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TANDEM ELECTRODIALYSIS CELL 
SYSTEMS BASED ON THE USE OF REDOX 

COUPLES 

REFERENCE TO GOVERNMENT RIGHTS 

This invention was made with government support under 
1803496 awarded by the National Science Foundation. The 
government has certain rights in the invention. 

BACKGROUND 

The lack of access to fresh water is one of the most serious 
issues that the world is facing. Considering the abundance of 
seawater on Earth, seawater desalination has the possibility 

2 
in contact with the second solution in the anode compart
ment; and a cathode in contact with the first solution in the 
cathode compartment. One or more conduits connect the one 
or more anode compartments of the one or more ion
extraction electrodialysis cells with the one or more cathode 
compartments of the one or more ion-recovery electrodialy
sis cells, such that the one or more conduits allow the first 
solution to circulate between the one or more anode com
partments of the one or more ion-extraction electrodialysis 

10 cells and the one or more cathode compartments of the one 
or more ion-recovery electrodialysis cells. In addition, one 
or more conduits connect the one or more cathode compart
ments of the one or more ion-extraction electrodialysis cells 
with the one or more anode compartments of the one or more 

15 ion-recovery electrodialysis cells, such that the one or more 
conduits allow the second solution to circulate between the to offer a sustainable and unlimited supply of fresh water. 

Distillation and reverse osmosis (RO) have been used for 
seawater desalination, with RO being the more cost-effec
tive option. However, the cost of RO is still high due to the 
considerable electrical energy input required to operate high 20 

one or more cathode compartments of the one or more 
ion-extraction electrodialysis cells and the one or more 
anode compartments of the one or more ion-recovery elec
trodialysis cells. 

pressure pumps. 
Another desalination technology, which has been used for 

brackish water desalination, is electrodialysis (ED). The key 
difference between ED and distillation and RO is that ED 
removes salt ions from saline water, while distillation and 
RO remove water from the saline water. Considering the 
amounts of salt and water present in seawater, ED should be 
able to achieve desalination with higher recovery of water at 
a lower cost than RO. However, while ED is a cost-effective 
method for brackish water desalination, it is currently less 
cost-effective than RO for seawater desalination. This is 
because the current electrode reactions used in ED cells to 
induce ion movement require a high operating voltage. 

ED cells for desalination using redox couples to drive the 
desalination and salination cycles have been proposed but 
limitations inherent in these ED cells leave room for 
improvement. 

SUMMARY 

Tandem ED cell systems and methods for using the 
tandem ED cell systems to extract and recover ions from 
ion-containing solutions are provided. 

One embodiment of a tandem ion extraction and recovery 
includes one or more ion-extraction electrodialysis cells and 
one or more ion-recovery electrodialysis cells. The one or 
more ion-extraction electrodialysis cells include: a first 
solution comprising a first redox couple in an anode com
partment that is compartmentalized by an anion exchange 
membrane; a second solution comprising a second redox 
couple in a cathode compartment that is compartmentalized 

One embodiment of a method for extracting and recov
ering dissolved ions from solution includes the steps of: 
circulating a first solution comprising a reduced species and 
an oxidized species of a first redox couple between one or 

25 more anode compartments of one or more ion-extraction 
electrodialysis cells and one or more cathode compartments 
of one or more ion-recovery electrodialysis cells; circulating 
a second solution comprising a reduced species and an 
oxidized species of a second redox couple between one or 

30 more cathode compartments of the one or more ion-extrac
tion electrodialysis cells and one or more anode compart
ments of the one or more ion-recovery electrodialysis cells; 
oxidizing the reduced species of the first redox couple in the 
one or more anode compartments of the one or more 

35 ion-extraction electrodialysis cells and reducing the oxi
dized species of the second redox couple in the one or more 
cathode compartments of the one or more ion-extraction 
electrodialysis cells, thereby causing anions from an ion
containing solution in an ion-extraction compartment of 

40 each of the one or more ion-extraction electrodialysis cells 
to move into the anode compartment of the ion-extraction 
electrodialysis cell and cations from the ion-containing 
solution to move into the cathode compartment of the 
ion-extraction electrodialysis cell; and reducing the oxidized 

