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feed stream, and an outlet for exiting of an output stream out of the com-

partment The electrochemical device comprises a control device (17) con-

figured to transmit an electrical current to {he composite cat) on -ex-

i change and anion-exchange members at a regeneration stage in a manner

that the conductive base on the composite cation-exchange member loses

electrons and the conductive base on the composite anion-exchange mem-
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TON-EXCHANGE DEVICE AND REGENERATION METHOD OF TON-
EXCHANGE MATERIAL THEREOF

BACKGROLUND

[0001]  Embodiments of the ivenltion generally relate 1o the 1on exchange
technology, and more particularly. to an ion-exchange device utilizing 1on~-exchange

materials and a regeneration method of the ton exchange materials.

{0002]  lon exchange matenals are used to remove or replace dissolved solids, 1ons
or other charged species in solutions, for example, for producing high parity waler.
for delonization of waste water. or for water softening. Jlon exchange matenials
tvpically comprises two types, namely cation-exchange and anton-exchange matesial,
both types generally being solids or gels which comprise replaceable tons, or which

chenucally react with specilic rons in the solution.

{00031  When the ion exchange materials are saturated with 1ons extracted from the
source solution, the ton exchange materials can not perform ion exchanging any more,
or resulls in a low efficiency of ion exchanging. Accordingly, ion exchange materials
need to be regeneraled o remove the extracied ions from the 1on exchange materials.
One convention regeneration method of ron exchange materials s a chemical method
which has a ninsing step using acidic solutions or concentrated salt solution (e.g
saturated sodium chioride solution) for cation-exchange material and basic solutions
for anion-axchange matenal to replace the exiracted 1ons. However, m order to have
a complete regeneration of the 1on exchange materials, the acidic solutions and basic
solutions usually include excessive wons, which result in a waste acid or g waste base,
which is considered {0 be hazardous waste and requires additional treatment before
discharge to the environment. Another conventional regeneration method of ion
exchange matertals is an electrochemical method which splits water into H+ and OH-
under DC current and then regenerating the ton exchange mateniagls by the H+ and
OH-. Simular to that discussed with respect o the chemical method, in order to have a
complete regenaration of the ion exchange malenials, the produced H+ and OH- are

ecenerally excessive, and result 10 a waste acid or a waste base. In addition, the
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electrolvsis or water splifting process consumes a considerably large electricity dug to

the tow efficiency of electrochemical water splitting,

{0004] In a word, the conventional 1on exchange resin regeneration methods are
not efficient and costly, I may be desirable to have an jon exchange device and a

regeneration method that differs from those conventional assemblies and methods.

BRIEF DESCRIPTION

{0003]  One aspect of the invention discloses an electrochenucal device.  The
electrochemical device comprises an electrochenucal cell. The electrochenucal cell
comprises a composite caton~exchange member including a conductive base and a
cation-exchange material in physical contact with the conductive bage. a composite
amon-exchange member including a conductive base and an amon-exchange material
in physical contact with the conductive base; and a compartment between the
composite cation-exchange and anion~exchange members.  The compartment
comprises an inlet for introducing a feed stream, and an outlet for exiting of an cutpul
stream out of the compartment  The electrochemical device comprises a control
device configured to transmit an electrical current to the composite cation-exchange
and anion-exchange members at a regeneration stage in a manner that the conductive
base on the composite cation-exchange member loses electrons and the conductive

base on the composite anion-exchange member gaing electrons.

[0006]  Another aspect of the mvention discloses an electrochemical assembly.
The electrochenncal assembly comprises a casing, and a plurality of composite 1on~
exchange members arranged i parallel in the casing, The plurality of composite 1on-
exchange members defines a plurality of compartments between every two adjcent
composiie 1on-exchange members, and comprises at least one bipolar composite
member between two compartments.  The bipoar member comprises at least one
conductive hagse, a cation-exchange material on one side, and an anign-exchange
material on the other side. The electrochenucal assembly further comprises a control
device confizured {0 fransmil a curreni at & regeneration stage in a manner that the

conductive base on the cation-exchange side of the bipolar composite member {oses

2
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electrons and the conductive base on the anion-exchange side of the bipolar composite

member gains electrons.

