METHODS AND APPARATUS FOR ELECTRODEI ONI ZATI ON [ 0001]

FI ELD OF THE | NVENTI ON [ 0002] This invention rel ates
wooenenas)y to the field of deionization of |i ggirads2008m04930

particular to water purification through deionization.

More specifically, the present invention pertains to

el ectrodei oni zation (EDI) apparatuses and vari ous

nmet hods of using the sane, directing liquid through

the apparatuses in different mays to achieve different

dei oni zati on characteristics . OOO%L BACKGROUND COF

THE | WBTHEORS AN APPARATYE 0HEROALESTROPEIONZATION

known in the art as a process which renoves ionized

species fromliquids, such as water, using

glodatr]i cal IBTEa i v TeHi aNwBNTaoNel ectric potential to

i nfluence ion transport. Exanples of electrically

active nedia conprise ion exchange materials and ion

wRfnge ”Bﬂplrsan%ventl.{‘oﬁePgiéke 51 gBnexGhaR0&o the field

mat eri'al s" denotes solid (perhaps highly pdrous)
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Li cause i.ons i to be intercha
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denotes a nmenbrane porous to sone ions, perhaps

delai ARRATILRE heRgevarieys BREhgdsf Gf MEAng the
old r r.ane,
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whifl feerdmoc kvays otdieashiénegénéfaelkentodeionization

exchangenenbr anes sel ectively permt the transport of
Df1$Ons and not others, and al so bl ock the

[0003] BACKGROUND OF THE INVENTION

[0004] Electrodeionization (EDI) is known in the art
as a process which removes ionized species from
liquids, such as water, using electrically active media
and an electric potential to influence ion transport.
Examples of electrically active media comprise ion
exchange materials and ion exchange membranes. In
general "ion exchange materials" denotes solid (perhaps
highly porous) materials that, when brought into
contact with a liquid, cause ions in the liquid to be
interchanged with ions in the exchange material. "Ion
exchange membrane" or "ion selective membrane"
generally denotes a membrane porous to some ions,
perhaps containing ion exchange sites, and useful for
controlling the flow of ions across the membrane, |
typically permitting the passage of some types of ions

while blocking others. In general, ion exchange



passage of the bulk liquid carrying the ions. A
conbi nation of ion selective nenbranes and ion

woexseaoge materials are sandw ched between twecT/us2008/004930
el ectrodes (anode (+) and cathode (-)) under a direct

current (DC) electric field to renmove ions fromthe
liquid. The electric field nay be applied in a

conti nuous manner or nay be dpplied in an internittent
manner. Cationic exchange materials (or cation
materials for short) can be used to renove positively
mmmhﬁahésNEelemmhvasycpérhﬂnlthagneahspprsodﬂﬂmome
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charged ions, such as chloride, nitrate, silica, anong
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materials (or anion materials for short) can be used to
remove negatively charged ions, such as chloride,
nitrate, silica, among others, replacing them with
hydroxide ions. The hydronium and hydroxide ions may
subsequently be united to form water molecules.
Eventually, the ion exchange materials become saturated
with contaminant ions and become less effective at
treating the liquid. Once these materials are
significantly contaminated, high-purity liquid flowing
past them may acquire trace amounts of contaminant ions
by "displacement effects." In conventional
deionization, the saturated (or exhausted) ion exchange
media must be chemically recharged or regenerated
periodically with a strong acid (for cation materials)
or a strong base (for anion materials). The process of
regenerating the ion exchange media with concentrated

solutions of strong acids or strong bases presents



I ssues . [0005] Continuous el ectrodeionization (CEDI)
, a subset of EDI, uses a conbination of ion exchange
wormbgeryahs and i on exchange nmenbranes, and di peatus2008/004930

current in a manner so as to continuously deionize
liquids and also to elimnate the need to chemcally
regenerate the ion exchange nedia. The "conti nuous”

| abel of CEDI applies to the3condition wherein the
electric field may be applied to the apparatus in a
conti nuous manner while product liquid is being
raordiickekalflEDl costc) udese pr safesgs andhwas teomtiismosas]
dei oni zation, filled cell electrodialysis, or
AH%etGdi aresis . The ionic transport properties of
electrically active nmedia are an inportant separation
paraneter . [0006] In the EDI apparatus illustrated
AIGQ0S] | cdirmpdmaens i ehschigdetontpaddgn t(FEDIOn a

