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LOW-VOLTAGE ALKALINE PRODUCTION 
FROM BRINES 

CROSS-REFERENCE 

[0001] This application claims priority to Us. Provisional 
Application No. 61/151,470 ?led Feb. 10, 2009 and titled 
“LoW Voltage Electrochemical Hydroxide SaltWater and 
Freshwater System”, herein fully incorporated by reference 
in its entirety. 

BACKGROUND 

[0002] In many chemical processes an alkaline solution 
comprising, e.g., hydroxide ions and/ or carbonate ions and/or 
bicarbonate ions is utiliZed to achieve a chemical reaction, 
e.g., to neutralize an acid, or buffer the pH of a solution, or 
precipitate an insoluble hydroxide and/or carbonate and/or 
bicarbonate from a solution. An alkaline solution can be 
produced by an electrochemical system that converts an aque 
ous salt solution to the alkaline solution and an acid as 
described in the above-referenced US Provisional patent 
application, herein incorporated by reference in its entirety. 
HoWever, as the process is very energy intensive, a large 
amount of electrical energy is consumed; also, large amounts 
of salt and Water are consumed. Consequently, loWering the 
energy and material consumed are very desirable. 

SUMMARY 

[0003] This invention provides for a loW-voltage, loW-en 
ergy electrochemical system and method of producing an 
alkaline solution, comprising reducing Water at the cathode to 
hydroxide ions and hydrogen gas, and alloWing the hydroxide 
ions to migrate into the cathode electrolyte to produce the 
alkaline solution. By the system and method, at the anode, 
hydrogen gas is oxidiZed to protons Without producing a gas 
at the anode, and the protons are alloWed to migrate into the 
anode electrolyte or an adjacent electrolyte to produce an 
acid. In some embodiments, the alkaline solution further 
comprises bicarbonate ions and/or carbonate ions produced 
by adding carbon dioxide to the cathode electrolyte. In some 
embodiments, the alkaline solution is produced by applying 
less than 3V across the anode and cathode. In some embodi 
ments, hydrogen gas produced at the cathode is recovered and 
directed to the anode Where it is reduced to protons. 
[0004] In some embodiments, a brine, e.g., subterranean 
brine, is utiliZed as a source of salt used in producing the 
alkaline solution; and, in some embodiments, an ion-depleted 
brine is produced. 
[0005] In one embodiment, the system comprises an elec 
trochemistry unit comprising a hydrogen-oxidizing anode in 
communication With a cathode electrolyte; Wherein the elec 
trochemistry unit is operably connected to a carbon seques 
tration system con?gured to sequester carbon dioxide With 
the cathode electrolyte. 
[0006] In another embodiment, the system comprises a 
hydrogen-oxidizing anode in communication With a cathode 
electrolyte comprising bicarbonate ions; and a brine produc 
tion system con?gured to provide cations to the cathode elec 
trolyte. 
[0007] In some embodiments of the system, the cathode 
electrolyte comprises added carbon dioxide and, in some 
embodiments, the cathode electrolyte comprises hydroxide 
ions and/or bicarbonate ions and/ or carbonate ions. 
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[0008] In some embodiments, the system comprises cation 
and anion exchange membranes con?gured to separate cat 
ions and anions from the brine to produce an ion-depleted 
brine; in some embodiments, the ions comprises sodium ions 
and chloride ions. 