{0007  Sull another aspect of the invention discloses a regeneration method of an
ion exchange material which s positively or negatively charged and have absorbed
negative or positive species.  The regeneration method comprises bonding the ron~
exchange material 0 a lugh-surface-area conductive base, and exerting an electrical
carrent 1o the high-surface-area conductive base 1o drive electrons to flow to or from
the high-surface-area conductive base to expel absorbed species from the ion-

exchange matenigl into a solution,

[0008]  Sull another aspect of the ivention discloses an electrochemical process.
The electrochenucal process comprises a detonizalion stage and a regeneration siage.
The detonization stage comprises treducing a feed stream into a compartment,
absorbing dissolved cations or anions on an ion-exchange materiad, and exiting a
dilige stream out of the compartment.  The regeneration stage comprises phvsically
contacting the ion-exchange material 1o a conduetive base, and exerling an
electical current 1o a conductive bage, and causing the conductive base 1o lose
electrons to expel anions absorbed on the ion-exchange materigl, or causing the
conductive base 1o gain electrons to expel cations absorbed on the ion exchange

material,

DRAWINGS

{00091  In the accompanyving drawings like characters represent like parts
throughout the drawings, wheren:

{0010] FIG. 1 illustrates an electrochenucal device according to one embodiment
of the nvention.

{0011}  FIG. 2 illustrates an enlarged view of a portion A of the electrochemical
device in FIG. 1 at a deionization stage according to one embodiment of the invention.
[0012]  FIG 3allustrates the enlarged view of the portion A of the electrochemical

device in FIG. 1 at a regeneration stage according to one embodiment of the invention.

154
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[0013]  FIG 4 #Hustrates an exemplary confipuration for regeneration of a cation-

exchange material.

[0014]  FIG. 5 idlustrates an electrochemical device according to one embodiment

of the ivention.

{0015]  FIG. 6 illustrates an  electrochenucal device according to  another

embodiment of the mvention.

{0016] FIG. 7 ilustrates an enlarged view of a bipolar composite mentber

according {0 one embodiment of the invention.

DETAILED DESCRIPTION

{0017}  The invention includes embodiments that relate to an electrochemical
devicg and an electrochamical device utilizing ion exchange materials. The invention
includes embodiments that relaies (o a regeneration method for ion exchange

materials,

[0018]  Referning to FIG 1. an electrochemical device 10 according to one
embodiment of the mvention comprises an electrochenucal cell 11, The
electrochemical cell 11 comprises a composite cation-exchange member 12, a
composite amon-exchange membaer 14, and a compartiment 16 between the composite
cation-exchange and amon-exchange members 12 and 14 The electrochemical
device 10 comprises a contrel device 17 comprising a power source 18 operable to
transimit current o the composite cation-exchange and anton-exchange merbers 12
and 14, In one embodiment, the compartment 16 includes an miet 20 for imtroducing
a feed stream 22 containing ton species into the compartment 16, and an outlet 24 for
exiting an output stream 26 out of the compartment 16, In certain embodiments, the
output stremm 26 13 a dilute stream at a deionization stage and is a concentrated
solution at a regeneration slage, which will be discussed i detail later. In certain
embodiments, the control device 17 further comprises a switch or refay 28 which is. in
one embodiment, a bidirectional switch for controlling connection and disconnection
of the composite cation-exchange and anton-gxchange members 12 and 14 with the

power source I8,



WO 2010/077448 PCT/US2009/064397

[0019]  In one embodiment, the composite cation-exchange and anion-exchange
membars 12 and 14 are planar  In another embodiment, the composite cation-
exchange snd amon-exchange members 12 and 14 are cylindricall At the
regeneration stage. the composite cation-exchange and amon~exchange members 12
and 14 respectively electrically couple 10 a positive terminal and a negative terminal
of the power sowrce 18, At the deiomization stage, the bidirectional switch 28
disconnects the power source 18 with the composite cation-exchange and anion-
exchange members 12 and 14 and causes a short circuit between the composite
cation-exchange and anton-exchange members 12 and 14, In other embodiment, the
detonization rate is further controlled by controlling the current batween the cation
exchange member 12 and the anton-exchange member 14 with a resistor or other

glectrical methods.