45 species of the second redox couple in the one or more 
cathode compartments of the one or more ion-recovery 
electrodialysis cells and oxidizing the reduced species of the 
first redox couple in the one or more anode compartments of 
the one or more ion-recovery electrodialysis cells, thereby 

50 causing anions from the anode compartment of each of the 
one or more ion-recovery electrodialysis cells to move into 
an ion-recovery compartment of the ion-recovery electrodi
alysis cell and cations from the cathode compartment of 
each of the one or more ion-recovery electrodialysis cells to 

by a cation exchange membrane, wherein the first and 
second redox couples are different redox couples; an ion
extraction compartment comprising an ion-containing solu
tion comprising dissolved cations and dissolved anions 
between the anode compartment and the cathode compart
ment; an anode in contact with the first solution in the anode 
compartment; and a cathode in contact with the second 
solution in the cathode compartment. The one or more 
ion-recovery electrodialysis cells include: the second solu- 60 

tion comprising the second redox couple in an anode com
partment that is compartmentalized by a cation exchange 
membrane; the first solution comprising the first redox 
couple in a cathode compartment that is compartmentalized 

55 move into the ion-recovery compartment of the ion-recovery 
electrodialysis cell. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
wherein like numerals denote like elements. 

FIGS. lA-lD show schematic diagrams of the desalina
tion of a saline solution by ED cells. FIG. lA illustrates a 
conventional desalination ED cell. FIG. lB shows an ion
extraction ED cell that uses two different redox couples in 
the anolyte and the catholyte. The redox couples are chosen 

by an anion exchange membrane; an ion-recovery compart- 65 

ment comprising an ion-recovery solution between the 
anode compartment and the cathode compartment; an anode 
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such that the overall cell reaction is spontaneous and gen
erates an electrical energy output. FIG. lC shows an ion
recovery ED cell that uses two different redox couples in the 
anolyte and the catholyte. FIG. lD shows a tandem cell 
system that operates an ion-extraction ED cell and an 
ion-accumulation ED cell in tandem. 

4 
cations, depending upon whether anions or neutral mol
ecules are being oxidized, and reduction occurs in the 
cathode compartment, resulting in the consumption of cat
ions or the generation of anions, depending upon whether 
cations or neutral molecules are being reduced. In the ED 
cell shown in FIG. lA, c1- anions undergo oxidation in the 
anode compartment, and H+ cations undergo reduction in the 
cathode compartment. 

FIG. 2A shows a tandem cell system with an ion-extrac
tion ED cell and an ion-recovery solar ED cell. FIG. 2B 
shows a tandem cell system with an ion-extraction solar ED 
cell and an ion-recovery solar ED cell. 

FIG. 3 shows an example of a tandem cell system that 
includes an ion-extraction ED cell having an additional 
compartment to separately concentrate monovalent and mul
tivalent anions (represented as xq- with q> 1) from a feed 
water containing dissolved c1- and multivalent anions. 

To maintain charge neutrality, anions (for example, c1-
lO ions) from the middle compartment, which contains anions 

and cations in an electrolyte solution (for example, saline 
water), will move toward the anode through an anion 
exchange membrane (AEM) while cations (for example, 

DETAILED DESCRIPTION 

Tandem ED cell systems and methods for using the 
tandem ED cell systems to extract and recover ions from 
ion-containing solutions are provided. The tandem ED cell 
system is composed of ion-extraction and ion-recovery ED 
cells. The redox couple contained in the anolyte of the 
ion-extraction ED cell is different from the redox couple 
contained in the catholyte of the ion-extraction ED cell. The 
electrode reactions in the ion-extraction ED cell are reversed 

15 
Na+ ions) will move toward the cathode through a cation 
exchange membrane (CEM). This results in the extraction of 
ions from the solution in the middle compartment. However, 
this is only an illustrative example. The cations and anions 
removed from the middle compartment need not be Na+ 

20 cations and c1- anions; the ED cells can be used to remove 
any cations and/or anions present in a solution in the middle 
compartment to maintain the charge neutrality of the anolyte 
and catholyte. 