[0009] In some embodiments, the system is con?gured to 
produce hydrogen gas and hydroxide ions at a cathode in 
contact With the cathode electrolyte, and oxidiZe hydrogen 
gas to protons at an anode in contact With an anode electrolyte 
Without producing a gas at the anode, When a voltage is 
applied across the anode and cathode. In some embodiments, 
the voltage is less than 3V. 
[0010] In some embodiments, the system is con?gured to 
produce an acid in the anode electrolyte; in some embodi 
ments, the acid comprises hydrochloric acid. 
[0011] In some embodiments, the system comprises an acid 
dissolution system con?gured to produce divalent cations 
With the acid; in some embodiments, the divalent cations 
comprise calcium ions and/or magnesium ions. 
[0012] In some embodiments, the system comprises a car 
bon sequestration system con?gured to sequester carbon 
dioxide With the cathode electrolyte; in some embodiments, 
the carbon dioxide is contained in an industrial Waste gas. In 
some embodiments, the carbon dioxide is sequestered as 
carbonates and/or bicarbonates; in some embodiments, the 
carbonates and/orbicarbonates comprise divalent cations, for 
example, calcium ions and/or magnesium ions. 
[0013] In some embodiments, the system comprises a 
Water treatment system con?gured to produce Water for use in 
generating hydrogen gas and hydroxide ions at the cathode. In 
some embodiments, the Water treatment system is con?gured 
to adjust the pH of electrolytes and acids in the system; and, 
in some embodiments, the Water treatment system is con?g 
ured to adjust the ionic concentration of electrolytes and acids 
in the system. 
[0014] In some embodiments, the system comprises a 
desalination system con?gured to produce desalinated Water 
from the depleted brine; in some embodiments, the desali 
nated Water is operatively connected to the Water treatment 
system. 
[0015] In another embodiment, the method provides for a 
loW-voltage, loW energy electrochemical method of produc 
ing an alkaline solution comprising, oxidiZing hydrogen gas 
to protons at a hydrogen-oxidizing anode in communication 
With a cathode electrolyte comprising bicarbonate ions; and 
providing cations to the cathode electrolyte from a brine. 

[0016] In another embodiment, the method comprises oxi 
diZing hydrogen to protons at a hydrogen-oxidizing anode in 
communication With a cathode electrolyte; and sequestering 
carbon dioxide With the cathode electrolyte 

[0017] In some embodiments, the cations comprise sodium 
ions. In some embodiments, the method comprises adding 
carbon dioxide to the cathode electrolyte. In some embodi 
ments, the method comprises producing hydrogen gas and 
hydroxide ions at a cathode in contact With the cathode elec 
trolyte Without producing a gas at the anode, by applying a 
voltage across the anode and cathode. In some embodiments, 
the voltage is less than 3V. 
[0018] In some embodiments of the method, the cathode 
electrolyte comprises hydroxide ions and/or carbonate ions 
and/or bicarbonate ions; and in some embodiments, the 
method comprises separating cations and anions from the 
brines to produce an ion-depleted brine. 
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[0019] In some embodiments, the method comprises pro 
ducing an acid in the cathode electrolyte; in some embodi 
ments, the acid comprises hydrochloric acid. 
[0020] In some embodiments, the method comprises using 
the acid in an acid dissolution system to dissolve material and 
produce divalent cations; in some embodiments, the divalent 
cations comprise calcium ions and/or magnesium ions. 

[0021] In some embodiments, the method comprises con 
?guring a carbon sequestration system to sequester carbon 
dioxide With the cathode electrolyte. In some embodiments, 
the carbon dioxide is contained in an industrial Waste gas; in 
some embodiments, the carbon dioxide is sequestered as 
carbonates and/or bicarbonates; in some embodiments, the 
carbonates and/ or bicarbonates comprise divalent cations. 

[0022] In some embodiments, the method comprises using 
a Water treatment system to dilute the cathode and anode 
electrolytes, the brine and the acid; in some embodiments of 
the method, hydrogen gas and hydroxide ions are generated at 
the cathode by reducing Water at the cathode. 

[0023] In some embodiments, the method comprises 
adjusting the pH of the cathode and anode electrolytes, the 
brine and the acid With the Water; in some embodiments, the 
method comprises adjusting the ionic concentration in the 
anode and cathode electrolytes, the brine and the acid With the 
Water. 