depl et.i on ers 103, 107.and.into_the_el ectrode
SRy O PR Gheqrd pombafRhiREe Staden SEH e
eensi d 6 hetd deph eékeRatfamienoi8besania@d depeeid on
chanber 103 and cation depletion chanber 107 are
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Itting mgrates towa e cathode passi ng thoug
teyastrare exiohange erohanpge the6Giaf t Adecompesiirerdyed’

epletio hamber 105, into the cation depleti,on
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O%ce | aréyva hydrexi 8gpkh aduesd theoBppal@itus in a
splitting mgratestowards the anode passing though the
Sfniny@irgenner while product liquid is being
produced. CEDI includes processes such as continuous
deionization, filled cell electrodialysis, or
electrodiaresis. The ionic transport properties of
electrically active media are an important separation

parameter.

[0006] In the EDI apparatus illustrated FIG. 1,
contaminant ions migrate through the ion depletion
chambers 103, 107 and into the electrode chambers 101,
109. The ion exchange materials in the composite bed
depletion chamber 105, anion depletion chamber 103 and
cation depletion chamber 107 are regenerated by water
splitting in the composite bed depletion chamber 105.
Hydronium produced from water splitting migrates
towards the cathode passing though the cation exchange
membrane 106 of the composite bed depletion

chamber 105, into the cation depletion chamber 107 and
ultimately into the cathode chamber 109. Similarly,

hydroxide produced from water splitting migrates



menbrane 104 of the conposite bed depl eti on chanber
105, into the anion depletion chanber 103 and

woubés/adsel y into the anode chanber 101. PCT/US2008/004930
El ectrochem cal ly produced hydroni um which results
fromoxidation of water at the anode, maintains
el ectroneutrality as hydroxi de and contam nant ani ons
mgrate into the anode chanbér. Simlarly,
el ectrochenically produced hydroxide, which results
fromthe reduction of water at the cathode, maintains

ebesirideneHd alrdde 35adyhont o @Rdr BRenhalbRaBk c&ahgens
mgrate into the cathode chanber. In the apparatus
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erw se precipi al ci'imas calc

edrtieated yori MRy st ldhéde rra@am}semmbydr oxi de may
occur in_the cathode chanber causing an increase in
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appar at us. | owi ng the el ectro e rinse first
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chanber rdness |l em may he reduced since the
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magnesi um hydroxide. Still, feed water with hardness
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illustrated in FIG. 1, the feed water hardness must be
less than about 1-2 parts-per-million (ppm) (as CaCOs3),
otherwise precipitation of calcium as calcium carbonate
or magnesium as magnesium hydroxide may occur in the
cathode chamber causing an increase in device
resistance or an increase in the backpressure,
decreased flow, and potential plugging in the
apparatus. By flowing the electrode rinse first
through the anode chamber and then through the cathode
chamber, the hardness problem may be reduced since the
anode electrode rinse is slightly acidic and thus will
help minimize precipitation of calcium carbonate and
magnesium hydroxide. Still, feed water with hardness
above several ppm (as CaCO3;) can cause problems in the
apparatus. Another potential problem with this
apparatus can occur in the anode chamber. Common
anions such as chloride and nitrate can be oxidized in
the anode chamber to form electrochemically active

species (Cl0; and NO,, respectively). These



t he anode chanber to formelectrochem cally active
species (A O and NO, respectively).

wobbesssessact rochem cal |y active species can damregaskéng/004930
i on exchange material in the anode chanmber resulting
in decreased lifetime of the EDI apparatus. [0007]
Thus, there is a need for an_EDI apparatus which
reduces or overcones problenmB arising from el ectrode
fouling by precipitation or danage to the ion exchange
materials of the el ectrode conpartnment by
electtroctemicad 1y aod t inee coppoiladscérudbmageoxihei Zemns)
whi | e mai ntai ning sonme or all _of {he advantages of
G B b et 3
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blerchddd usitialdse abr BEbhe apPar abgarkbat . my be used
for "general purpose" liquid deionization. The

apparatus conprises three ion depletion chanbers, 103,

KnorA07. and.dwo clectyode chagbers. J0LL108 - acus

eparated by Tour ioh e&%hang S,
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S 8 H 9 I T O o oot bRei 86T CA9GF0RS of
AR e Afs rSe @ £1 0f oh N§BHEEE i chOENEHBERKE, 1N (0N
chr omat ogr aphy, either anions or cations are typically
anal yzed using different chem stries. For anion

