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(57) Abstract: The present disclosure describes an electrochemical cell that has an electric power source, an anode, a gas diffusion

o cathode and a gas space in communication with the gas diffusion cathode. The gas diffusion cathode includes an ion exchange coat -
ing that faces the anode. The ion exchange coating is a polymer that also protects the gas diffusion cathode. A feed solution flows

o between the ion exchange coating and the anode. The gas space contains at least some oxygen gas that diffuses into the gas diffusion
cathode. Within the gas diffusion cathode oxygen reacts to produce hydroxide radicals. The anion exchange coating transports the
hydroxide radicals from the gas diffusion cathode to electrochemically produce oxidant-based biocides.



AN APPARATUS AND METHOD FOR ELECTROCHEMICAL

PRODUCTION OF OXIDANT RELATED COMPOUNDS

FIELD

[0001] The present disclosure relates generally to the production of oxidant-based

chemicals and in particular to the electrochemical production of oxidant-based biocides.

BACKGROUND

[0002] The following discussion is not an admission that anything discussed below is

citable as prior art or common general knowledge.

[0003] Oxidant-based biocides are an established treatment used to control the levels of

the microorganisms within industrial water circulation systems. Depending upon the

specifications of the industrial water circulation system, oxidant-based biocidal

treatment programs can include a continuous maintenance dose, an intermittent

maintenance dose or periodic high doses. Therefore, operators typically require large

supplies of oxidant-based biocides at all times for biocidal maintenance regimes and to

address any microbial outbreaks.

[0004] Sodium hypochlorite (NaCIO) is one example of an oxidant-based biocide.

Sodium hypochlorite is produced by chloralkali processes, such as membrane based

processes that take place in electrochemical cells. The electrochemical cells include at

least one anode and one cathode with a membrane that is selectively permeable to

positively charged cations. The cation permeable membrane separates the

electrochemical cell into an anolyte chamber and catholyte chamber. A solution of

sodium chloride is introduced into the anolyte chamber where negatively charged

chlorine ions undergo an oxidation reaction to form chlorine gas:

2CI - C \2 + 2e ( 1 ) -

Water is introduced to the catholyte chamber where it is reduced to hydrogen gas and

hydroxide ions at the cathode:

2H2O + 2e - H2 + 2OH (2).



The positively charged sodium ions pass through the cation permeable membrane to

react with the hydroxide ions to produce sodium hydroxide in the overall reaction of:

2NaCI + 2H2O C I2 + H2 + 2NaOH (3).

[0005] The chlorine gas and the sodium hydroxide can be mixed under controlled

conditions to produce sodium hypochlorite.

[0006] Membrane-based chloralkali manufacturing exhibits a direct relationship between

the voltage, also referred to as the working potential, applied to the electrochemical cell

and the production of chloralkali products. Due to this relationship and the high demand

for chloralkali products, the chloralkali manufacturing industry is a very large consumer

of electricity. Therefore, there is a need for improved energy consumption in chloralkali

manufacturing processes.

[0007] One approach to improve the energy consumption of the membrane- based

chloralkali process is the use of a gas diffusion membrane electrolysis cell 10, shown in

Figure 1. The gas diffusion membrane electrolysis cell 10 includes an electric power

source 100, an anode 12, a gas diffusion cathode 14 and a cation permeable

membrane 18. The cation permeable membrane 18 separates the feed space into an

anolyte chamber 16A and a catholyte chamber 16B. The gas diffusion cathode 14 is

permeable to gas, such as oxygen, which reacts with the reduced water to produce

hydroxide radicals in the catholyte chamber 16B. A sodium chloride solution is

introduced into the anolyte chamber 16A and the negatively charged chlorine ions are

oxidized to form chlorine gas, while the positively charged sodium ions cross the cation

permeable membrane 18 to form sodium hydroxide.

SUMMARY OF THE INVENTION

[0008] A gas diffusion membrane electrochemical cell demonstrates improved energy

consumption in comparison to a non-gas diffusion membrane-based electrolysis cell

operating at the same current density. However, the gas diffusion membrane

electrolysis cell still requires the use of costly cation permeable membranes that can be

subject to fouling, which impedes efficiency and increases maintenance and capital

replacement costs.