[0024] In some embodiment, the method comprises pro 
ducing desalinated Water from the ion-depleted brine; in 
some embodiments, the desalinated Water is operatively con 
nected for use in the Water treatment system. 

[0025] In various embodiments, the products comprise 
sodium hydroxide and/or sodium bicarbonate, hydrochloric 
acid and an ion-depleted brine from Which certain cation and 
anions have been removed. In some embodiments, the prod 
ucts are utiliZed to sequester carbon dioxide and other con 
stituents of industrial Waste gases, e.g., sulfur gases, nitrogen 
oxide gases and other combustion gases, by contacting the 
Waste gas With a solution comprising divalent cations and the 
hydroxide and/or bicarbonate and/or carbonate to precipitate 
carbonates and/or bicarbonates as described in commonly 
assigned US. patent application Ser. No. l2/344,0l 9 ?led on 
Dec. 24, 2008, herein incorporated by reference in its entirety. 
The precipitates, comprising, e.g., calcium and/ or magne 
sium carbonates and/ or bicarbonates in various embodiments 
are utiliZed as building materials, e. g., as cements and aggre 
gates, as described in commonly assigned US. patent appli 
cation Ser. No. 12/126,776 ?led on May 23, 2008, herein 
incorporated by reference in its entirety. 
[0026] In another application, the ion-depleted brine from 
Which certain cation and anions have been removed, e.g., 
sodium and chloride ions, is used as feed Water in a desalina 
tion system Where the Water is further processed as described 
in commonly assigned US. patent application Ser. No. 
12/ 163,205 ?led on Jun. 27, 2008, herein incorporated by 
reference in its entirety. 
[0027] In another embodiment, the acid produced in the 
anode electrolyte and/or the alkaline solution produced in the 
cathode electrolyte are utiliZed to dissolve minerals and Waste 
materials comprising divalent cations, e.g., Ca++ and Mg++ 
to produce divalent cation solutions that are utiliZed in pro 
ducing divalent metal ion carbonate precipitates using the 
cathode electrolyte. In various embodiments, the precipitates 
are used as building materials, e.g., cement and aggregates as 
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described in commonly assigned US. patent application Ser. 
No. 12/ 126,776, herein incorporated by reference in its 
entirety. 
[0028] Advantageously, With the present system and 
method, since a relatively loW voltage is utiliZed across the 
anode and cathode to produce the alkaline solution, and since 
hydrogen gas generated at the cathode is oxidiZed to protons 
at the anode Without producing a gas at the anode, a relatively 
loW energy is utiliZed to produce the alkaline solution. Also, 
by the system and method, since carbon dioxide from indus 
trial Waste gases is utiliZed to produce the alkaline solution, 
the system and method is utiliZed to sequester large amounts 
of carbon dioxide and thus reduce carbon dioxide emissions 
into the atmosphere. Similarly, the acidproduced is utiliZed in 
various Ways including dissolving materials, e.g., minerals 
and biomass to produce cations for use in the system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] The folloWing are brief descriptions of draWings 
that illustrate embodiments of the invention: 
[0030] FIG. 1 is an illustration of an embodiment of the 
system. 
[0031] FIG. 2 is an illustration of an embodiment of the 
anode system. 
[0032] FIG. 3 is an illustration of an embodiment of the 
method. 
[0033] FIG. 4 is an illustration of an embodiment of the 
system. 
[0034] FIG. 5 is an illustration of carbonate ion/bicarbonate 
ion speciation in Water. 
[0035] FIG. 6 is an illustration of an effect of adding carbon 
dioxide to the cathode electrolyte. 
[0036] FIG. 7 is an illustration of an embodiment of the 
system. 
[0037] 
system. 
[0038] FIG. 9 is an illustration of an embodiment of the 
brine system. 
[0039] FIG. 10 is an illustration of an embodiment of the 
brine system. 
[0040] FIG. 11 is an illustration of an embodiment of the 
brine system. 
[0041] FIG. 12 is an illustration of an embodiment of the 
brine system. 
[0042] FIG. 13 is an illustration of an embodiment of the 
brine system. 
[0043] FIG. 14 is an illustration of an embodiment of the 
brine system. 
[0044] FIG. 15 is an illustration of an embodiment of the 
brine system. 