The most commonly used cathode and anode reactions in 
25 a conventional ED cell are water reduction and water 

in the ion-recovery ED cell, with the anolyte and catholyte 
of the two ED cells swapped and continuously circulated. As 
a result, the redox species in the anolyte and catholyte of the 
two cells are never depleted, which allows for achieving ion 30 

extraction and ion recovery with the use of a minimal 
amount of the redox couples. Some embodiments of the 
ion-extraction and ion-recovery ED cells use photoelec
trodes to convert solar energy into electricity while carrying 
out the ion-extraction and ion-recovery processes, thereby 35 

coupling the functions of ion-extraction and solar electricity 
generation in a single device. 

In the tandem ED cell systems, the redox couple used in 
the anolyte differs from the redox couple used in the 
catholyte. Thus, the tandem ED cell systems described 40 

herein are distinguishable from previously reported tandem 
ED cell systems where the redox couple used in the anolyte 
and catholyte are the same. (U.S. Patent Application Publi
cation Number 2020/0140296). The use of different redox 
couples allows the charges of the two redox couples to be 45 

individually optimized to minimize the leakage of the redox 
couples through the anion exchange membranes (AEMs) 
and the cation exchange membranes (CEMs) of the ED cells. 
In addition, a more selective use of redox couples compris-
ing species that are unstable in the presence of certain 50 

cations or anions extracted from the feed water to the anolyte 
or catholyte is possible. 

A redox couple is composed of an oxidized form and a 
reduced form of a molecular or ionic species. Redox couples 
that have extremely fast oxidation and reduction kinetics are 55 

often called redox mediators because they can be used to 
mediate other oxidation and reduction reactions. The redox 
couples used in the ED cells described herein include redox 
couples that are known as redox mediators. However, in the 
present ED cells, they are not used to mediate other redox 60 

reactions. Instead, the oxidation and reduction reactions of 
the redox mediators are directly used to operate the ED cells 
to take advantage of their fast redox kinetics. 

A schematic diagram of a conventional ion-extraction ED 
cell having three compartments is shown in FIG. lA. 65 

Oxidation occurs in the anode compartment of the cell, 
resulting in the consumption of anions or the generation of 

oxidation or c1- oxidation, respectively. These reactions are 
kinetically slow and require considerable kinetic overpoten
tials. Thus, a conventional ED cell can be made more 
efficient by using the oxidation and reduction of redox 
couples present in the anolyte and the catholyte to drive 
ion-extraction. 

The ED cell shown in FIG. 1B illustrates the use ofredox 
mediators present in the anolyte and the catholyte as elec
trode reactions to drive ion-extraction. The ED cell contains 
three compartments, where an anode compartment 101 
containing the anolyte and cathode compartment 103 con
taining the catholyte sandwich a middle compartment 102 
containing the ion-containing solution. Compartment 102 is 
referred to as the ion-extraction compartment or, when the 
ion-extraction is a desalination, as the desalination compart
ment. For the desalination process shown in FIG. 1B, the 
solution in compartment 102 can be, for example, saline 
water from a natural body of water (e.g., seawater, salt lake 
water, brackish water, or a geothermal brine). 

The anolyte contains a first redox couple (represented 
generically as Am+;A(m+l)+, where mis an integer) having 
oxidized and reduced species that are positively charged. 
The catholyte contains a second redox couple (represented 
generically as Bn-;BCn+ll-, wherein n is an integer) having 
oxidized and reduced species that are negatively charged. 
The anode compartment and middle compartment are sepa
rated by an AEM, while the cathode compartment and 
middle compartment are separated by a CEM. Thus, the 
AEM serves to compartmentalize the anode compartment 
and the CEM serves to compartmentalize the cathode com
partment. Notably, because neither the reduced species nor 
the oxidized species of the redox couple dissolved in the 
anolyte solution is an anion (in the illustrative embodiment 
of FIG. 1B, the redox couple of the anolyte comprises two 
cations), leakage of the anolyte redox couple into ion
extraction compartment 102 is minimized or prevented. 
Similarly, because neither the reduced species nor the oxi
dized species of the redox couple dissolved in the catholyte 
solution is a cation (in the illustrative embodiment of FIG. 
1B, the redox couple of the catholyte comprises two anions), 
the leakage of the catholyte redox couple into ion-extraction 
compartment 102 is minimized or prevented. 
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Although the reduced and oxidized forms of the anolyte 
redox couple in FIG. 1B are shown to be both cations, redox 
couples in which the reduced form is a neutral species can 
also be used (Am+ when m=0). Similarly, although the 
reduced and oxidized forms of the catholyte redox couple in 
FIG. 1B are shown to be both anions, redox couples in which 
the oxidized form is a neutral species can also be used (Bn

