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TECHNICAL FIELD
The present invention relates o 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  clectronics, desulphurization of fuels, production of ammonia, and upgrading of petroleum
SOULCEs.
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  separale hydrogen from these compounds as hydrogen fuels is not only complicated and tedious,
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sodium hydroxide stream into an anolyte compartiment of an electrolytic cell, feeding mineral oil
into a catholyte compartntent 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 (ransports
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 sodiom

from reacting with air and/or moisture.
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DETAI LED DESCRINEI g 2 are simplified schematics of a system {or producing hydrogen from

20 sodium hydroxide and water according to particular embodiments of the invention; and
FIG. 3 is a schemalic representation of an electralylic cell aceording (o 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 sodivm 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 aqueons sodium hydrexide stream 113 may be recycled

by combining the second agueous sodium hydroxide stream 113 with the first aqueous sodium
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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.
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cell 130 via
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

[acilitate transportation of the sodium ions 160 across the membrane 142. In addition, the
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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 exaniple, the
pressure in the sodium reactor 120 may range from about | 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 ton scparator 110 using known heat transfer technologics.
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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 front
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
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anol yte chanber, a cathol yte chanber, and a nmenbrane between the
anol yte chamber and the catholyte cham ber; feeding a substantially
inert liquid conpound into the catholyte chanber of the electrolytic
cell; applying an electric potential to the electrolytic cell to
form sodi um cati ons, water, and oxygen in the anolyte cham ber and

to sel ectiugly. transport the sodiumcations fromthe anol
: _ yt e chanber,
across the nmenmbrane, and into the cathol yte chanber; conbining the

sodi um cations with electrons in-the cathol yte chanber to produce
| i qui d- phask. Aatietingd afprodusing hydiagen, COUIRLPRES e sodi umpvvi th water
to produce hyfingenfiastchquenmnosstiaguéyusosilt sireaydmigiate stream 2.

The net hod Ofﬂﬁ‘}%ﬁ 'g\o' %ﬁ@?h%@@(‘%bﬁ}ti@céﬂ%ﬁ feiridehsecond

aqueous sodiu 4 i
ydr oxi de st r aBAlyte Chambeet ?f%ﬂlﬂﬁecfféﬁb%ﬁi%ﬁ S
Z :ngt anti al | yl;étveeen theuino [ytenghamber and theecathohoryeiBhamber of the
er;
feeding a substantially inert liquid compound into the
catholyte chamber of the electrolytic cell;
-applying an electric potential to the electrolytic cell to form
sodium cations, water, and oxygen in the anolyte cham-

ber and 1o selectively transport the sodium cations from
the anolyte chamber, across the membrane, and into the
catholyte chamber;
combining the sodium cations with electrons in the
catholyte chamber to produce liquid-phase sodium; and

combining the liquid-phase sodium with water to produce
hydrogen and a second aqueous sodium hydroxide
streant.

2. The method of claim 1, further comprising combining
(e second aqueous sodium hydroxide stream with the first
aqueous sodium hydroxide strean.

3. The method of claim 1, wherein {eeding a substantially
nert liquid compound into the catholyte chamber of'the elec-
trolytic cell comprises:

feeding mineral oil into the catholyte chamber of the elec-

trolytic cell.

4. The method of claim 3, further comprising submerging
the liquid-phase sodium below at least a portion of the min-
eral oil within the catholyte chamber.

5. The method of claim 1, further comprising pressurizing
the liquid-phase sodium and the water before combining the
liguid-phase sodium with the water.

6. The method of claim 1, further comprising separating at
least a portion of the water and impurities from the hydrogen.

9



trolytic cell conprises: feeding mneral oil into the catholyte
chanber of the elec- trolytic cell. 4. The nethod of claim3, further
conprising subnerging the |iquid-phase sodium below at | east a
portion of the mn- eral oil within the catholyte chanber. 5. The

met hod of claim 1, further conprising pressurizing the |iquid-phase
sodi um and the water before conbining the |iquid-phase sodiumw th
the water. 6. The nethod of claim1, further conprising separating at
| east a portion of the water and inpurities fromthe hydrogen.

7. The net hod 7ofTled aiethdd mhelnainni colibreinnepmbaibigdlicdighigse sodi um

with water 1,6.g6adarewdnonae B areditaeaus acdeumihydr oxi de

stream conptrises: fe clfin t he l.i,qul d-ph IL.um and the water into
a reactor; ﬁ@géppﬁéﬁﬁ@}ﬂ%@l‘f%ﬁﬂégg_agbgﬁ %‘g d"the water in the
reactor; and geedind iheglignisl-phasesedivandneigesedishd@ERATs sodi um
hydr oxi de streafyr: 8. The nmethod of claim 7, further conprising

heating the | gyl g pinse sodiunaanddtin el oo Wl lBakeRroduced

froman exot hermal’ € reactor. he method of claim
7, wherein feedilfif q | i qui d- phase sodium and the water into the
react or conprigegrhtngithe Isuiregeaatsd hasecont agueans isadaimhe

reactor. hydroxide stream.

8. The method of claim 7, further comprising heating the
liquid-phase sodium and the water using heat produced from
an exothermal reaction in the reactor.

9. The method of claim 7, wherein feeding the liquid-phase
sodium and the water into the reactor comprises feeding
superheated water or steam into the reactor.

