﬁg%@HW£g§§#§§ %ﬁé hydr ogen
112 pr eduaed td presitzB the SORH mga@a%@f 11]4%Qf0f89eb{e $08iuRr168 s i #8d18&udr thel S
formed. This may elimnate the need for a congressor to pressurize the

hydr ogen sadunpieheitr 1@ vidspresserizingdldiess elsodiapi l0aind vaynsd &t thadydraged Lk nt enance

costs of Eeawgf%hggodlu(f\nel%act(!: % {ﬂ also% a{lluéjbégs%u gdwlh{] eéz Iﬂ%ﬂﬁﬂo 1 BUIDS 126, 128

may be 5 use ressurize e so efore the sodi um

108 and V\Iﬂmetfateﬂhérowﬂj‘z Rlmps ﬁlﬁH@OﬂlaﬂWyp@(ﬁ(phmp kdaRbhin By afpnag seise@iong t he feeds
of sodium 108 and water 114, the hydrogen 112 | eaving the sodi umreactor
120 nay aP@$UB€MQ#e%ﬂﬁmgﬁmﬁmﬂﬁ%WﬁﬁqlﬂhlIe punps 126, 128 are illustrated as

rotary,punps i fh&G ‘t%dm%ﬂ% gﬁuagnud%f% %@fi%l?@lf{bh If?a[tbe ePﬁtﬁésed for

pressuri zing the sodi e water Iments, small
quantltle&xmmnﬁBnﬂn@hsbdkmmmﬁdmﬁh@mmﬁlﬂhﬂymhdmmmmsﬂmﬂ1ﬂmmbhmxﬁmdmgm1108

which is fed to the, sodi umreactar 120, t he oil 116 is exposed
to high téﬁ‘P@Eﬁaﬂﬂeﬁ PRLOTRIFIES %ﬁ? %Oéwwgacr%%@ ﬂ] il ‘f@ﬁe%ycfpmh% t he
m ner al gkﬂ 1ﬁﬂﬂ@§&%m@5&&H&kﬂE(%ﬂﬁﬁﬁoﬂHﬁgkhﬁﬁéﬁmﬁ&e%ﬁlbO” monoxi de,

car bon di oxi de, sod um car bonat e, and additional hydrogen byproducts. The
carbon nondkice hydragdndmprdiwssi dbg caghod nioyekidegerbomdipxidy,iand Hyslraghemgyoekiitu m

oo s, e tiin] sl @ﬁ%itﬁ%eé%%é%a@%w@m@ el R B e TRl 1 5

Sodi um cardhanate wih tHeREohE &RBGhs JAUBOMRIrXRI sty 4 Sodifecasion@amiel 3 may be
returned to the sodiumion separator 110 via the first aqueous sodi um

hydr oxi de S@pmdeeamoyewdlumhyﬂm@ds getrurhl$ oAy lseerptamad Orthegsodiumiion separasesrd@npl at ed

t hat sodi um w be trans a rane 142 L o the catholyte
20 chanbewagﬁﬂ“ﬁﬁm Ssaﬂmggwﬁéﬂ%ﬁﬁﬁ%%ﬁﬁ ?J@e %ﬁ? %%w?eﬁ%ﬁﬁlng in the

anol yt e cbaidagactidBa Wadium welaﬁttraﬂyp@ﬁedtahessmemibralmu iatofigromhblyece anmounts of
carbon nonoxi de and/ or carbon di oxi de. Dependi ng on the anount of m neral

oi | i R0t hehagwes Lith Kol Opﬁt@nplﬁ%me@rh@gée%m@m the yerl e etsnbara 36 e
hydrogen H%&ﬁﬁ%e&%g%eﬁqO Gndfee @ﬂg%% ivohadd &E&e%nd/%{]carwﬁ di% yiously

di scussed nay I nc e | mpuri {1'8s ‘Such ‘as car on nonoxi de
and carbon Depending on the amount of mineral oil in the sodium 108 and the intended use of the

hydrogen 112, the hydrogen 112 may be fed to a gas separator 124 (FIG. 2). As previously
discussed, the hydrogen 112 may include impurities such as carbon monoxide and carbon

25  dioxide from mineral oil 116 that may be present in the sodium 108. Additionally, the hydrogen
112 may contain moisture, as in the form of steam, from the sodium 108 and water 114 reaction.
As such, the hydrogen 112 may pass through the gas separator 124 to form a purified hydrogen
112'. The gas separator 124 may include, for example, a membrane or a pressure swing
adsorption (PSA) gas separator for producing the purified hydrogen 112", Such membranes and