when n=0). 
Examples of redox couples that can be used in the ED 

cells include the reduced and oxidized forms of 1,1'-bis[3-
(trimethylammonio )-propyl]ferrocene ([BTMAP-Fc ]2 +/ 
[BTMAP-Fc ]3+), ferricyanide ([Fe(CN)6 ]

3 -/[Fe(CN)6]4-), 
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO/TEMPO+), 
4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL/ 
TEMPOL +), methyl viologen ((C6H7N)2 +/(C6H7N)/+; 
MV+/MV2 +), and riboflavin-5'-phosphate sodium salt dihy
drate (FMN-Na/FMN-Na). The reduced and oxidized 
forms of other TEMPO derivatives can also be used, includ
ing the reduced and oxidized forms of 4-maleimido
TEMPO, 4-carboxy-TEMPO, 4-amino-TEMPO, 
4-methoxy-TEMPO, 4-oxo-TEMPO, TEMPO-4-amino-4-
carboxylic acid, 4-acetamido-TEMPO, and 4-(2-lodoacet
amido )-TEMPO. The list of redox couples provided here is 
not intended to be exhaustive. Other redox couples, includ
ing other ferrocene derivatives and other viologen deriva
tives, can be used. In addition, the various species of the 
redox couples can comprise metal ions, metal complexes, 
halides, polyhalides, sulfides, polysulfides, quinone deriva
tives, phenazine derivatives, alloxazine derivatives, flavin 
derivatives, metallocene derivatives, nitroxide radical 
derivatives, N,N-dialkyl-N-oxoammonium derivatives, and 
the like. 

An anode is in contact with the anolyte in anode com
partment 101, and a cathode is in contact with catholyte in 
cathode compartment 103. The anode and cathode can be, 
for example, carbon-containing electrodes, such as graphite, 
carbon felt, and carbon paper electrodes. However, other 
electrode materials, such as metals, can be used. When a 
voltage is applied between the anode and the cathode, Am+ 

is oxidized to A (m+l)+ at the anode, increasing the cationic 
charge and thus causing anions (e.g., c1- ions) to move from 
the middle compartment to the anolyte in the anode com
partment to keep the charge neutrality in the anode com
partment. At the same time, Bn- is reduced to B(n+l)- at the 
cathode, increasing the anionic charge and thus causing 
cations (e.g., Na+ ions) from the middle compartment to 
move to the catholyte in the cathode compartment to keep 
the charge neutrality in the cathode compartment. This 
results in extraction of ions from the solution in the middle 
compartment. Thus, this cell serves as an ion-extraction ED 
cell. 

When the anode compartment is depleted of Am+ and the 
cathode compartment is depleted of Bn-, the ion-extraction 
ED cell can no long operate. Then, Am+ and Bn- need to be 
regenerated by performing the reverse reactions in an ion
recovery ED cell. 

The ion-recovery ED cell is shown in FIG. lC. The cell 
setup is the same as that of the ion-extraction ED cell, but 
the anode compartment becomes the cathode compartment, 
and the cathode compartment becomes the anode compart
ment. The anode compartment 101' and middle compart
ment 104 of the ion-recovery ED cell are separated by a 
CEM, while the cathode compartment 103' and middle 
compartment 104 are separated by anAEM. Thus, the CEM 
serves to compartmentalize the anode compartment and the 
AEM serves to compartmentalize the cathode compartment. 

6 
An anode is immersed in the anolyte in anode compartment 
101' and a cathode is immersed in the catholyte in cathode 
compartment 103'. 