FIG. 8 is a How chart of an embodiment of the 

DETAILED DESCRIPTION 

[0045] This invention provides for a loW-voltage/loW-en 
ergy system and method of producing an alkaline solution in 
an electrochemical system by oxidiZing hydrogen at the 
anode to protons, and reducing Water at the cathode to 
hydroxide ions and hydrogen at the cathode. In some embodi 
ments, carbon dioxide is added to the cathode electrolyte to 
produce carbonate ions and/orbicarbonate ions in the cathode 
electrolyte; a gas is not produced at the anode. In some 
embodiments, an alkaline solution comprising, e.g., sodium 
hydroxide and/ or sodium carbonate and/or sodium bicarbon 



US 2010/0200419 A1 

ate is produced in the cathode electrolyte by applying a volt 
age across the anode and cathode. 

[0046] In some embodiments, the volts is less than 3V. In 
some embodiments, subterranean brine is utilized as a source 
of salt/cations/ anions used in producing the alkaline solution. 
[0047] In some embodiments, an acid, e.g., hydrochloric 
acid, is produced in the anode electrolyte from hydrogen ions, 
produced at the anode and migrated from the anode into the 
anode, and cations in the cations in the electrolyte, e.g., chlo 
ride ions. 
[0048] In some embodiments, the acid is utiliZed to dis 
solve a material, e.g., a mineral, e.g., serpentine or olivine, to 
provide divalent cation solution, e.g., calcium and magne 
sium ions, Which may in some embodiments be used With the 
alkaline solution to precipitate carbonates and/or bicarbon 
ates derived from carbon dioxide in a Waste gas stream, e.g., 
carbon dioxide in the exhaust gases of a fossil fuelled poWer 
generating plant or a cement producing plant. In some 
embodiments, sodium chloride solution is used as the anode 
electrolyte. 
[0049] In some embodiments, on applying a voltage across 
the anode and cathode, cations, e.g., sodium ions in the anode 
electrolyte, migrate from the salt solution through a cation 
exchange membrane into the cathode electrolyte to produce 
an alkaline solution comprising, e.g., sodium hydroxide and/ 
or sodium carbonate and/ or sodium bicarbonate in the cath 
ode electrolyte; concurrently, anions in the salt solution, e.g., 
chloride ions, migrate into the anode electrolyte to produce an 
acid, e. g., hydrochloric acid, With in the protons that form at 
the anode. 
[0050] In some embodiments, hydrogen gas and hydroxide 
ions are produced at the cathode, and in some embodiments, 
some or all of the hydrogen gas produced at the cathode is 
directed to the anode Where it is oxidiZed to produce hydrogen 
ions. 
[0051] As can be appreciated by one ordinarily skilled in 
the art, since the embodiments herein can be con?gured With 
an alternative or equivalent salt, e. g., a potassium sulfate 
solution, to produce an equivalent alkaline solution, e.g., 
potassium hydroxide and/or potassium carbonate and/or 
potassium bicarbonate in the cathode electrolyte, and an alter 
native acid, e.g., sulfuric acid in the anode electrolyte, by 
applying the voltage herein across the anode and cathode, the 
invention is not limited to the exemplary embodiments 
described herein, but is useable With an equivalent salt, e.g., 
potassium sulfate, to produce an alkaline solution in the cath 
ode electrolyte, e.g., potassium carbonate and/or potassium 