anRors S byrd@n £ PIBLLGLARDY ant BETYALELU3RY tRat may

be used for “general purpose” liquid deionization. The
apparatus comprises three ion depletion chambers, 103,
105, 107, and two electrode chambers, 101, 109,
separated by four ion exchange membranes, 102, 104,
106, and 108. This configuration offers improved
deionization capability but may add additional
complexity or cost for applications where the
deionization requirement is selective. For some
applications, the required water purity may require the
exhaustive removal of anions or cations, but not both.
This is the case in many forms of chemical analysis
where a specific element or ion or a group of elements
or ions are of interest. For example, in ion
chromatography, either anions or cations are typically
analyzed using different chemistries. For anion
analysis by ion chromatography, the water used to
prepare eluent or dilute samples or standards should be

free of all anions as any anion in the water will



prepare eluent or dilute sanples or standards shoul d
be free of all anions as any anion in the water
wowobd/13odsel y mani fest itself and either affect pcT/us2008/004930
calibration (non-zero intercept) or conpromn se
detection by increasing background conductivity. O her
exanples requiring feed water sources free from
specific ions are silicate ahal yzers, sodium anal yzers
or phosphate anal yzers as typically used to nonitor
high purity water. In these applications, the primry
negalreeti figst hiadséhe deedeveher BageceoneaNt bahi-a6s
of the analyte(s) at or near the | owest possible
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suppl’y feed water wth extrenely | ow contam nant
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need .f.ar Si I cost - ffective ara that
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t he present invention discloses nethods and
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T a ConpOSIfe conce trate C S use
tuB&ﬂﬂdHHIlREM(¢@MDNEu®hE apalgrinant iktons ﬁeemmhhée to
lﬂ Lgcg ggg%fﬁﬁgggj agéhly purified feed water source
for the analyzer. Currently, there are no commercially
available water purifiers which can easily interface
with analytical instruments and supply feed water with
extremely low contaminant levels of the analyte ions.
Therefore, there is a need for a simple, cost-effective

EDI apparatus that may be devoted to a specific

purpose.
[0009] SUMMARY OF THE INVENTION
[0010] Accordingly and advantageously the present

invention discloses methods and apparatuses that may
address one or more of the issues discussed above. In
some embodiments of the present invention, a composite
bed concentrate chamber is used to collect and remove
the contaminant ions from the liquid. The contaminant

ions are hindered from entering the electrode chambérs,



ions are hindered fromentering the el ectrode
chanbers, t hus reduci ng the el ectrode fouling
woaseprsaed with conventional EDI appar at uses pciraf2dos/004930
In other enbodi nents of the present invention, the ion
exchange efficiency of chanbers includi ng honogeneous
i on exchange materials may be conbined with the
benefits of chanbers or |ayefs including conposite
ani on-cation i on exchange materials to produce |iquids
with very | ow concentrations of contam nant ions . In
o edindi irentthofel detpo@seddul hignbsebcibited with
i nterface between adjacent |ayers may be transverse to
REVEHA P Jo | TRk rFRPFFRFUSSPn some enmbodi ments of the
present invention, the interface between adjacent
| ayers may be parallel to the applied electric field.
[[@@12]] Thesk artchext hembadimenbgesfatbeapheeead in

accor ance:xﬁr1the gééﬁent i nyention as described in
dEVAT 168 owr *F ot 13) FRIBESER! PYFRINY ORI TRES NGS
[ieh4la ity ashdddmdsusndensérbHbAge hdeBkigak may be

reference nuneral s have been used, where possible, to
_ daWkﬁhﬂ¢%%jb%$@ﬁ%ﬁ§sofhﬁha@b@réoﬁﬁoﬁawﬁrﬁhe
G QUNRS g i Ql%gg$n§51€:—88{:iz)ﬁ $64! %xéﬁgn#%ematerials
rélative dinensions of various elements i n the
dreawi rgBu e €l i @¢ ewli sbheenyi tall goandnnettionscalfe.

[0015] In the configurations djsclosed bel ow, I|iquid
st 3w ’t‘?ﬁlsoughI?h\%O’@?e@F‘#Béém@ﬂ&ﬁbQFs the present

A, SONCANL Tl "1 $OSPBEES  phBwkBE hakhewhRIlayers may be
configurations, the el ectrode chanbers may acf as

domgEerae thapberarptiad alsocurée &fiehydr odinumaamsd

embodiments of the present invention, the interface
between adjacent layers may be parallel to the applied

electric field.

[0012] These and other advantages are achieved in
accordance with the present invention as described in

detail below.