30 PSA separators are known in the art and, therefore, are not discussed in detail herein. By way of
non-limiting example, the membrane may be made from a polymeric material or a metal
material, such as a palladium membrane. Such membranes are commercially available from
numerous sources including, but not limited to, Praxair Surface Technology, Inc. (Danbury,

CT), Universal Industrial Gases, Inc. (Easton, PA), Air Liquide (Paris, France), or Air Products

7



25di oxide frommneral oil 116 that nmay be present in the sodi um 108.
Additionally, the hydrogen 112 may contain noisture, as in the form of
steam frwo2ohe7sesdi um 108 and water 114 reaction. As skch/ustéie/obszeds ogen
112 may pass through the gas separator 124 to forma purified hydrogen

112' . The rator 124 i ncl for e a mhrane or a
pressure §%ﬁﬁ§“§ggdp {h<breh e yPéégﬂéggéﬁaﬁaFﬂﬁa %@B&H@gﬁﬁnWhé purified
ydrogen 1dfieuS48nTREHEANSS, B FAPHAERANEE AR AL SkNaMA sfrkhe. art

and, therefore, are not discussed in detail herein. By way of non-limting
ex arrpl e, aﬂaeommblaﬁﬁevaﬂmje fen meavceouf Bammealnpiodhygrbutmot Imaited ta, Quespkir a et al

ava | abl & TG ey Do Sy SHoRl Seonp bt Res Diee 8 F60 i

Surface Tg%h@t@hqg%anﬂl’faxmf%ﬂ@lfe)éhnogﬁes RN YRPSRIC gndUSt rial Gases, Inc.

(East on, Air Liquide (Paris, France) or Alr Products and Chenlcals
Inc. (Lehi gh leelhergqn/g)%nermh@systsm lﬁép%thmreientrmvnm offers separabulvaltages na, a
zeolite s r.ap act | ecul ar
R

i ncl udi ngxo ﬂb)liﬁmeﬁﬁltoﬂhs tiethe E@hun@é&ﬁdr&&@ th'EQ@JTlﬂan%gm@&loh netem(1BOtsnaby,
Canada), SeQual Technologles Inc. (San Di ego, Sepcor, |Inc 5(Houston,
TX), and Fwepdally engiipmgaia yr@@l@ﬁo%gliu@@ted fhidGs. (1[% Jrajer 16#1)"’ theonly " The

hydr oggn severa
aevant Bge AR E A e R S P e ot
For exarrph@,mnalmimndagtr&ahnﬂm itz ﬂn@ He@ombined ané real clai througl theeyybterh @0G.he sodi um
reactor 120, the dr ogen generati o stem 10Q is es tial

envi r onneﬁvlg}ewr%% I Drosscty ol ycirall atogen eqregationsyth 190 et 10244 i s ¢ he
only 10 ”B{{)gééﬁ file, SRMSHORA 119 Atdhﬁoﬁh!ﬂ?rtﬁ’&s@i& o%@ﬁfc%geﬂge@ﬁ&m%g@o@éf the
present invention as the sodi um hydfoxi de streans may be conbi ned
and r ecycliegresén ougiion id teyprrion@OmeRuassentndhecwitheuchns, yorpraglct s of the
overall. hydro ener ste 00 a er 102 ygen .1 6 and

v odén 9% Hiaguaronans O orE SbaRee | FORHER sgaRuy Bl RIS y ot em 100
of the presesthd YRR g@ﬁerﬁﬁbﬂ sistd) WP bé ORIPRABIMBhRESIeARRChReA6hd. her ew t h,
such as, for exanple, 15flow rates, will depend on the quantity of hydrogen
112 soughtiuthsrpyae, b sHiicet, hyms)gmwucttqnethfssozl@nuon sehasathy/ d P ol he gedr at i on
system 10 roHac\é %I%gl%%%bélé(m%@% %ch 1in%y R tadé:| t‘iaonglr}gdust%gl%lg}gehcat on% s. Furthermore,

in additi rogen pr rumton arator 110 may be

used to pr od ucaleelh\eﬂtﬁmmad besloabswlsecm@em A2 BagdROrd 1R ¥eSs s’péaﬁct dsan@hciudust ri al
applications. The invention has been described herein in | anguage nore or