bicarbonate and an acid, e.g., sulfuric acid in the anode elec 
trolyte. Accordingly, to the extent that such equivalents are 
based on or are suggested by the embodiment herein, these 
equivalents are Within the scope of the appended claims. 
[0052] In the folloWing detailed description, embodiments 
of the system and method are described With reference to the 
one or more illustrated Figures. HoWever, it should be under 
stood that this description is illustrative and is not restrictive 
since the invention is adaptable for use With other cell con 
?gurations including a one-cell, a tWo-cell, three-cell and 
other multi-cell con?gurations, not described in detail herein 
but are reasonably contemplated. 
[0053] Similarly, it should be understood that although the 
invention is described With particularity With use of a brine 
comprising sodium ions and chloride ions, this description 
also is also illustrative and not restrictive since the invention 
is adaptable foruse With equivalent aqueous salt, e.g., sulfates 
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and nitrates and like, e.g., potassium sulfate, as can be appre 
ciated by those ordinarily skilled in the art. 
[0054] With reference to FIGS. 1-15, in some embodi 
ments, carbon dioxide is added to the cathode electrolyte 
utiliZing a gas mixer/gas absorber. In one embodiment, the 
gas mixer/ gas absorber comprises a series of spray noZZles 
that produces a ?at sheet or curtain of liquid into Which the 
gas is absorbed; in another embodiment, the gas mixer/gas 
absorber comprises a spray absorber that creates a mist and 
into Which the gas is absorbed; in other embodiments, other 
commercially available gas/liquid absorber, e. g., an absorber 
available from Neumann Systems, Colorado, USA is used. 
[0055] The carbon dioxide added to the cathode electrolyte 
may be obtained from various industrial sources that release 
carbon dioxide including carbon dioxide from combustion 
gases of fossil fuelled poWer plants, e.g., conventional coal, 
oil and gas poWer plants, or IGCC (Integrated Gasi?cation 
Combined Cycle) poWer plants that generate poWer by burn 
ing sygas; cement manufacturing plants that convert lime 
stone to lime; ore processing plants; fermentation plants; and 
the like. In some embodiments, the carbon dioxide may com 
prise other gases, e.g., nitrogen, oxides of nitrogen (nitrous 
oxide, nitric oxide), sulfur and sulfur gases (sulfur dioxide, 
hydrogen sul?de), and vaporiZed materials. 
[0056] In some embodiments, the system includes a gas 
treatment system that removes constituents in the carbon 
dioxide gas stream before the carbon dioxide is utiliZed in the 
cathode electrolyte. In some embodiments, a portion of, or the 
entire amount of, cathode electrolyte comprising bicarbonate 
ions and/or carbonate ions/and or hydroxide ions is With 
draWn from the system and is contacted With carbon dioxide 
gas in an exogenous carbon dioxide gas/liquid contactor to 
increase the absorbed carbon dioxide content in the solution. 
In some embodiments, the solution enriched With carbon 
dioxide is returned to the cathode compartment; in other 
embodiments, the solution enriched With carbon dioxide is 
reacted With a solution comprising divalent cations to pro 
duce divalent cation hydroxides, carbonates and/or bicarbon 
ates. 