[0013] BRIEF DESCRIPTION OF THE DRAWINGS

[0014] To facilitate understanding, identical
reference numerals have been used, where possible, to
designate identical elements that are common to the
figures. The drawings are not to scale and the
relative dimensions of various elements in the drawings

are depicted schematically and not to scale.

[0015] In the configurations disclosed below, liguid

streams flow through the electrode chambers and



hydr oxi de ions for regeneration of the ion exchange
materials. As concentrate chanbers, contam nant ions

worays/guyggt ual ly mgrate into the el ectrode chaglarsso0s/004930
(under the force of the applied electric field) and
may be renoved fromthe el ectrode chanber by a liquid
flow stream The el ectrode chanber flow streans may
typically be directed to was8e. For sinplicity of the
drawi ngs, the el ectrode chanber and concentrate
chanber rinse streans are not shown. [0016] The

heohrictites tefs thnasent invenéi ppl1eyihg readily
under st ood by considering the follow ng detail ed
gendiioptriadi Ans .« dijurRt ¢ R 9l hChaBbaEE oMpAnFFRgas

raw j j 6. d 0017] . F j S I
%5%&%%§%F§#$6ﬁﬂ%%ngﬁié%; c%n%?%%%g%éoﬁf Fgggg%EEPG?nd
ARG SraTeide repeeseat abhoos theEDbn exchange
configurations of enbodi nents of the present

MRFERTEdE - [ FPLIIOR Bt BAL 8 ChpBPERengPREAMinant ions

HERr @3RM @I 1008 f Bl e COREL Lhat LoBE  phaembadiniRRLS
of "the present” i nvention.|[0020] FIG 4A-4C are
Soneleat ithe efpesem bt thasappl 81 ebatiyurafieds)ofind may

nmbodi nents of t ' ion, [0021] \FLG. 5
D HRTEAE T el P PO RRE b eBPeroRY: Gulaiad oriow
Qe &podiTRite Dic t A3 EB&Mbek NYEBlvi 88 rehRR2ahyFlI G 6

Is a schematic representation of an EDI configuration
dtvroira ldibdeR rehteeted heoprvageat For simplicity of the

drawings, the electrode chamber and concentrate chamber

rinse streams are not shown.

[0016] The techniques of the present invention may
be readily understood by considering the following
detailed description in conjunction with the

accompanying drawings, in which:

[0017] FIG. 1 is a schematic representation of an

EDI configuration.

{0018] FIG. 2A-2D are schematic representations of
EDI configurations of embodiments of the present

invention.

[0019] FIG. 3A-3C are schematic representations of
EDI configurations of embodiments of the present

invention.



invention. [0023] FIG 7 is a schematic representation

of an EDI configuration of one enbodi nent of the
WOoRNESB0ss0i nvention. [0024] FIG 8 is a schematpca/us2008/004930

representation of an EDI configuration of one

enbodi nent of the present invention. [0025] DETAI LED

DESCRI PTI ON OF THE | NVENTI ON [002 6 ] Abbreviations

and Definitions [0027] The f8l|ow ng abbreviations and

definitions are used herein: [0028] The abbreviation

"EDI" = el ectrodeionization; [0029] The abbreviation
"[CEDJ) = cate husalsael geér odrematzat ireprie@&a(&]adms of
abbreV|at|on "I C" = ion chromatography; . [0031] The

%é?ﬁ iPraNens ahi SRPRIEREREE RENbPENET SSERG32]
€§?9¥ﬁylatlon "CM' = cation exchange nenbrane ;
[003 e term"applied electric field" is understood

to be the electric field arising froma voltage

j.ed bet h de _and the_cathode within t
AL bar atuES 0055121 RCRFORS 1 BODF B RRBS Enaiber

hasr kagir { abed edodsof aprdesenboriReayi by th@03lesldht
FIGs. 1-8, the cat hode chanber has been | abel ed as

%ﬁﬁanﬁﬂnfor brevity. [003 6 ] The term "depl etion
chanmber" is defined as a chanber through which the
product liquid streamfl ows

[0022] FIG. 6 is a schematic representation of an

EDI configuration of one embodiment of the present

invention.

[0023] FIG. 7 is a schematic representation of an
EDI configuration of one embodiment of the present

invention.

[0024] FIG. 8 is a schematic representation of an

EDI configuration of one embodiment of the present

invention.