[0009] An electrochemical cell for the production of oxidant-based biocides is described

in the detailed description below. The electrochemical cell comprises an electric power

supply, an anode spaced from a gas diffusion cathode and a plenum adapted to receive

gas. The gas diffusion cathode includes an ion exchange coating on the surface that

faces the anode. The plenum communicates with the gas diffusion cathode.

[001 0] In operation, a concentrated feed solution is introduced into the feed space that

is between the gas diffusion cathode and the anode of the electrochemical cell. At the

gas diffusion cathode, oxygen from the plenum enters the gas diffusion cathode. Within

the gas diffusion cathode, the oxygen is reduced to produce hydroxide radicals. The

hydroxide radicals are transported by the ion exchange coating to react within the feed

space to produce an oxidant-based biocide.

[001 1] The ion exchange coating has properties that provide protection of the gas

diffusion electrode. The protection includes physical protection of a high surface area

region within the gas diffusion cathode. This physical protection permits flow rates that

are higher than those used in a typical membrane based, gas diffusion electrochemical

cell. Higher flow rates of the feed solution may increase the current efficiency and

productivity of the electrochemical cell. The ion exchange coating also provides

chemical protection by preventing chemical reactions that can degrade the high surface

area region within the gas diffusion cathode. Additionally, the ion exchange coating

transports the hydroxide ions from within the gas diffusion cathode to react within the

feed space. Without being bound by theory, this transport decreases the resistance of

the gas diffusion cathode in comparison to a gas diffusion cathode that merely relies

upon diffusion as the mechanism to transport the hydroxide ions out of the gas diffusion

cathode. In this manner, the resistance at the gas diffusion cathode is decreased and

the working potential requirements of the electrochemical cell are also decreased.

BRIEF DESCRIPTION OF THE DRAWINGS

[001 2] Figure 1 is a cross-sectional schematic drawing of a prior art gas diffusion

membrane process.

[001 3] Figure 2 is a cross-sectional schematic drawing of an electrochemical cell for the

production of oxidant-based biocides.



[0014] Figure 3 is a schematic drawing of a water treatment system.

[001 5] Figures 4A, 4B, 4C and 4D are line graphs depicting the experimental

productivity (g/day) results from four concentrations of feed solution processed by the

electrochemical cell of Figure 2 .

[001 6] Figure 5A, 5B, 5C and 5D are line graphs depicting the experimental current

efficiency (%) results from four concentrations of feed solution processed by the

electrochemical cell of Figure 2 .

[001 7] Figure 6A, 6B, 6C and 6D are line graphs depicting the experimental energy

consumption (kWh/kg) results from four concentrations of feed solution processed by

the electrochemical cell of Figure 2 .

[001 8] Figure 7 is a line graph depicting the experimental productivity (g/day) results

from two electrochemical cells running in series.

[001 9] Figure 8 is two line graphs representing the relationship between current and the

open circuit voltage, over time, when current is applied to a control electrode and an ion

exchange coated electrode.

DETAILED DESCRIPTION

[0020] An electrochemical cell for the production of oxidant-based biocides comprises

an electric power source, an anode, a gas diffusion cathode and a plenum of gas. The

gas diffusion cathode includes an ion exchange coating on the surface that faces the

anode. The plenum of gas is in communication with the gas diffusion cathode.

[0021] Figure 2 depicts an electrochemical cell 20 for the production of oxidant-based

biocides. The electrochemical cell 20 comprises an electric power source 100, a feed

space 26, a gas space 28, an anode 22 and a gas diffusion cathode 24.

[0022] The electric power source 100 is a DC source of electric current that flows

through an electrolytic circuit. The electrolytic circuit is complete when an electrolyte

containing fluid is present in the feed space 26. The ions within the electrolytic fluid

transfer the electric current between the anode 22 and the gas diffusion cathode 24.

Optionally, the source of electric power supply can be an AC power source.



[0023] The feed space 26 is positioned between the anode 22 and the gas diffusion

cathode 24. The feed space 26 is adapted to receive a feed solution that contains

dissociated anions and cations. For example, the feed solution can be a sodium

chloride solution that contains dissociated chloride anions and sodium cations. The

feed space 26 does not require a selectively permeable membrane.

[0024] The gas space 28 is a plenum in fluid communication with the gas diffusion

electrode 24. The gas space 28 is adapted to receive and transfer a gas that has at

least some oxygen, for example pure oxygen gas or a gas mixture that contains at least

some oxygen, such as air.