10. 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 cham-
ber;

feeding a first aqueous sodium hydroxide stream into the

anolyte chamber;

feeding mineral oil into the catholyte chamber;

applying an electiic potential 1o the electrachemical cell

for causing sodium cations to transfer across the ceramic
membrane;

forming sodium in the catholyte chamber;

feeding sodinm from the catholyte chamber mnto a reactor;
feeding water innto the reactor;

reacting the sodium and the water to produce a second
agneous sedinm hydroxide stream and hydrogen: and

combining the second aqueous sodium hydroxide stream
with the first agueous sodinm hydroxide strean.



10. A method of produci ng hydrogen, conprising: providing an

el ectrochem cal cell conprising an anol yte chanber, a cathol yte
chanber, and a ceram c nenbrane separating the anol yte chanber and
t he catholyte cham ber; feeding a first aqueous sodi um hydroxi de
streaminto the anolyte chanber; feeding mneral oil into the

cat hol yte chanber; applying an electric potential to the

el ect r ocheni t&hewicthddofclaist b0, whereimfeadingreatar intailsf er acr oss
the cerang Ry BResek @Lm;m% BRA Haskird BRt&atNe e @eghanber ;

feedi ng sodi um from t he cat hdl yte thanber into a reactor; feeding

wat er int'®%the reactor; reacting the sodi umand the wat er to produce
a second aqueoDhe sesthom b dioxi 18, wheeeim anslyhygaagdactrand conbi ni ng

th . [ i t i

Sodi um il SEIEEHS (BEEILT fﬁiﬁ?%ﬁ@%ﬁ%ﬁ ?P%?%%%@m??&eﬁ”s

f eedi ng VRIEEHIS E@E?Qt]f?z tpdhe elict 11GaL CEU A RANFGH Sessur e vi nt pr
i nto t he ofsdappower]geothiesningposerohy dredl 6etI®, pWer,eVilcppl yi ng an

el ectric pokeptdml 11’&1@16‘3??&17@1@" rochem cal cell co(r)nr)r[ Lfelsezut)ploxiengf an
S

el ectric potential tp th ectrochem cal cell f
sol ar powerl3 gklag H@tﬁﬁdoff 1) 1ﬂy§%f§é¢wi}1pélsbk&é?5}t}% HE power, and
nucl ear peleetrochetficallbel Inetihgdhatt prbdinred drofuredndmg dipri si ng

heating t ; hepheal cell using heat produced fromreacting
t he sodi uérlnﬁ:}alﬁg??&gq\g\l/ate 14. The net hgd Cﬁf clai.m 10, wherein
c§

f eedi ng sodlﬁr?fh@@ﬁtﬂlﬁé{@éﬁlﬁtﬂlﬁ% vepiiona 28 sRHBAKBR conpri ses
f eedi ng | ilguésthpiveecisagibemihtom rehetaratdmpyises dbedingr lidnt o t he
reactor. yid-phase sodium from the catholyte chamber into the reac-
tor.
15. The method of claim 10, wherein feeding sodium from
the catholyte chamber into a reactor comprises feeding a
stream counsisting of elemental sodium from the catholyte
chamber info the reactor.
16. The method of claim 18, wherein feeding sodium from
the catholyte chamber into a reactor comprises feeding a
stream consisting of elemental sodium and mineral oil from
thz catholyte chamber into the reactor.

27. A system for producing hydrogen, comprising:
at least one electrolytic cell configured to convert aqueous
sodium hydroxide into sodium and water and compris-
ing:
an anolyte chamber containing at least a portion of the
aqueous sodium hydroxide;
a catholyte chamber containing a substantially inert lig-
nid compound; and

a membrane between the anclyte chamber and the
catholvte chamber:



15. The method of claim 10, wherein feeding sodiumfromthe catholyte
chanber into a reactor conprises feeding a stream consisting of

el enental sodiumfromthe catholyte chanber into the reactor. 16.
The net hod of claim 10, wherein feeding sodiumfromthe cathol yte
chanber into a reactor conprises feeding a stream consisting of

el emental sodiumand mneral oil fromth cathol yte chanber into the
reactor. 7. @ S%{st em f or ggfr oduci ng hydrogen, caonprising: at |east one
el ectrol yti Jtdg I AEHFRGR RPW S WIHEBICO IRt buthastidrashanair oxi de i nt o
sodi um and watdectntyicowpti sidgondigiaad|typtappiares]aedcal ni ng at

| east a porl | anyeénd edRmERES: SAAIIMBINIER R afept hol yt e chanber
containing a substantially inert |iqui orrpoun‘ci];l and a nenbrane

bet ween t he fﬁaéﬁ%@l%h%ﬂ%‘éf dawarstieant af Hot gt leashanbelectrat | east one

ene][ gy pO\é\B{ dyticeeouptedfigorddie r@heiﬁﬁﬁtnﬁ’ﬁfb(ﬁl&%!‘rlﬁ@ihéti c cell and
configured to ‘gast one

el ect ?ol ytic ciZF?gﬂgrﬁfalt&?é%l&@ér}éﬁ}#ﬂ%&?E)er}’ttgmgp%Q of” the at

| east one el ecttbBt FRIGIUEONFFOAR Eﬁ‘g@i{l@@- react sodi um produced

by the at |east one electrolytic cell with water to produce hydrogen
gas and aqueous sodi um hydr oxi de.