[0025] DETAILED DESCRIPTION OF THE INVENTION
[0026] Abbreviations and Definitions

[0027] The following abbreviations and definitions

are used herein:

[0028] The abbreviation “EDI” = electrodeionization;

[(0029] The abbreviation “CEDI” = continuous

electrodeionization;



during one of the steps of the process.
may be filled with one of a honbgeneous vol une

chanber

woohog3ox exchange materi al,
cati on exchange nmateri al,

mat eri al ,

doped cati on exchange nateri al,
hshge material s.[0037] The
= | ayered depl eti on chanber which

"depl etion chanber" and is

"l ayers" of various ion exc
abbrevi ati on "LDC'
is a specific type of

defined as a chanber that conprises '

or a doped ani on exchange materi al,

A depl etion

or a honogeneous p¢alusIBus®bH4930

or a mxed ion exchange

or a

or may be conprised of

"| ayers" of

various ion exchange material s mhereln the liquid to

beesseth s | PR

manner

defi ned as a chanber wherein the product

TR BLGA™t NECT ager 81 FIE CSEGRSTARAY ;

[0038] The term "concentrate chanber”

'S
[iquid stream

dd¥s3not f | Tive dlylprewiatxanpl'dl”of andonceniahange

cha
&K

er _include an el ectrode chanber (either anode or
e; ;
, an anodi ¢ concentrate chanber (a chanber

| ocated adj acent to the anode chanber and separated

therefromb

an ion exchange nenbrane)

or a cathodic

HH%%%Irate:%%aﬁ%%eraaEh@ﬁbéFMWocaﬁéﬁléaj@ﬁﬁh@QQ?the

hanmber and separated therefrom by an ion

exchange nmenbrane) ,

or a central

concentrate chanber

(wherein the concentrate chamber is not adjacent to an

anber
¢ th

anonﬂ

el ectrode c
hﬁ%ﬁ%hents fpr 8RR

ot.hers

ical ly.
i8hneuRerai? Hle i edd oo

i.,n some

QH%M%%@b&&'E@eﬁeaﬂﬁgeeQécﬁﬁﬁﬂo@ﬁkld ah8 Qg fiddneth

i on exchange materi al .

A concentrate chanber may

b@plftiaqreedamlhe@ lnem@enoﬁh@x@nad@e ajpgt &hiealcatdyode

Q%H%%J§néﬁg EDI apparatus.

[0034] In FIGs. 1-8, the anode chamber has been
labeled as “anode” for brevity.
[0035] In FIGs. 1-8, the cathode chamber has been

labeled as “cathode” for brevity.

[0036] is defined as a

chamber through which the product liquid stream flows

The term “depletion chamber”
during one of the steps of the process. A depletion

chamber may be filled with one of a homogeneous volume
of anion exchange material, or a homogeneous volume of
cation exchange material, or a mixed ion exchange

material, or a doped anion exchange material, or a

doped cation exchange material, or may be comprised of

“layers” of various ion exchange materials.



exchange material, or a doped cation exchange

material. [0039] The term "m xed i on exchange
wormmberish” i s defined as a m xture of ani on ardTAARS04930

exchange materials wherein the ani on exchange materi al

I's responsible for about 50% of the total ion exchange

capacity and the cation exchange material is

responsi bl e for about 50% ofl% he total ion

exchangecapacity. The term "m xed i on exchange

material" also refers to a chanber that contains a

nio3irle of The cablanelvtcation exbOangelawbeedaldeplegrieim

t he ani on exchange material is respagnsible fqr a range

SR WOUH o SLRLTPEEY oF EKBSL BEal GPBR chiofarheTDer

GRRAGIH ] Yacrthddeasal | ORafKEPaRHE t MBbRDIELelsS “1ayers” of

responsi ble for the bal ance of the total ion exchange

opaiciusy . 10thi exclednae t Neher saheanhereibe tbendiisnent to be

with the conventional und tanding of a "m xed hed"

ST bR RO N R TR 2 bk

e materials as well as a small range, typically
from-40%to -60%on either side of the 50/50 m xture
[ 0040] The abbreviation "ACC' = anodi c concentrate

C whi [ fi n e Gha :
T o e e ge E G P ar S SAFPBn e anaddssy 2=
an dhoamlzeac heimepee ime nbnanprodhe t ACCamayl sameain dwes not

haonogeneous, vol une_of . ani on exchange material, _or a
Hgﬁﬁgené&ﬁy?ﬁiuﬂﬁa%?lﬁﬁtPgnaeQQHS%BErﬁﬁFeF' Or a
ninerhdO e xehafgeodat 8hhmberol e tAGRC A N3O re X aNgR ) |
material, or a doped cation exchange material. This is

AT R C vhereeRtTake pEbanber| (guchagbegamhodeds ot
fééygcent to the anode chamber and separated therefrom
by an ion exchange membrane), or a cathodic concentrate
chamber (a chamber located adjacent to the cathode
chamber and separated therefrom by an ion exchange
membrane), or a central concentrate chamber (wherein
the concentrate chamber is not adjacent to an electrode
chamber), among others. Typically, in some embodiments
of the present invention, the electrode chambers
(either anode or cathode), are not filled with ion
exchange material. A concentrate chamber may be filled
with a mixed ion exchange material, or a doped anion

exchange material, or a doped cation exchange material.