When a voltage is applied between the anode and the 
cathode, B(n+l)- is oxidized to Bn- at the anode, decreasing 
the anionic charge and thus causing cations (e.g., Na+ ions) 
to move from the anode compartment to the middle com
partment to keep the charge neutrality in the anode com
partment. At the same time, A (m+l)+ is reduced to Am+ at the 

10 cathode, decreasing the cationic charge and thus causing 
anions ( e.g., c1- ions) from the cathode compartment to 
move to the middle compartment to keep the charge neu
trality in the cathode compartment. This results in the 
accumulation of ions in the solution in the middle compart-

15 ment. Thus, this cell serves as an ion-recovery ED cell. 
Depending upon the redox potentials of the two redox 

couples being used, one of the two ED cells may operate as 
a discharging cell, in which the redox reactions occur 
spontaneously without the need for an energy input and 

20 generate an energy output. If the redox potential of the first 
redox couple (i.e., Am+;A(m+l)+ in FIG. 1B) is less positive 
than the redox potential of the second redox couple (Bn-;B 
(n+l)- in FIG. lC), the equilibrium cell voltage Ece11e 

(Eceue=Ecathod/-Eanod/) of the ion-extraction cell where 
25 Am+;A(m+l)+ is present in the anolyte and Bn-;B(n+l)- is 

present in the catholyte is positive. In this case, this ion
extraction cell may be a discharging cell, provided that Ece11e 

is greater than the kinetic overpotential requirements and 
other voltage losses in the cell. FIG. 1B illustrates this 

30 specific case. However, the equilibrium cell voltage Ece11e 

(Eceue=Ecathod/-Eanod/) of the ion-recovery cell where 
Am+;A(m+l)+ is present in the catholyte and Bn-;B(n+l)- is 
present in the anolyte is negative. In this case, this ion
recovery cell is a charging cell, and the cell operation 

35 requires an energy input. FIG. lC illustrates this specific 
case. If the difference between Ecathod/ and Eanod/ is 
smaller than the kinetic overpotential requirements and other 
voltage losses in the cell, both the ion-extraction cell and 
ion-recovery cell may require an energy input for cell 

40 operation. 
When the same cell setup is used as the ion-extraction cell 

and ion-recovery cell, the ion extraction and ion recovery 
processes must occur sequentially. The amounts of ions that 
can be extracted and recovered in each process are deter-

45 mined by the amounts of redox species present in the anolyte 
and catholyte. To minimize the number of ion-extraction/ 
ion-recovery cycles necessary to remove a given amount of 
salt in the feedwater, the concentrations of the redox couples 
or volumes of the anolyte and catholyte must be increased. 

50 However, if the redox couples are expensive, using a greater 
amount of the redox couple may be cost-prohibitive. 

This issue can be addressed by operating the ion-extrac
tion ED cell and the ion-recovery ED cell in tandem as 
shown in FIG. lD. In this setup, the anolyte of the ion-

55 extraction ED cell and the catholyte of the ion-recovery ED 
cell are shared and constantly circulated so that any change 
in the Am+;A(m+l)+ ratio and the c1- concentration made in 
the anolyte of the ion-extraction cell can be exactly reversed 
in the catholyte of the ion-recovery cell. In the same manner, 

60 the catholyte of the ion-extraction ED cell and the anolyte of 
the ion-recovery ED cell are shared and circulated to main
tain the same solution composition. Thus, this tandem ED 
cell design provides a possibility to achieve an unlimited 
amount of ion extraction with the use of a minimal amount 

65 of the redox couples. 
Some embodiments of the ion-extraction and/or ion

recovery ED cells are designed as solar ED cells that convert 
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solar energy into electricity, while carrying out the ion
extraction and/or ion-recovery processes of the system. This 
can be accomplished by replacing one or more of the 
electrodes in the ED cells with a photoelectrode. A photo
electrode is a semiconductor electrode that can absorb 
photons to generate photovoltage and photocurrent. An 
n-type semiconductor electrode can serve as a photoanode 
and a p-type semiconductor electrode can serve as a photo
cathode. A variety of photoelectrode materials can be used, 
provided that the materials are substantially stable in the 
electrolyte solution and have suitable valence band maxi
mum (VBM) and conduction band minimum (CBM) for 
photo-oxidizing and/or photo-reducing the redox couples 
using photon-generated charge carriers. Ideally, the VBM 
and CBM of a photoelectrode straddle the redox potentials 
of the redox couples used in the anolyte and catholyte. 