| ess sPecr] pethaglicalfeadirps, di ififodte updsaned choyRsailash fhe frugation sdiot irpileddo e pe
under st Oog%acﬁs?‘f‘ﬁ%ﬁgé’s aho%%%&«%&be@‘éﬁ@é Redns hé}8£ fsb188eb &gn é)r@l% gPeci fic
f eat ures own an escri Sl nce e neans er elrn I'S corrprl se
preferredﬂﬁmsmﬁmomgﬂmmhnmgmmh@dﬁnuéhtummnmmthﬁﬁbﬂcﬂmm@hmaanhmt|on is,

therefore, clained in any of its forns nodj fications within the proper
scope of {H&S GypXatong W&Plﬁéheé)ﬁmﬂosﬁ?ﬁeﬁg‘f’ﬁpﬂef‘éeé Flamaaglarq?weiycle%w%ﬁ%e with

the doct r i@ Rlan&OWiiAE &RLide of equivalents.



CLAI M5 What is clained is: 1. A nethod of producing hydrogen,
conprising: separating sodiumfroma first aqueous sodi um hydroxi de stream
and woantiatiésg t he sodiumwith water to produce hy@cogsnoianss2as second
aqueous sodi um hydr oxi de stream 2. The nethod of claim1l1, further
conpri sing conbi ning the second aqugﬂﬁ §odi um hydroxi de streamw th the
first agueous sodi um hydroxi de stre 3. The nmethod of claiml,

wher ei n sm{lggllallﬁgd%odl umfroma first aqueous sodi um hydroxide stream

conpri ses: feeding the first aqueous sodi um hydroxide streaminto an
anol yt e chanber of an electrolytic cell; feeding mneral oil into a

cat holyte cha | ectro ic ce applying an electric
potential to t Bé%etﬂ}oﬁPngP ucﬂlé:hﬁm%eﬂemg‘%?l@gte chanber and the cathol yte

chanber separ %%ﬁa@atﬂagscﬂuﬁﬁﬂr@ﬂhﬁrs BRI Py R GdaM€And t ransporting sodi um
cations fromthe anol yte chanber to the cat hoI yte chamber; and form ng

sodi um i n t he abhdihesodinan@rvagst torpiedued kydroge el p secord gqueous sodiung . The

nmet hod of cdrgmé% ?re lTY\/nerel n formng sodiumin the cathol yte chanber of the
el ectrol yPY conpri ses: conbining a sodiumcation with an

el ectron in the cathol yte chanber for produci ng sodi um and subnerging the
sodiumin mneral oil. . The nmethod of claim3, further conprising
forni ng wat er %and (;9@93’@%110@?&!3%14]4@19%@%@&&%@1%% hpclagiePs ytic cel | .

sodium hydroxide stream with the first aqueous sodium hydroxide stream.

3. The method of claim 1, wherein separating sodium from a first aqueous sodium
hydroxide stream comprises:

feeding the first aqueous sodium hydroxide stream into an anolyte chamber of an
electrolytic cell;

feeding mineral oil into a catholyte chamber of the electrolytic cell;

applying an electric potential to the electrolytic cell, the anolyte chamber and the
catholyte chamber separated by a ceramic membrane for selectively transporting sodium cations
from the anolyte chamber to the catholyte chamber; and

forming sodium in the catholyte chamber of the electrolytic cell.

4. The method of claim 3, wherein forming sodium in the catholyte chamber of the
electrolytic cell comprises:

combining a sodium cation with an electron in the catholyte chamber for producing
sodium; and

submerging the sodium in mineral oil.

5. The method of claim 3, further comprising forming water and oxygen in the

anolyte chamber of the electrolytic cell.

6. The method of claim 1, further comprising pressurizing the sodium and the water

before combining the sodium with the water to produce a high pressure hydrogen.



6. The nethod of claim11, further conprising pressurizing the sodi um and
the water before conbining the sodiumwith the water to produce a high
pressur e Wodnogens3W0O 2011/ 071653PCT/ US2010/ 056243 PCT/USThe/08@ub0d Of
claim1, further conprising separating at |east a portion of water and
inpurities framthe h The nethod of claim 1, wherein

dr ogen, . 8.
conbi ni ng the sodi bIUF‘PPPg%ﬂaéP1tf6“1}§F8%ﬂftP6‘é‘n&§FBi‘r6t5’§ﬁt]ﬁﬁaa%Pf%%Wat%queous

sodi um hy dr 0xh0&ics bR MO LSRN ses: feeding the sodiuminto a reactor;
feeding the ter into the Feactor; reacting the sodiumand the water in

the reactor; and generating the hydrogen and the second aqueous sodi um
thod of claim@8, furth 0 i sing