{0020  FIGs. 2 and 3 are respectively enlarged views of a portion A of the
electrochemical device 10 in FIG. 1 for betfer illustration of the composite cation-
exchange and amon-exchange members 12 and 14 respectively at the detonization
stage and the regeneration stage, according to one embodiment of the inveation. The
exemplary composite cation-exchange member 12 includes a conductive base 30
operable connected to a positive terminal of the power source 18 and a cation-
exchange material 32 physically contacts with the conductive base 30. In certain
embodiments, the exemplary composite amon-exchange member 14 includes a
conductive base 34 operable connected to a negative ternunal of the power source 18

and an anion-exchange matenial 36 physically contacted with the conductive base 34

{0021]  In certain embodiments, each of the conductive bases 30 and 34 has a high
surface area, and in one embodiment, 18 a porous electrode. In certain embodiments.
the high-surface-area electrodes 30 and 34 each conywise a conductive substrate 38,
and 3 conductive high-surface-area portion 44 on the conductive substrate 38. The
conductive substrate 38 mav be formed of any sustable metallic structure, such as, for
example, a plate, a mesh, a foil, or a sheel. Farthermore, the conductive substrate 38
may be Tormed of suitable conductive materials, such as, for example, stainless steel,
graphite, titamium, platnum, iridiem, rhodium, or conductive polymer conductive

oxides or conductive polvmer/carbon composite.  In addition, the metals mav be

1.5
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oncoated or coated.  One such example i3 a platinum coated stamndess steel mesh. In
certain embodiments, one or more conducting polvmers may be emploved as the
conductive substrate 38, Non-limiting examples of such conducting polvimers may
include polvaniline, polypyrrole,  polythiophene, and combinations  thereof.
Examples of conductive oxides may comprise indium-doped tin oxide (TO).
anttimony-doped tin oxide (ATO), and alummium-doped zinc oxide.  In one
embodiment, the conduchive substrate 38 18 & titantum mesh.  In other embodiments,
the substrate 38 is a stainless steel mesh, a polvolefin/graphite composite film, a
graphite plate, or a titanium plate. In one embodiment, the conductive high surface
area portion 40 may be formed of any condective materials or composites with a high
surface area.  Examples of sach materials for the conductive high-surface-area
portion 40 include active carbon, carbon nanotubes, graphite, carbon fiber, carbon
cioth, carbon aerogel, metallic powders, for example nickel, metal oxides, for
example rutheniem oxide, conductive polymers, and any muxtwres of anv of the

above,

[0022]  In another embodiment; which 1s nol shown m the drawings. the conductive
bases 30, 34 comprises, for example, nano-patterned or nano-structured conductive
material and includes nucro protrusions to form the conductive high-surface-area
portions 0. In one embodvment. the conductive bases 34, 34 comprises patterned
arravs of carbon nanowires or nanotubes (CNTs). The pattemned array of ONTs i
made due to the lact that the chemical bonding of nanotubes 1s composed entirely of
sp” bonds, providing the molecules with their unique strength. Nanotubes naturatly
ahign themsalves into rope-like formats held together by Van der Waals forces. In
another embodvment. &g, under high pressure, nanotubes tend 1o merge together and
exchange some sp* bonds for sp' bonds, thus giving the possibility of producing
strong, unlimited-fength wires, In one embodiment. the nanotubes growon a
A

conductive substrate 38, In another embodiment, the bpanotubes grow in a

pattern which can work without additional conductive substrate.

{0023]  In certain embodiments, the cation-exchange and anion-exchange materials
32, 36 are soluds, powders, {ibers, gels contaming tons which will absorb, or which

will react with jonic species in the feed streamy, so as to de-ionize the feed stream 22

H
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o ¢ dilote stream 26 at a detontzation stage. In certain embodiments, the cation and
amon-exchange materials respectively have an lon exchange capacity of at least 0.1
mequivig.  More preferably i has an ion exchange capacity of higher than 05

2

mequiv/g.

{0024]  In one embodiment, the cation-exchange matertals 32 comprise at least one
of a weakly acidic cation-exchange material and a strongly acidic cation-exchange
material.  The weabkly acidic cation exchange wmaterial 1s the inorganic or orgamce
matenials  comprises  weakly acidic functionality.  Examples of weak acidic
functionality comprises carboxyhlic functionality, borate functionality or phosphoric
functionality. Strongly acidic cation exchange material is the morgamc or organic
materials comprises strongly acidic functionahty. Examples of strongly agidic group
comprises sulfonic functionality or sulphate functionality. In ong embodiment, two or
more ion exchange matenigls may be combined, for example, as a combination of a
weaklv acidic cation-exchange muatenial and a strongly acidic cation-exchange
matenial, a combunation of an inorganic calion-exchange material and an orgamce

cation~exchange matenal.