[0057] In some embodiments, the pH of the cathode elec 
trolyte is adjusted upWards by hydroxide ions that migrate 
from the cathode, and/or doWnWards by dissolving carbon 
dioxide gas in the cathode electrolyte to produce carbonic 
acid and carbonic ions that react With and remove hydroxide 
ions. Thus it can be appreciated that the pH of the cathode 
electrolyte is determined, at least in part, by the balance of 
these tWo processes. 
[0058] Referring to FIG. 1, the system 100 in one embodi 
ment comprises a gas diffusion anode 102 and a cathode 106 
in contact With a cathode electrolyte 108, 108A, 108B com 
prising dissolved carbon dioxide 107A. The system in some 
embodiments includes a hydrogen gas delivery system 112 
con?gured to deliver hydrogen gas to the anode 102; in some 
embodiments, the hydrogen gas is obtained from the cathode 
106. In the system, the anode 102 is con?gured to produce 
protons, and the cathode 106 is con?gured to produce hydrox 
ide ions and hydrogen gas When a loW voltage 114, e.g., less 
than 2V is applied across the anode and the cathode. In the 
system, a gas is not produced at the anode 102. 
[0059] As is illustrated in FIG. 1, ?rst cation exchange 
membrane 116 is positioned betWeen the cathode electrolyte 
108, 108 A, 108B and a salt solution 118; and an anion 
exchange membrane 120 is positioned betWeen the salt solu 
tion 118 and the anode electrolyte 104 in a con?guration 
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Where the anode electrolyte 104 is separated from the anode 
102 by second cation exchange membrane 122. In the system, 
the second cation exchange membrane 122 is positioned 
betWeen the anode 102 and the anode electrolyte 104 such 
that anions may migrate from the salt solution 118 to the 
anode electrolyte 104 through the anion exchange membrane 
120; hoWever, anions are prevented from contacting the 
anode 102 by the second cation exchange membrane 122 
adjacent to the anode 102. 

[0060] In some embodiments, the system is con?gurable to 
migrate anions, e.g., chloride ions, from the salt solution 118 
to the anode electrolyte 104 through the anion exchange 
membrane 120; migrate cations, e.g., sodium ions from the 
salt solution 118 to the cathode electrolyte 108, 108A, 108B 
through the ?rst cation exchange membrane 116; migrate 
protons from the anode 102 to the anode electrolyte 104; and 
migrate hydroxide ions from the cathode 106 to the cathode 
electrolyte 108, 108A, 108B. Thus, in some embodiments, 
the system can be con?gured to produce sodium hydroxide 
and/or sodium bicarbonate and/or sodium carbonate in the 
cathode electrolyte 108, 108A, 108B; and produce an acid 
e.g., hydrochloric acid 124 in the anode electrolyte. 
[0061] In some embodiments as illustrated in FIG. 1, the 
system comprises a partition 126 that partitions the cathode 
electrolyte 108 into a ?rst cathode electrolyte portion 108A 
and a second cathode electrolyte portion 108B, Wherein the 
second cathode electrolyte portion 108B, comprising dis 
solved carbon dioxide, contacts the cathode 106; and Wherein 
the ?rst cathode electrolyte portion 108A comprising dis 
solved carbon dioxide and gaseous carbon dioxide is in con 
tact With the second cathode electrolyte portion 108B under 
the partition 126. In the system, the partition is positioned in 
the cathode electrolyte such that a gas, e.g., carbon dioxide in 
the ?rst cathode electrolyte portion 108A is isolated from 
cathode electrolyte in the second cathode electrolyte portion 
108B. Thus, for example, Where a gas, e.g., hydrogen, is 
generated at the cathode and it is desired to separate this 
cathode gas from a gas or vapor that may evolve from the 
cathode electrolyte, the partition may serve as a means to 
prevent mixing of the gases from the cathode and the gases 
and or vapor from the cathode electrolyte. While this system 
is illustrated in FIG. 1, it is applicable to any of the electro 
chemical system described herein, e.g., the systems illus 
trated in FIGS. 4, 7 and 8. 

[0062] Thus, in some embodiments, on applying the 
present voltage across the anode and cathode, the system can 
be con?gured to produce hydroxide ions and hydrogen gas at 
the cathode 106; migrate hydroxide ions from the cathode 
into the cathode electrolyte 108, 108B, 108A; migrate cations 
from the salt solution 118 to the cathode electrolyte through 
the ?rst cation exchange membrane 116; migrate chloride 
ions from the salt solution 118 to the anode electrolyte 104 
through the anion exchange membrane 120; and migrate pro 
tons from the anode 102 to the anode electrolyte 104. Hence, 
depending on the salt solution 118 used, the system can be 
con?gured to produce an alkaline solution, e.g., sodium 
hydroxide in the cathode electrolyte. 
[0063] In some embodiments, the system is operatively 
connected to a carbon dioxide gas/liquid contactor 128 con 
?gured to remove cathode electrolyte from the system and 
dissolve carbon dioxide in the cathode electrolyte in the gas/ 
liquid contactor before the cathode electrolyte is returned to 
the system. 
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[0064] In other embodiments, the cathode electrolyte is 
operatively connected to a system (not shoWn) that is con?g 
ured to precipitate divalent cation carbonates and/ or divalent 
cation bicarbonates and/or divalent cation hydroxides from a 
solution comprising carbon dioxide gas and divalent cations. 