[0025] The anode 22 comprises an electrode substrate composed, for example, of

titanium or a titanium alloy. The anode 22 may be generally planar in shape with a first

anode side 2 1 and a second anode side 23. The second anode side 23 is in fluid

communication with the feed space 26. When the electrolytic circuit is complete, the

anode oxidizes the chlorine anions from the sodium chloride solution to produce

chloride gas and electrons:

2CI - C \2 + 2e ( 1 ) -

[0026] The gas diffusion cathode 24 may be generally planar in shape, with a first

cathode side 25 and a second cathode side 27. The first cathode side 25 is in fluid

communication with the feed space 26 and the second cathode side 27 is in fluid

communication with the gas space 28. The gas diffusion cathode 24 has a current

collector (not shown) comprising, for example, a titanium mesh. The current collector

conducts the electric current from the electric power source 100 through to the reacting

part of the gas diffusion cathode 24. The reacting part of the gas diffusion cathode 24

may be a high surface area, activated carbon substrate located between the first

cathode side 25 and the second cathode side 27.

[0027] The first cathode side 25 is water permeable to allow water to enter into the

activated carbon substrate from the feed space 26. The second cathode side 27 is

permeable to gas which allows gas to enter the activated carbon substrate from the gas

space 28. Inside the activated carbon substrate of the gas diffusion cathode 24, the

oxygen gas reacts with the liquid water in a four electron reduction reaction:

2H20 + 0 2 + 4e - 40H (4).



[0028] The hydroxide ions produced by the four electron reduction reaction move from

the solid phase of the gas diffusion cathode 24 to the feed space 26 through an ion

exchange coating 30. The ion exchange coating 30 is positioned on the first cathode

side 25. The ion exchange coating 30 is composed of an insoluble, and optionally gas

impermeable, cross-linked polymer that has ion exchange properties. The polymer can

be stable in the presence of strong oxidants (such as chlorine, hydrogen peroxide,

ozone, hypochlorite species, and the like), or other chemicals such as caustics (such as

sodium hydroxide, potassium hydroxide, and the like). In one option, the polymer is

stable in both oxidants and caustics. For the purposes of this disclosure, the term

"stable" refers to the polymer not reacting, such as degrading, decomposing, corroding

or otherwise, in the presence of strong oxidants and/or caustics under normal

operational conditions throughout a useful lifespan. By not reacting in this manner, the

polymer maintains the ion exchange properties, and other useful properties, through the

practical life span of the gas diffusion cathode 24.

[0029] The polymer can be acrylamide based or acrylic based. For example, the

polymer described in U.S. 7,968,663 to MacDonald et al., the disclosure of which is

hereby incorporated into this application by reference, is an anion exchange polymer of

the formula:

P
N

P ©
N
I

R
I

z

o

wherein R is -[CH 2 - CH(OH)]2-W; R is hydrogen or a C1-C 12
alkyl group; a is from

about 0 to about 0.75, b and c are each independently, from about 0.25 to about 1.0; Z



is oxygen or N-R3; R2 is -[CH 2]„-; 3 is hydrogen or -[CH 2]m-CH3; R and R5 are each,

independently, -[CH2]m-CH3; X is selected from the group consisting of CI, Br, I and

acetate; W is a bridging group or atom; m is an integer from 0 to 20; n is an integer

from 1 to 20; and Y is selected from the group consisting of

R R 8 and

wherein R , R and R8 are each, independently, selected from the group consisting of

hydrogen, -[CH2] -CH3 and -CH(CH 3)2; R9 is -[CH 2] ; p is a number from 3 to 6 and q is

a number from 0 to 3 . This polymer, as disclosed by MacDonald et al., is an example of

an acrylamide based polymer that is suitable for the ion exchange coating 30 and that is

stable in the presence of chlorine and sodium hydroxide.

[0030] In another example, the ion exchange coating 30 can be a cross-linked polymer

of the monomer compound below:

R= CH3, CH2CH3 or CH(CH3)2; n= 1 or 2 ; and m = , 2 or 3 .

[0031] This second polymer is an example of an acrylamide based polymer that is

suitable for the ion exchange coating 30 and that is stable in the presence of chlorine.

[0032] The ion exchange coating 30 transports hydroxide ions out of the activated

carbon substrate of the gas diffusion cathode 24 and into the feed space 26. Within the

feed space 26, when a sodium chloride feed solution is used, the molar ratio of the

chemical species relative to each other can drive the overall reaction of:

Cl2 + 2NaOH - NaCIO + NaCI + H20 (5).