[0025]  In one embodiment, the anion-exchange matenal 36 comprises at legst one
of a weakly basic anion-exchange material and a strongly basic anion-exchange
material. The weakly basic anion exchange material is the morganic or organic
material  contairung  weakly  basic  functionahity, Examples of weakly  basic
functionality comprises pumary, secondary. tertiary anune functionality and
imidazolium, guamdinium or pyridinium functionalitv. The strongly basic anion
exchange material is the inorganic or organic material containing strongly basic
functionality. Examples of strongly  basic [unctionality comprises  qualernary
ansnonium functionality.  In certain embodiments, one or more conducting polymers
may be emploved as the anion exchange matenal. Non-limiting examples of such
conducting polvmers may nclude polvaniine, polvpyrrole, polyihiophene, and

combinations thereof,

[0026]  Io one embodiment, a method of producing the composite cation~exchange

and anion-exchange members 12, 14 comprises producing a high-surface-area

glectrode 30, 34 A nethod of producing the high-surface-area electrodes are
7
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described and iflustrated m U.S. Pat. Application Pob. No. 2008/0037328 and pending
Application Sertal No. 11/947328 both to the common assignee herewith, the entire
disclosures of which are incorporated herein by velerence. In certain embodiments,
the finished high-surfuce-area electrodes 3¢ and 34 respectively include a plurality of

pores. in one ambodiment, the surface area of the high-surface-area portion 38 may

2.
H
I

T

g as measwed by nitrogen

o

be m a range of about 108 m%g to about 3000 m
adsorption BET method,  In a specific embodiment, the surface are of the high-
surface-area portion 38 is in a range of about 730 m*/g to about 3000 m%g. In a more
specific embodiment, the surface are of the high-swface-area portion 38 s in a range
of about 1500 m™g to about 2500 m%g. In one embodiment, an average diameter of

the pores is greater than | nanometer.

{00277 The method of forming 8 composite cation-exchange or anion exchange
members 12 and 14 comprises forming a cation-exchange or anton-exchange materigl
32 onfin the formed high-surface-area electrode 30 and 34 to be physically contact
with the high-sarface-area portions 40, In one embodiment, the method includes
forming a mixture of an ion exchange monomer, a cross-linker and & proper initiator,
and dispersing the mixiure onfn the high-surface-area portions 40 by, lor example,
casting, dipping, spray coating, screen printing, or spin coating. Examples of anion
exchange monomer include 2-(Dimethyviaminolethyvl methaorvlate, 4-Vinvibeneyl
trimethylanwmonium chlonde and all other qualernaryAertiary amine group containing
monomers.  Examples of catton exchange monomer include 2-Acrylamido-2-
methyipropanesulfonic acid, 4-Styrenssullfonic acid sodium salt and all other sulfonic
or carboxyl group containing monomars.  Examples of cross-linker include N, N-
methyienebisacrvianmide, ethylene glveol dimethacryiate and all other mono-funcional
or mutifunctional dibond group containing chemicals. Examples of the imtiator
melude  azobisisobutvronurile, benzovi peroxtde and all other azo or perovide
chemucals.

{0028]  In one embodiment, a conlact interface of the cation-exchange or amon
exchange materials 32 and 36 with the high-surface-area portions 40 15 greater than 10
percent of the swrface area of the high-surface-area portions 40, In one specific

embodiment, a contact interface of the cation-exchange or anton exchange materials