hydr oxi de stream 9. .The er c

heating the s&giunﬂgﬁﬁw@ﬂgﬁﬁgPEERﬂ§P OH@QF%ﬁ?BHQB@dﬁ%W@ﬁ?Qﬁ” Bt her nmal
reaction hitrbddg ai@ASEtAl aqueous sodidf hydiG&dtaEMOnHhis@! ai m 8, wherein feeding
the sodiuminto a reactor conprises feeding the sodiuminto the reactor at

a tenper at ur e fgedewtteersodin@mntehagtor98C, 11. The nethod of claim8,

wherei n feedi £ | e reactor conprises feedi ng superheated
wat er or steaﬁgﬂﬁggxﬁﬁggFQ%@%g?&&% 12. A method of produci ng hydrogen,

conpri sing: preactisk thgscaiunedng tevachBithC@icidginl conpri sing an anol yte
chanber, a catholyte chanber, and a ceram c nenbrane separating the anol yte
chanber and t HSN¢#IEJleypydogaapdbe sceprdagigeys wdiumbyerogidegsa8. sodi um hydr oxi de
streaminto the anolyte chanber; feeding mneral oil into the catholyte
chanber; applying an electric potential to the el ectrochem cal cel

for causi ng sodi umlbamethodoftctrirh 8 dnsfeecongeisiog beatifpgheexlam and tewateane; form ng

sodiumin the cathol yte chanber; feeding sodiumfromthe catholyte chanber
into a reXtfoial W@@&%ﬁ@%ﬂé%ﬁqfﬁﬁ]&e%@ W kepgp:

10.  The method of claim 8, wherein feeding the sodium into a reactor comprises

feeding the sodium into the reactor at a temperature greater than about 98°C.

11.  The method of claim 8, wherein feeding the water into the reactor comprises

feeding superheated water or steam into the reactor.

12. A method of producing hydrogen, comprising:

providing an electrochemical cell comprising an anolyte chamber, a catholyte chamber,
and a ceramic membrane separating the anolyte chamber and the catholyte chamber;,

feeding a first aqueous sodium hydroxide stream into the anolyte chamber;

feeding mineral oil into the catholyte chamber;

applying an electric potential to the electrochemical cell for causing sodium cations to
transfer across the ceramic membrane;

forming sodium in the catholyte chamber;

feeding sodium from the catholyte chamber into a reactor;

feeding water into the reactor;

reacting the sodium and the water to produce a second aqueous sodium hydroxide stream
and hydrogen; and

forming additional sodium using the second aqueous sodium hydroxide.

10



reacting the sodiumand the water to produce a second aqueous sodi um

hydr oxi de stream and hydrogen; and form ng additional sodium using the
second agueaus/wo@Bum hydr oxi de. WD 2011/ 071653PCT/ US2@L0/1326@2436243 13.
The nethod of claim 12, wherein feeding water into the reactor conprises

feeding high pressyre water . into the reactor for reacting the sodi um and
the water to produdds BeCeLdsim by adtendsding R RN ra%cwégﬁng%sand hi gh
pressure %@iﬁ?ﬁ’@rﬂ?ressure watefhto tﬂ-é"l%adf@tf(t}?éitct?{g Ct%e: slaﬂi{ﬂn]agd hREEARD Brolﬁﬁﬁlaw ng an

electric potential to the el ectrochem ca conprises supplying an

el ectri c pobehaghaius sodiviHydekide streamhahiiglapresset hydrogom at | east one of sol ar
power, geothermal power, hydroel ectric power, w nd power, and nucl ear
power . 15. The method of claim 12, wherein form ng additional sodium

conpri ses conbjsni Nght KethSESTRMEN 2T WBEeH 2pRGinsI M d3cHcPolchRul Bitheam Wi th t he
first agqueous sodi um hydroxi de stream 16. A system for Frodu0|ng
T

hydr ogen, eledipghanigahepll comprises wpgpipapreelesticaoisniia ortearldcopchesisalicall irpig 25 odi um
froma fi hesd oﬁ‘eqolf%@gr?@\svglg%@Sgﬁagég\%(egﬂlgdr%&lgc o) (\j)vin POwWer, Qnd%ga%a(f-e of wat er

coupled to a reac ecerve the’sodirumfromthe separator
and for reaedri ng the water and the sodium for producing a second aqueous
sodi um hydr oxi de stream and hydr ogen. 17. The system of claim 16,
wherein the separator conprises an electrolytic cell conprising: an anol yte