One embodiment of a solar-driven tandem ED cell system 
is shown in FIG. 2A. Here again, Na+ and c1- ions are used 
to demonstrate ion extraction and ion recovery. However, 
any cations or anions can be extracted or recovered. In the 
system of FIG. 2A, the ion-recovery ED cell operates as a 
solar ED cell having substantially the same design and 
principle of operation as the ion-recovery ED cell shown in 
FIG. lD, except that the cathode of the ion-recovery ED cell 
is a photocathode. By way of illustration, the redox couple 
used in the anolyte of the ion-extraction ED cell and 
catholyte of the ion-recovery solar ED cell is MV+/MV2+ 
and the redox couple used in the catholyte of the ion
extraction cell and the anolyte of the ion-recovery solar ED 
cell is [Fe(CN)6 ]

3 -/[Fe(CN)6]4- in FIG. 2A. Judging from 
the redox potentials of MV+/MV2 + and [Fe(CN)6 ]

3 -/[Fe 
(CN)6]4-, the ion-extraction cell is a discharging cell, and 
the ion-recovery cell is a charging cell that would require an 
energy input for cell operation. By replacing at least one of 
the electrodes in the ion-recovery ED cell with a photoelec
trode, the operation of the ion-recovery cell is driven by 
solar energy and can generate an energy output. 

By way of illustration, p-type Cu2O could be used as a 
photocathode in the ion-recovery solar ED cell of the 
solar-driven tandem ED cell system of FIG. 2A. The reduc
tion potentials of both the MV+/MV2+ and [Fe(CN)6]

3-/[Fe 
(CN)6]4- couples lie between the CBM and VBM of Cu2 O. 
The two redox couples and the electrode replaced with a 
photoelectrode shown in FIG. 2A are for illustrative pur
poses only. Other redox couples could be used and other 
electrodes can be replaced with photoelectrodes. 

Another embodiment of a solar-driven tandem ED cell 
system is shown in FIG. 2B, wherein the anode in the 
ion-extraction ED cell is a photoanode, and the cathode in 
the ion-recovery ED cell is a photocathode. By way of 
illustration, the redox couple used in the anolyte of the 
ion-extraction ED cell is [BTMAP-Fc]2 +/[BTMAP-Fc] 3+ 
and the redox couple used in the catholyte of the ion
extraction ED cell is [Fe(CN)6]

3-/[Fe(CN)6]4-. In this case, 
since the redox potentials of [BTMAP-Fc] 2+/[BTMAP-Fc] 
3 + and [Fe(CN)6]

3-/[Fe(CN)6]4- are very close, operation of 
both the ion-extraction ED cell and ion-recovery ED cell 
will most likely require an energy input. When at least one 
of the electrodes in the ion-extraction ED cell and ion-

8 
the [BTMAP-Fc]2 +/[BTMAP-Fc]3 + and [Fe(CN)6 ]

3 -/[Fe 
(CN)6]4- couples lie between the CBM and VBM of n-type 
BiVO4 and p-type Cu2 O. In other embodiments, the cathode 
of the ion-extraction cell or an anode of the ion-recovery cell 
or both may be photoelectrodes. 

The operating principles of solar-driven ED cells can be 
summarized with reference to the ion-extraction ED cell in 
FIG. 2B for illustrative purposes. When the photoanode of 
the ion-extraction solar ED cell is illuminated by solar 

10 radiation, electrons in the valance band of the photoanode 
are excited to the conduction band, creating holes in the 
valance band. As a result, the photo-oxidation of the reduced 
species of the first redox couple takes place at the photoan
ode surface to fill in the holes in the valance band, and 

15 electrons flow from the conduction band of the photoanode 
to the cathode, generating photocurrent. At the cathode, 
reduction of the oxidized species of the second redox couple 
takes place. In this case, the anode and the cathode reactions 
occur spontaneously without the need for an electrical 

20 energy input, and the photocurrent and photovoltage are 
generated between the photoanode and the cathode of the 
ion-extraction solar ED cell only by illumination. 