N
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32 and 36 with the high-surface-area portions 40 15 greater than 40 percent of the
surface area of the high-surface-area portions 49, In a more specific embodiment, a
contact interface of the cation-exchange or anjon exchange matenals 32 and 36 with
the ligh~surface~-area portions 40 1s greater than 70 percent of the surface area of the

high-surface-area portions 40,

{0029] Refering to FIG. 2, at a deionization stage, the bidirectional swiich 28
disconneets the power sowrce 18 with the composite cation-exchange and anion-
exchange members 12 and 14, and the circuit between the composite cation-exchange
and anion-exchange members 12 and 14 is shorted. Cations M+ ionized in the feed
stream 22 are absorbed on the cation-exchange maaterial 32 and anions X- ionized in
the feed stream 22 are absorbed on the anion-exchange matenials 36, thereby de-
jonizing the feed stream 22 to produce a ditute stream 26 exiting the compartment 16

through the outlet 24,

{00306]  Referning to FIG. 3, at a regeneration stage, the bidirectional switch 28
conngcis the power source 18 with the composite cation-exchange and anion-
exchange members 12 and 14 and respectively charges the composite cation-exchange
angd anton-exchange members 12 and 14 gs the positive and negative electrodes.
Under the elecirical corrent, the conductive base 34 of the conypostle cation exchange
member 12 loses elecirons, and the alectrons transmits in a direction as indicated by
the arrow of the phantom line to the conductive base 34 of the composite anion-
exchange member 14, Accordingly, anions X- absorbed on the anion-exchanges
materials 36 are expelied to the solution n the compartment {6, and the cations M+
absorbed on the cation-exchange materials 32 are expelied into the solution in the
compartment 16, The output stream 26 al the regeneration stage 1s a concentrated

solution with a relatively high concentration of ions.

[0031]  In one embodiment. the power source 18 is comtrolled that a differential
voliage between the composite calion-exchange and anion-exchange members 12 and
14 is betyeen 010 10V, In one specific embodiment, the differential vollage batween
the composite cation~exchange and anjon-exchange members 12 and 14 i3 between O

r

to 3V in one more specilic embodiment, the differential voltage between the

9
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composite cation-exchange and anion-exchange members 12 and 14 18 between ¢ to

2V

{0032}  In one embodiment, ywhen the bidirectional switch 28 disconnects the
power source 18 with the composite cation~exchange and anion-exchange members
12 and 14, and shorts the circuit between the composite cation-exchange and anmon~
exchange members 12 and 14, the electrochemucal device 10 returns back to the
detomization stage. A cwrent caused by the differential voltage flows from the
composite cation-exchange wember 12 to the composite anjon-exchange member 14
electrons flow from the composite anion-exchange member 14 to the composite
cation-exchange member 12, Accordingly, more positively charged groups on
composite amon-exchange member 14 15 released 1o absorb amion species i the feed
stream 22, and more negatively charged groups on the composite cation~exchange

member 12 arve released to absorb cations.

{0033] The regeneration method discussed above 15 not Hmited 1o be used with
both composiie cation-exchange and on-exchange members 12 and 14 as working
pair o pairs.  In one embodiment., a regeneration method of a separate cation-
exchange or anton-exchange material comprises bonding the ion exchange matenal to
be physically contact with a high-surface-area conductive base, and transmitting a
power energy to the high-surface-area conductive base to drive electrons to fransmit
from or to the high-surface-area conductive base to expel absorbed tons from the
cation-exchange or anion-exchange matenal into a solution.  FIG, 4 illustrates an
exemplary configuration for regeneration of a cation-exchange material 32, The
cation-exchange material 32 is bonded to a high-surface-area portion 40 of a
conductive base 30, During regeneration of the cation-exchange material 32, a power
source 18 transmits a current to the conductive base 30 and pull electrons from the
conductive base. Accordingly, cations M+ absorbed on the cation-exchange matenal

32 are expelied into the solution.

[0034]  Releming to FEG. 5. an electrochamical device 42 according to another

embodiment of the wnvention comprises a casing 44, a plurality of electrochemical

cells 11 each comprising a composite cation-exchange and an amon-exchange

member 12 and 14 and a compartment 16 therebetween, and a control device 17. In
10
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the iflustrated entbodinent, the cation-exchange members 12 of different cells 11 are
connected 1 paraliel, and the amon-exchange members 14 of different cells 11 are
connected 1w parallel. The control device 17 comprises a power source operable to
transout a current to each cell 11 and thus cation-exchange members 12 having a
higher potential than the corresponding amon-exchange wembers 14 at the
regeneration stage.  In the illustrated embodiment, the electrochemical device 42

further comprises a plurality of nsulative film 46 each between two adjacent cells 11