This overall reaction produces the oxidant biocide product of sodium hypochlorite

(NaCIO) and a sodium chloride solution.



[0033] Optionally, different feed solutions may be introduced into the feed space 26 to

produce different oxidant-based biocides. For example, monovalent alkali halide

solutions may be used to produce different alkali hypohalite products.

[0034] Optionally, the second anode side 23 is very close to the surface of the ion

exchange coating 30 making the dimensions of the feed space 26 very tight. This tight

feed space 26 is large enough to permit the flow of feed solutions into, and the reaction

products out of, the electrochemical cell 20. This optional feature may improve the

efficiency of the overall reaction (5) from above.

[0035] Optionally, the gas within the gas space 28 may be air and contain trace gases

such as carbon dioxide, helium, hydrogen and the like. In this option, the presence of

carbon dioxide within the gas space 28 may require a water softening treatment (not

shown) of the feed solution prior to introduction into the feed space 26. The water

softening reduces or removes water hardness ions such as calcium, magnesium,

potassium, strontium, barium, and the like. The water softening treatment prevents the

reaction of the carbon dioxide with the water hardness ions which can lead to the

formation of undesirable carbonate ions and salts within the gas diffusion cathode 24.

Carbonate ions and salts can decrease the rate of gas diffusion, which impairs the

efficiency of the gas diffusion cathode 24. Further, carbonate ions can impair or

compete with the transport of hydroxide ions by the ion exchange coating 30.

[0036] In an option of the anode 22, a metal oxide catalyst coating (not shown) is coated

on at least the second anode side 23 that communicates with the feed space 26. The

metal oxide catalyst coating can be ruthenium oxide, iridium oxide and the like. The

metal oxide catalyst coating increases the efficiency of the oxidation of the chlorine ions

to produce chlorine gas and electrons, see equation ( 1 ) above.

[0037] In an option of the gas diffusion cathode 24, the activated carbon substrate

contains catalytic particles. Suitable catalytic particles are selected from platinum,

ruthenium, iridium, rhodium and manganese dioxide and the like. The catalytic particles

increase the efficiency of the hydroxide ion producing reaction (4) from above.

[0038] In a further option of the gas diffusion cathode 24, the current collector is made of

nickel mesh or a mesh composed of a conductive titanium and nickel alloy.



[0039] Optionally, a coating of polytetrafluroethylene (PTFE) can be positioned on the

second cathode side 27 of the gas diffusion cathode 24 to provide a hydrophobic barrier

to the gas space 28.

[0040] In an optional feature of the electrochemical cell 20, at least two electrochemical

cells 20 can be placed in series so that the feed solution flows from one electrochemical

cell 20 to the next. This series arrangement can increase the production of oxidant-

based biocides.

[0041] In operation, an electrolyte feed solution, for example sodium chloride, is

introduced between the anode 22 and the gas diffusion cathode 24. The presence of

dissociated sodium ions and chloride ions allows the electric circuit to be completed

between the anode 22 and the gas diffusion cathode 24. The complete electric circuit

provides a flow of electrons to drive the oxidation reaction to produce oxidation products

at the anode 22. For example, see equation ( 1 ) . The flow of electrons also drives the

reduction reaction to produce reduction products at the gas diffusion cathode 24, for

example, see equation (4). When the feed solution is sodium chloride, chlorine ions are

oxidized into chlorine gas at the anode 22. Whereas, at the gas diffusion cathode 24,

oxygen from the gas space 28 is reduced to form hydroxide ions. The ion exchange

coating 30 of the gas diffusion cathode 24 transports the hydroxide ions out of the gas

diffusion cathode 24 to react with the chlorine gas to produce sodium hypochlorite within

the feed space 26.

[0042] Figure 3 depicts the use of the electrochemical cell 20 in a water treatment

system 150 for the treatment of a target water circulation system. The water treatment

system 150 comprises an input line 152, an output line 154 and a downstream process

156. The input line 152 conducts a feed solution towards the electrochemical cell 20,

which is adapted to receive the feed solution within the feed space 26. The output line

154 conducts the electrochemical products (for example sodium hypochlorite and

sodium chloride) away from the feed space 26 to the downstream process 156. The

water treatment system 150 can be physically located close enough to the target water

circulation system that the output line 154 can conduct the oxidant-based biocide

products directly into the target water circulation system, shown as the downstream

process 156 in Figure 3 . Additionally, the downstream process 156 can include a



storage vessel (not shown) where the electrochemical products are stored for

introduction into the target industrial water circulation system as needed, for example, if

the electrochemical cell 20 production exceeds the demands of the target water

circulation system.