[0065] FIG. 2 illustrates a schematic of a suitable gas dif 
fusion anode that can be used in embodiments of the system 
described herein. In some embodiments, the gas diffusion 
anode comprises a conductive substrate 130 infused With a 
catalyst 136 that is capable of catalyZing the oxidation of 
hydrogen gas to protons When the present voltages are applied 
across the anode and cathode. In some embodiments, the 
anode comprises a ?rst side 132 that interfaces With hydrogen 
gas provided to the anode, and an opposed second side 134 
that interfaces With the anode electrolyte 104. In some 
embodiments, the portion of the substrate 132 that interfaces 
With the hydrogen gas is hydrophobic and is relatively dry; 
and the portion of the substrate 134 that interfaces With the 
anode electrolyte 104 is hydrophilic and may be Wet, Which 
facilitates migration of protons from the anode to the anode 
electrolyte. In various embodiments, the substrate is porous to 
facilitate the movement of gas from the ?rst side 132 to the 
catalyst 136 that may be located on second side 134 of the 
anode; in some embodiments, the catalyst may also be located 
Within the body of the substrate 130. The substrate 130 may 
be selected for its hydrophilic or hydrophobic characteristics 
as described herein, and also for its loW ohmic resistance to 
facilitate electron conduction from the anode through a cur 
rent collector connected to the voltage supply 114; the sub 
strate may also be selected for it porosity to ion migration, 
e. g., proton migration, from the anode to the anode electrolyte 
116. 

[0066] In some embodiments, the catalyst may comprise 
platinum, ruthenium, iridium, rhodium, manganese, silver or 
alloys thereof. Suitable gas diffusion anodes are available 
commercially, e.g., from E-TEK (U SA) and other suppliers. 
In some embodiments of the anode as is illustrated in FIG. 8, 
the anode comprises a ion exchange membrane, e. g., a cation 
exchange membrane 122 that contacts the second side 134 of 
the anode. In such embodiments, the ion exchange membrane 
can be used to alloW or prevent migration of ions to or from 
the anode. Thus, for example, With reference to FIG. 8, When 
protons are generated at the anode, a cation exchange mem 
brane may be used to facilitate the migration of the protons 
from the anode and/ or block the migration of ions, e. g., cat 
ions to the substrate. In the some embodiments, the ion 
exchange membrane may be selected to preferentially alloW 
passage of one type of cation, e. g., hydrogen ions, While 
preventing the passage of another type of ions, e.g., sodium 
10115. 

[0067] As is illustrated in FIG. 1, the system includes a salt 
solution 118 located betWeen the anode electrolyte 104 and 
the cathode electrolyte 108, 108A, 108B. In some embodi 
ments, the cathode electrolyte is separated from the salt solu 
tion by a ?rst cation exchange membrane 116 that is alloWs 
migration of cations, e.g., sodium ions, from the salt solution 
to the cathode electrolyte. The ?rst cation exchange mem 
brane 116 is also capable of blocking the migration of anions 
from the cathode electrolyte 108, 108A, 108B to the salt 
solution 118. In some embodiments, the anode electrolyte 
104 is separated from the salt solution 118 by an anion 
exchange membrane 108 that Will alloW migration of anions, 
e.g., chloride ions, from the salt solution 118 to the anode 
electrolyte 104. The anion exchange membrane, hoWever, 
