[0035]  FIG. 6 ilustrates an electrochenucal device 30 according to still another
embodiment of the mvention. The elecirochemical device 30 includes a stack of
composite ion-exchange members 12, 14 and 54 supported in a casing 52, a plurality
of compartments 60 defined belwean every hwo adjacent composite 1on-exchange
members 12, 14 and 54, and a power source 18 FEach composite 1on-exchange
member 12, 14 and 34 15 planar and is arranged substantially parallel 1o one another.
The opposiie outermost ion exchange members, which are nearest to the casing side,
are respectively composite cation-exchange and anton-exchange members 12 and 14
which are similar lo those desenbed in the electrochemical device 10, The composite
cation-exchange and amon-exchange members 12 and 14 are respectively operably

connected 1o posttive and negative termunals of the power source 18

{0036] Relernng io FIG 7. in one embodiment, each composite ion-exchangs
member 34 between two compartments is a bipolar composite member. The bipolar
compasite member 54 mcludes at least one conductive high-surface-area base 62, and
cation-exchange and anion-exchange matenials 32 and 36 respectively on opposite
sides of the at least one conductive high-surface-area base 62. The cation-exchange
materials 32 are adjacent to a compartment 60 relatively close to the composite anion-
exchange member 14, and the amon-exchange materials 36 are adjacent to a
compartment 60 relatively close 1o the composite cation-exchange member 12, In one
embodiment, the bipolar composite member 34 further comprises a conductive and
ion~impermeable member 64 between or within the conductive high-surface-area base
62, “lon-impermeable™ here actually means “permeable fo neither 1ons nor water”, In
one embodiment, the conduclive and lon-iupermeable member 64 comprises a

composite film of polvolefin and graphite. In one embodiment, the bipolar composite

1
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member 54 13 a composite component 1o have one conductive and 1on-impermeable
membar 64 tightly  sandwiched between cation-exchange and anion-exchange

members.  In an allernative embodiment, the bipolar composite member 34 i3

integrally made.

{00377 Inthe illustrated embodiment, the casing 52 includes a plurality of indets 56
and a plurality of outlets 58. In one embodiment, only one of the misls 56 mntroduces
a fead stream 22 to ong of the compartments o0, and the compartments &0 are
mterconnected m a manver that the outlet 58 of one compartment 60 comnumicates
the mlet 56 of another compartment 60 in series, so that the feed stream 22 passes
over each compartiment 60. Only one of the ountlets 58 exiting the output siream 26
which 13 a dilule stream at the detonization siage and a concentraied solution at a
regeneration stage  Accordingly, the Jeed stream 22 can have a very clean
detonization through the plurality of compartments 60, which can be, i one
embodiment, used to produce high purily water, In an alternative embodiment, the
casing 32 wncludes a plurahity of infets 36 for simuliansously mtroducing feed streams
22 vespectively into corresponding compartments 60 in paraliel. and a plorality of
outlets 58 for exiting of output streams 26 which 15 a ditute stream at the detonization
slage and a concenirated solution at a regeneration stage. In another embodiment, the
efectrochemucal syvstem 30 can be confizured v a combination way of the above
described parallel and series mode. Accordingly. the electrochenucal system 50 has a

high detonization efficiency.

{0038]  Refernng to FIGs. 6 and 7, at a detonization stage of the electrochemucal
svstam 30, one or more feed streams 22 flow through the compariments 60, the
cation-exchange materials 32 absorb cations M+ in the solution, and anion-exchange
materials 36 absorb anions X+ in the solution. The feed stream 22 15 de-ionized and

exiting the compartments as a dilute stream 26.

[0039] At a regeneration stage, the switch 28 controls the power source 18 {o
transiit a cusrent {o the outmost composite cation-exchange and anion-exchange
members 12 and 14 with the composite cation-exchange member 12 as a cathode and
the composite anton-exchange member 14 as an anode.  As discussed with reference
to FIG. 2, under the electrical current, the composite cation-exchange member 12

12
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loses electrons and the composite anion-exchange member 14 pgains electrons.
Accordingly, cations M+ absorbed on the compostle cation-exchange member 12 and
arions X- absorbed on the composite anion-exchange member 14 are expelled into the
solution. At the same time, the conductive high-surface-area base 62 at the side of
cation exchange materzal 32 loses electrons while the conductive high-surface-area
base 62 at the side of anion exchange material 36 gains electrons. By this kind of
charge re-distribution under electrical field, cations and anions i the bipolar
composite member 54 are expelled into the solution.  Accordingly, both cation-
exchange and anion-exchange materials 32 and 36 of each composite bipolar member
54 are regenerated. At the dejonization stage, the conductive high-surface-area base
a2 s recovered from the charge re-distribution built in regeneration stage. with
electron transmutting from anion exchange side to cation exchange side By this
means, the positively charged groups in anjon exchange matenial 36 and negatively
charged groups in cation exchange material 32 are released to absorb anions and
cations, respectively,