Although the embodiments of the ED cells depicted in 
FIGS. lB, lC, lD, 2A, and 2B have only three compart-

25 ments in the ion-extraction and ion-recovery ED cells, each 
ED cell can have more than three compartments, and the 
number of compartments in the ion-extraction ED cell and 
the ion-recovery ED cell need not be the same. One embodi
ment of a tandem ED cell system with a four-compartment 

30 ion-extraction ED cell and a three-compartment ion-recov
ery ED cell is shown in FIG. 3. The three-compartment 
ion-recovery ED cell is arranged and operates like the 
ion-recovery cell of FIG. lD. However, the ion-extraction 
ED cell includes an additional compartment designed to 

35 concentrate multivalent anions (represented here generically 
as xq-, where q>0) separately from monovalent anions like 
c1-. The additional cell compartment is disposed between 
the compartment into which the feed water solution enters 
the cell (the ion-extraction compartment) and the anolyte 

40 compartment. The additional cell compartment is separated 
from the ion-extraction compartment by an AEM and is 
separated from the anolyte compartment by a monovalent
selective anion exchange membrane (MAEM) that selec
tively passes monovalent anions. All anions from the ion-

45 extraction compartment can enter the additional 
compartment through the AEM, but only monovalent anions 
can enter the anode compartment through the MAEM. Thus, 
multivalent anions, such as divalent and trivalent anions, 
become concentrated in the additional compartment. The 

50 solution containing concentrated multivalent anions can exit 
the ED cell and be used for other purposes. Many other 
variations are possible. For example, the ion-recovery ED 
cell could also have an additional compartment that could be 
used to separately concentrate species with different charges 

55 or sizes. As in FIGS. lB, lC, lD, 2A, and 2B, ion-extraction 
and ion-recovery are illustrated using Na+ cations and c1-
anions in FIG. 3, but the system of FIG. 3 could also be used 
to remove different cations and anions from a feed water 
solution that is free of Na+ and/or c1- ions. 

Although the embodiments of the tandem cell systems 
shown in FIGS. lD, 2A, 2B, and 3 each have a single 
ion-extraction ED cell and a single ion-recovery ED cell, the 
tandem cell systems can have more than one ion-extraction 
ED cell and/or more than one ion-recovery ED cell. In such 

recovery ED cell is replaced with a photoelectrode, the 60 

operation of one or both cells can be solar driven and one or 
both cells can operate without an energy input and may 
generate an energy output. By way of illustration, n-type 
BiVO4 could be used as a photoanode in the ion-extraction 
solar ED cell, and p-type Cu2 O could be used as a photo
cathode in the ion-recovery solar ED cell in the solar-driven 
tandem ED cell system of FIG. 2B. The redox potentials of 

65 multi-ED cell tandem systems, the ion-extraction ED cells 
and ion-recovery ED cells may be connected in series or in 
parallel in an alternating arrangement wherein the anode 
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compartments of the ion-extraction ED cells are connected 
to the cathode compartments of the ion-recovery ED cells, 
and the cathode compartments of the ion-extraction ED cells 
are connected to the anode compartments of the ion-recov
ery ED cells via conduits that allow for the circulation of 
anolyte and catholyte between the ion-extraction and ion
recovery ED cells. 

The word "illustrative" is used herein to mean serving as 

10 

an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 10 

construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 
unless otherwise specified, "a" or "an" means "one or 
more." Therefore, embodiments in which "a" or "an" means 
one and embodiments in which "a" or "an" means more than 15 

reducing the oxidized species of the second redox couple 
in the one or more cathode compartments of the one or 
more ion-recovery electrodialysis cells and oxidizing 
the reduced species of the first redox couple in the one 
or more anode compai inents of the one or more 
ion-recovery electrodialysis cells, thereby causing 
anions from the anode compartment of each of the one 
or more ion-recovery electrodialysis cells to move into 
an ion-recovery compartment of the ion-recovery elec-
trodialysis cell and cations from the cathode compart
ment of each of the one or more ion-recovery electro
dialysis cells to move into the ion-recovery 
compaitment of the ion-recovery electrodialysis cell. 