chanber confi g]'égred CT‘OMF] th@cf‘of%ﬁ@ﬁ{?%%Ere&cfﬁg%&ég%ﬁﬁﬂoﬁ%ﬁ%&o gﬂéeym hydroxi de; a

cathol yte cha I gure a cat or contarning mneral oil
a menbr aneonbisippthe sbcheltageens folliemaydloyitlesteha rid thedind aqueenscadilno| yt e chanber
configureﬂg&on transporting sodiumcations fromthe anol yte chanber to the
cat hol yt e WHfsetreany ng a source of electric potential electrically
connected to the cathode and to the anode for causing sodiumcations to
pass through the nenbrane fromthe anol yte chanber to the cathol yte
chanber . 1618. ABhetens fos porucofg hydragam dBipriviner ei n t he nmenbrane conprises a
(Z:S?LiImO(; 12?%?;%%%;)@%%% §0% sclz\p!aarglting sodig%tfreorn{ a?tlir'st a\(i\lgous sodium hydroxide

stream; and

a source of water coupled to a reactor, configured to receive the sodium from the
separator and for reacting the water and the sodium for producing a second aqueous sodium

hydroxide stream and hydrogen.

17. The system of claim 16, wherein the separator comprises an electrolytic cell
comprising:

an anolyte chamber configured with an anode for containing aqueous sodium hydroxide;

a catholyte chamber configured with a cathode for containing mineral oil;

a membrane disposed between the anolyte chamber and the catholyte chamber
configured for transporting sodium cations from the anolyte chamber to the catholyte chamber;
and

a source of electric potential electrically connected to the cathode and to the anode for
causing sodium cations to pass through the membrane from the anolyte chamber to the catholyte

chamber.

18. The system of claim 16, wherein the membrane comprises a ceramic membrane

comprising a NaSICON material.
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19. The systemof claim 16, further conprising a gas separator configured
for separating the hydrogen frominpurities and noisture. 20. The
syst em ofwol2aim7i63 wherei n the sodi um conpri ses a | i quipdT/US2010/05&223 The
system of claim 16, further conprising at |east one punp configured for
pressurizing the er. .2 A system for producing, hydrogen,

conpri si ng: fy "F0l bswaror g ﬁﬁ BEPGTGPRRTSINS A se%ﬁ?ricagffg@&ﬂtf% convert

aqueous sa%iaﬁmg}ﬁéjﬁ}@g derrd R thui QdiaHM8iR@hy dr oxi de; at | east one
ener gy power source c§up| ed to the at |east one electrolytic cell to supply
an electrical current to the at |east one electrolytic cell; and at

| east one reactor nf i gur tg react sodi,um produced by the at |east one
electrol ytic cié)r I @ﬁw“&&a{)@ﬂaﬂrfﬁlﬁ ‘?eﬁl?ebedfh@? Y %ﬂ?ﬁag%xand aqueous sodi um
hydr oxi de. 23. The systemof claim 22, further conprising at |east
one gas separator coupled to the at | east one reactor configured to renove
moi sture and iHpur ith estemrap plrinhkd, ftbiersgaprisprectiaeseencipymp penfigered @ast one

reactor. ressuﬁzi%fthe;mgr‘system of claim 22, wherein the at |east one

el ectrol yPI c ce conprises a NaSlI CON nmenbrane configured for transporting
sodi um cations froman anol yte chanber to a cathol yte chanber of the at

| east one electrolytic cell. 25. The system of claim 22, further
conpri sing at Feast sHien O RYEIANAGHPLGUIOBEISBE et ur ni ng t he aqueous sodi um

hydroxide prodyged ohdbidR6yiERf tMiighRa f2En R ol RARL0AME nfhGEsiRLYL T ¢ cell.

sodium and hydroxide;

at least one energy power source coupled to the at least one electrolytic cell to supply an
electrical current to the at least one electrolytic cell; and

at least one reactor configured to react sodium produced by the at least one electrolytic

cell with water for producing hydrogen gas and aqueous sodium hydroxide.

23.  The system of claim 22, further comprising at least one gas separator coupled to
the at least one reactor configured to remove moisture and impurities from the hydrogen

produced by the at least one reactor.

24.  The system of claim 22, wherein the at least one electrolytic cell comprises a
NaSICON membrane configured for transporting sodium cations from an anolyte chamber to a

catholyte chamber of the at least one electrolytic cell.
25.  The system of claim 22, further comprising at least one conduit configured for

returning the aqueous sodium hydroxide produced in the reactor to the at least one electrolytic

cell.
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