[0040]  The singular forms

" bt
e

a®, "an® and "the" include plural referents unless the
context clearly  dictates otherwise.  Approxamating language, as used herein
throughout the specification and claims, may bhe applied to modify anv guantitative
representation that could permissibly vary withowt resulting i a change n the basic
function to which it s refated.  Accordingly. a value modified by a term or terms,
such as “about”™ is not imited 1o the precise value specified. In some mstances, the
approximating language may correspond o the precision of an mstrument for
measuring the value. Sinularly, “free” may be used v combination with a term, and
may nclude an insubstantial pumber, or trace amounis, while still being considered

free of the modified term.

[0041]  The embodiments described herein are examples of articles, svstems and
methods having elements corresponding to the elements of the ivention recited in the
clarms. This written deseniption enables those of ordinary skill in the art to make and
use embodiments having alternative elements that likewise correspond to the elements
of the mvention recited in the clasms.  The scope of the invention thus includes

asticles, svslems and methods that do not differ from the bteral langeage of the

13
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claims, and further includes other articles, svstems and methods with insubstantial
differences from the lileral language of the clamms. While only certain features and
embodiments have been illustrated and deseribed herein, many medifications and
changes may occur to one of ordinary skill in the relevant art. The appended claims

cover all such modifications and changes.

14
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CLAIMS:
1. An electrochemical device, comprising:
an electrochemical cell comprising:

a composite cation-exchange member including a conductive base and

a cation-exchange material in physical contact with the conductive bage;

a composite anton~exchange member ncluding a conductive base and

an anion-exchange material in physical contact with the conductive base; and

a compartment between the composite cation-exchange and amon-
exchange members, the compartment comprising an miet for introducing a
eed siream. and an outlet for exiting of an output stream ot of the

compartment; and

a contril device configured 1o transmit an electical current to the composite
cation-exchange and amon-exchange members at a regeneralion stage i a manner that
the conductive base on the composite cation-exchange member loses electrons and the

conductive base on the composite anion-exchange member gains electrons.

2. The clectrochemical device of claim 1, wherein the control device is
operable to discharge the composiie cation-exchange and anion-exchange members at

a deionization stage.

3 The electrochemucal device of clasm 1, wherein the cation-exchange
matenial comprises a weakly acidic cation exchange material, a strongly acidic cation

exchange matenial or combination thergof

4. The electrochemical device of claim 1, whereins the anion-exchange material
comprises a weakly basic anion exchange matenal, a strongly basie anion exchange

material or combination thereof

3. The electrochenucal device of claim 1, wherein the anion-exchange materigl
comprises conducting polviners including polyaniline, pelvpyrrole, polvihiophene, or

any combination thereof

6. The electrochemical device of claim 1, whergin the conductive base

comprises a conductive substrate and & conductive high-surface-area portion.
15
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7. The electrochemical device of claim 6, wherein the conductive substrate
comprises any of or any combination of stainless steel, graphile, titantam, platinum,
irtdium, rhodium, conducting oxides, conductive polvimer, and carbon composite.

8. The electrochemical device of claim 6. wherein the conductive high-
surfgce-area portion comprises any of or any combination of carbon, carbon
nanotubes, graphite. carbon fiber, carbon cloth, carbon aerogel, active carbon,

metallic powders, and metal oxides.

9. The electrochemical device of claim 6 wherein the conductive high-surTace-
area portion has a swurface area of 100 to 5000 m’/g as measured bv nitrogen

adsorption BET method.

10, The electrochemical device of claim 9, wherein & contact mterface of the
cation-exchange or anion-exchange materials with the conductive high-surface-area
portions is greater than 10% of the surface area of the conductive high-surface-area

portions,

11. The elecirochemcal device of claim 9. wherein a contact mterlace of the
cation-exchange or anion-exchange materials with the conductive high-surface-area
portions 18 greater than 40% of the surface area of the conductive high-surface-aves
portions.