[0043] Optionally, the water treatment system 150 is located at a different physical

location than the target water circulation system. In this option, the downstream

process 156 is a storage vessel to store the oxidant-based biocide products for

transport to the target water circulation system.

[0044] In an additional optional feature of the water treatment system 150, a

recirculation line 158 (shown as the dotted lines in Figure 3) is included to recirculate at

least a portion of the electrochemical products back into the input line 152 or directly

into the electrochemical cell 20. In this optional feature the recirculation line 158 can

include a pumping system (not shown) and possibly a secondary storage vessel (not

shown).

[0045] Table 3 below, provides a comparison of some of the calculated characteristics

of a typical membrane based, electrolysis cell and the electrochemical cell 20.

Table 3 - A comparison of the calculated characteristics of typical membrane based,

electrolysis cell and the electrochemical cell 20.



H20 )

Calcu lated Prod uct 8 19 1

Co ncentratio n of NaCI O (g/l)

Cal cu lated Water 126 5.24

Co nsu mpti on (l/kg Cl2)

[0046] This comparison of the calculated characteristics from Table 3 is based upon the

assumption of using pure oxygen within the gas space 28 and the anode and the

cathode have no electrical resistance. From Table 3 , the advantages of the

electrochemical cell 20 at least include: a decreased working potential; decreased

energy consumption per mass of product; minimal to no hydrogen gas production,

which can pose safety hazards; a wide range of feed solution concentration, up to and

including a saturated feed solution; increased product concentration; and decreased

water consumption per mass of product.

[0047] An experiment was performed to determine the actual production and electrical

properties of the electrochemical cell 20 under controlled conditions. In this experiment,

both the anode 22 and the gas diffusion cathode 24 are 16cm x 8cm in size and the

anode 22 is a commercially available titanium coated electrode. The catalytic particles

within the activated carbon substrate are manganese dioxide. The ion exchange

coating 30 is a product of copolymerizing and cross-linking reaction of the monomer

structure provided below:

[0048] Figures 4 , 5 , 6 and 7 depict the outcomes measured during this experiment.

During the experiment, four different concentrations of sodium chloride feed solution

were used: 50g/l, 100g/l, 200g/l and 300g/l.

[0049] For the 50g/l feed solution experiment, current densities of 120, 172 and 258

mA/cm 2 were applied. For the 0Og/l feed solution experiment, current densities of 86,

120 and 172 mA cm2 were applied. For the 200g/l feed solution experiment, current



densities of 120, 172 and 215 mA/cm2 were applied. For the 300g/l feed solution

experiment, current densities of 172, 215 and 258 mA/cm2 were applied.

[0050] The feed solution was introduced into the feed space 26 at various flow rates, as

shown by the X-axis values of Figures 3 , 4 , 5 and 6 . Additionally, the flow rate of air

through the gas space 28 was approximately 2 to 6 times higher than the stoichiometric

requirements of the four-electron reduction of oxygen, see reaction (4) from above.

[0051] Figure 4 demonstrates that the electrochemical cell 20 produces sodium

hypochlorite product at various feed solution concentrations and various current

densities. The highest feed solution concentration of 300g/l, as shown in Figure 4D,

has the highest production of all the feed solution concentrations tested. Within Figure

4D, the highest current density of 258 mA/cm2 causes the highest production of all

parameters tested.

[0052] Figure 5 demonstrates that a current efficiency of substantially greater than 80%

can be achieved with the electrochemical cell 20. The current efficiency is calculated by

comparing the stoichiometry of the overall reaction; see reaction (5) from above,

wherein the transfer of 2 mols of electrons generates 1 mol chlorine gas and 2 mol

hydroxide ions, which ultimately generated 1 mol of NaCIO. This one mol of sodium

hypochlorite is compared to the amount of sodium hypochlorite actually produced to

determine current efficiency.

[0053] Figure 6 demonstrates that the electrochemical cell 20 can operate with an

energy consumption of approximately 3 kWhr/kg of sodium hypochlorite produced.