2. The method of claim 1, wherein the second redox 
couple comprises [Fe(CN)6]4- and [Fe(CN)6 ]

3
-. 

3. The method of claim 2, wherein the first redox couple 
comprises [BTMAP-Fc] 2+ and [BTMAP-Fc]3 +. one are covered. 

The foregoing description of illustrative embodiments of 
the invention has been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed, and modi
fications and variations are possible in light of the above 
teachings or may be acquired from practice of the invention. 
The embodiments were chosen and described in order to 

4. The method of claim 2, wherein the first redox couple 
comprises (C6H7 N)2 + and (C6H7N)/+. 

5. The method of claim 2, wherein the first redox couple 
20 comprises TEMPOL and TEMPOU. 

6. The method of claim 1, wherein the ion-containing 
solution is saline water. 

explain the principles of the invention and as practical 
applications of the invention to enable one skilled in the art 25 

to utilize the invention in various embodiments and with 

7. The method of claim 1, wherein the ion-containing 
solution is seawater. 

8. The method of claim 1, wherein a cathode of at least 
one of the one or more ion-extraction and ion-recovery 
electrodialysis cells is a photocathode. various modifications as suited to the particular use contem

plated. It is intended that the scope of the invention be 
defined by the claims appended hereto and their equivalents. 

What is claimed is: 
1. A method for extracting and recovering dissolved ions 

from solution, the method comprising: 

30 

9. The method of claim 8, wherein the photocathode 
comprises p-type CuO2 . 

10. The method of claim 1, wherein an anode of at least 
one of the one or more ion-extraction and ion-recovery 
electrodialysis cell is a photoanode. 

11. The method of claim 10, wherein the photoanode 
comprises n-BiVO4 . 

12. The method of claim 1, wherein the anions comprise 
chloride ions and the cations comprise sodium ions. 

circulating a first solution comprising a reduced species 
and an oxidized species of a first redox couple between 35 
one or more anode compartments of one or more 
ion-extraction electrodialysis cells and one or more 
cathode compartments of one or more ion-recovery 
electrodialysis cells; 

13. The method of claim 1, comprising two or more of the 
ion-extraction electrodialysis cells and two or more of the 
ion-recovery electrodialysis cells, wherein the two or more 

40 ion-extraction electrodialysis cells and the two or more 
ion-recovery electrodialysis cells are connected in series in 
an alternating arrangement. 

circulating a second solution comprising a reduced spe
cies and an oxidized species of a second redox couple 
between one or more cathode compartments of the one 
or more ion-extraction electrodialysis cells and one or 
more anode compaitinents of the one or more ion
recovery electrodialysis cells, wherein the first and 
second redox couples are different redox couples; 

oxidizing the reduced species of the first redox couple in 
the one or more anode compartments of the one or more 
ion-extraction electrodialysis cells and reducing the 
oxidized species of the second redox couple in the one 
or more cathode compartments of the one or more 
ion-extraction electrodialysis cells, thereby causing 
anions from an ion-containing solution in an ion
extraction compartment of each of the one or more 
ion-extraction electrodialysis cells to move into the 
anode compartment of the ion-extraction electrodialy
sis cell and cations from the ion-containing solution to 
move into the cathode compaitinent of the ion-extrac
tion electrodialysis cell; and 

14. The method of claim 1, comprising two or more of the 
ion-extraction electrodialysis cells and two or more of the 

45 ion-recovery electrodialysis cells, wherein the two or more 
ion-extraction electrodialysis cells and the two or more 
ion-recovery electrodialysis cells are connected in parallel in 
an alternating arrangement. 

15. The method of claim 1, wherein the ion-extraction 
50 compartment of the one or more ion-extraction electrodi

alysis cells is directly adjacent to the anode compartment of 
the one or more ion-extraction electrodialysis cells. 

16. The method of claim 1, wherein the ion-extraction 
compartment of the one or more ion-extraction electrodi-

55 alysis cells is separated from the anode compartment of the 
one or more ion-extraction electrodialysis cells by an addi
tional cell compartment. 

* * * * * 