12, The electrochemical device of claim 6, wheremn the conductive high-
surlace-area portions comprises a plurailly of pores, and wherein an average diameter

of the pores is greater than 1 nanometer.

13, The electrochemical device of claim 1, wheremn the conductive base
comprises nano-patterned or nano-structured conductive matenal and comprises
micro protrusions to form high-surface-area portions.

14, The electrochemical device of claim 1, wherein the current transmitied to
the composite cation-exchange and anion-exchange members 15 controlled that a
differentical voltage between the composite cation-exchange and anion-exchange

members is between ¢ to 10V at the regeneration stage.

16
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15, The electrochemical device of clatm 1 further comprising a casing for

supporting the electrochemaial cell.

16, The electrochemical device of claim 15 further compnsing al least two

glectrochemcal cells each defining a compartment within the caging.

t7. The electrochemical device of claim 16 further comprising at least one

spacer between adjacent two electrochemical cells.
18, An electrochenucal assembly, comprising:

a casing including at least one inlet for inducing a feed stream to be de-tonized

and at least one outlet for exiting of a dilute stream during a deionization stage:

o

a plurality of composite ion-exchange members arranged w parallel in the
casing. and defining a plurality of compariments between everv two  adjcent
composite ion-exchange members, the plurality of composiie ion-gxchange members
comprising al least one bipolar composite member between two compartments, tha
hipoar member comprising at least one conductive base, a cation-exchange matenal

on one side, and an anion-exchange material on the other side; and

a control device configured o transmit a current at a regeneralion stage in a
manner that the conductive base on the cation-exchange side of the bipolar composite
member loses electrons and the conductive base on the anion-exchange side of the

bipolar coraposite member gains elecirons.

19. The electrochemical device of claim 18, wherain the bipolar composite
member comprises a conductive and ion-impermeable film between the cation and

amon-exchange materials.

20, The electrochenucal device of claim 19, wherein the condactive and ion-

impermeable fitm comprises a composite filin of polyolefin and graphite.

21, The electrochenucal device of claim I8, wherein the plurality of composite
1on-exchange members comprises one composite cation-exchange mamber connected
to a postive terminal of the power source at the regenaration stage, and an composite
anion-exchange member connected to a negative lerminal of the power source at the

regenergtion stage.

17
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22, The electrochemical device of claim 21, wherein the anton-exchange
material of the bipolar composite member is closer to the composite cation-exchange
member than to the composife anion-exchange member, and the cation-exchange
material of the bipolar composite member 15 closer o the composite anton-exchange
member than to the composite cation-exchange member.

23. A regeneration method of an ion exchange material, the 1on exchange
material is positively or negatively charged and has absorbed negative or positive

species, Comprising:
honding the 1on-exchange material to a high-surface-area conductive base; and

gxerting an electrical current 1o the high-surface~-area conductive base to dnive
electrons to flow 10 or from the high-swrface-area conductive base to expel absorbed

species from the yon-exchange material into a solution.

24. The regeneralion method of claim 23, wherein bonding the 1on exchange
material to a high-surface-area conductive base comprises bonding the 1on~exchange
material 1o a high-surface-area portion of the conductive base, and wherein the high-

surface-area portion has a surface area of 100 to SO0 m'/g.

25, The regeneration method of clatm 24, wherein bonding the 1on-exchange
material to a high-surface~-area portion of the conductive base comprises contacting

the ton-exchange material with the high-surface~-ares portion, and a contact interface

¢

of the jon-exchange matenal and the high-surface-area portion 1s greater than 1096 of

the surface area of the ligh-surface-area portion.
26. An electrochemical process comprising:
a delonizallon stage comprising:
introducing a feed stream info a compartment;
absorbmg dissolved cations or anions on an ion-exchange material: and
exiting a dilute stream out of the compartinent; and

18
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3 regenaration stage CoMprising:

physically contacting the ton-exchange matenal 1o a conductive base;

and

exarting an alectical current to a conductive base, and causing the
conductive base to lose electrons to expel amions absorbed on the ion-
exchange material, or causing the conductive hase {0 gain electrons to expel

cations absorbed on the 1on exchange material.

27. The electrochemical process of claim 26, wherain the deionization stage

and regeneration stage vepeated periodically and alternately.

19
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