[0054] Figure 7 demonstrates that placing two electrochemical cells 20 in series

increases the overall production of sodium hypochlorite.

[0055] Table 4 presents the comparative data of current efficiency and resistance

between a blank calendered electrode; a calendered electrode with a selectively

permeable ion exchange membrane; a screen printed electrode with a selectively

permeable ion exchange membrane; and a calendered coated electrode, coated with

the ion exchange coating 30, as described above. In these experiments, a sodium

chloride feed solution at a concentration of 800ppm and at a flow rate of 10cm/s was

utilized.



[0056] Table 4 - A comparison of current efficiency and resistance of various electrode

arrangements.

[0057] The calendered and coated electrode demonstrated an approximate 56%

reduction in resistance, at the same current efficiency, in comparison to the calendered

electrode with the selectively permeable ion exchange membrane. The calendered and

coated electrode demonstrated an approximate 40% reduction in resistance, at the

same current efficiency, in comparison to the screen printed electrodes with a

selectively permeable ion exchange membrane.

[0058] Figure 8 demonstrates the comparison in energy consumption between a

titanium coated carbon electrode that is used with a selectively permeable ion exchange

membrane and a coated electrode that is coated with the ion exchange coating 30, as

described above. At the onset of the current, the voltage is 53% lower in the anion

exchange coated electrode.

[0059] This written description uses examples to disclose the invention, including the

best mode, to enable any person skilled in the art to practice the invention, including

making and using any devices or systems and performing any incorporated methods.

The patentable scope of the invention is defined by the claims, and may include other

examples that occur to those skilled in the art.



1. An electrochemical cell for producing oxidant-based compounds, comprising:

a . a source of electrical power;

b. a gas diffusion cathode with an ion exchange coating;

c . an anode opposing the ion exchange coating;

d . a plenum adapted to receive gas and in fluid communication with the gas

diffusion cathode; and

e. The electrochemical cell adapted to receive a fluid between the anode and

the ion exchange coating, the fluid completing an electrical circuit between

the anode and the gas diffusion cathode.

2 . The electrochemical cell of claim 1, wherein the ion exchange coating is an anion

exchange coating.

3 . The electrochemical cell of claim 2 , wherein the anion exchange coating is

oxidant stable.

4 . The electrochemical cell of claim 2 , wherein the anion exchange coating is

oxidant stable and caustic stable.

5 . The electrochemical cell of claim 1, wherein the ion exchange coating is

positioned on a first side of the gas diffusion cathode; the plenum is in

communication with a second side of the gas diffusion cathode; and, the first side

is opposite to the second side.

6 . The electrochemical cell of claim 5 , the gas diffusion cathode further comprising

an electron collector and an activated carbon substrate, the electron collector

and the activated carbon substrate positioned between the first side and the

second side.

7 . The electrochemical cell of claim 4 , the activated carbon substrate further

comprising catalytic particles selected from the group consisting of platinum,

ruthenium, iridium, rhodium and manganese dioxide.



8 . The electrochemical cell of claim 1, further comprising a polytetrafluroethylene

layer between the plenum and the gas diffusion cathode.

9 . The electrochemical cell of claim 1, the anode further comprising a catalyst layer,

the catalyst layer facing the ion exchange coating and including ruthenium oxide

or iridium oxide.

10. The electrochemical cell of claim 1, wherein the anode is in tight proximity to the

ion exchange coating.

11. The electrochemical cell of claim 1, wherein the gas includes at least some

oxygen, the fluid is a solution of sodium chloride and the oxidant-based

compound produced is sodium hypochlorite.

12. A method for producing an oxidant-based compound, comprising:

a . provide an electric current through a feed solution that includes a plurality

of dissociated anions and a plurality of dissociated cations;

b. oxidize at least a portion of the plurality of dissociated anions to produce

oxidation products;

c . reduce at least some oxygen gas to produce a plurality of hydroxide ions;

d . transport the plurality of hydroxide ions into proximity with the oxidation

products; and

e. provide a molar ratio that drives the plurality of hydroxide ions to react with

the oxidation products and the plurality of dissociated cations to produce

an oxidant-based compound.

13. The method of claim 12, wherein the feed solution is an alkali halide solution, the

oxidation products are diatomic halide gas and the oxidant-based compound is

an alkali metal hypohalite.

14. The method of claim 13, where the alkali halide solution is sodium chloride.
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