[0039] The term “mixed ion exchange material” is
defined as a mixture of anion and cation exchange
materials wherein the anion exchange material is
responsible for about 50% of the total ion exchange
capacity and the cation exchange material is

responsible for about 50% of the total ion exchange



[0041] The abbreviation "CCC' = cathodic concentrate
chanmber which is defined as a concentrate chanber

wodipaaesdy to the cat hode and separated from t beTaabkid@es930
by an i on exchange nmenbrane. The CCC may contain a

honbgeneous vol une of ani on exchange material, or a
honogeneous vol une of cation exchange material, or a
m xed i on exchange material 12 or a doped anion
exchangematerial, or a doped cation exchange nateri al .
This is a chanber wherein the product l[iquid stream

diaty | amhe [@94R] “rlige@abbbevierthafgeAREteTi@dNI"0R1s0
depl eti on chanber is defined as a chanber that _
inedlarsesq HerdiakRehoreyeneentaiBpufendktaneorf anion

terl T e en.l.abel ed
SIS I Sl difinge IFEE, FRRIDRRBLOMT ECRAIBHE BH
[BARInghensathdr al ai ¢ oneS$CbXEibl eafbonadepheti of about
chanmber i.s define a chanber .t hat includes therein

d
& Yorisy &isvitts &/t (e Bhecherd LRBhgKGEaREFeFRRACILY and

s ahahelsacliavse DRencl kel ed 28sppati 8l ePedr ithe
the legend of FIGs. 1-8 for brevity. [0044] The

disredaata e HeEBRrat: tonpesthanpedcepacenyr.at &his
chanber.. A conposite bed concentrate, chanber. nmay be
AR s Ph ST O BEChaRDeoRats PAFT 6PS2 doped
JYrBferexidgenide €5 t @hdifg arfdapeflisati Bedgexekange
material . [0045] The abbreviation "ACBCC' = anodic
ARSIl Toheenttaterehafbarips/gatined 198 Erehange

i ent r at dj at, b -
anoge 5%' g%%a&%?gdg%r%n??%gﬁgggéggby%gﬁq%g%qgic gﬁbe40%
menbrélte.omheitloer side of the 50/50 mixture.

[0040] The abbreviation “ACC” = anodic concentrate
chamber which is defined as a concentrate chamber
adjacent to the anode and separated from the anode by
an ion exchange membrane. The ACC may contain a
homogeneous volume of anion exchange material, or a
homogeneous volume of cation exchange material, or a
mixed ion exchange material, or a doped anion exchange
material, or a doped cation exchange material. This is
a chamber wherein theAproduct liquid stream does not

flow.

[0041] The abbreviation “CCC” = cathodic concentrate
chamber which is defined as a concentrate chamber
adjacent to the cathode and separated from the cathode
by an ion exchange membrane. The CCC may contain a
homogeneous volume of anion exchange material, or a
homogeneous volume of cation exchange material, or a

mixed ion exchange material, or a doped anion exchange



exchange nenbrane may be an AMor a CM The ACBCC
chanber may be filled with a m xed i on exchange
womebenish, or a doped ani on exchange nateri al pc@usa008/004930
doped cation exchange material .[0046] The
abbrevi ati on "CCBCC' = cat hodi c conposite bed
concentrate chanber is defined as the conposite bed
concentrate chanber adjacentlXo the cathode and
separated fromthe cathode by an ion exchange
menbrane. The ion exchange nenbrane may be an AMor a
aislt eHie ICCRBEC chiohsd cayibe ékthedgel mhtardbeled mMbiis is
exchange materi al, doped _ani on, ex¢change material, or
& LatTHiHF XN %egﬁ%@%?FainguE 0% ¥ SfRedoes not
ghlrevi ation "ACBDC' = anodic conposite bed depletion
chanber is defined as the conposite bed depletion
chanber adjacent to the anode and separated fromthe

by an..ion.exchange. menp e. _The.ion .exchange
TN IY STl S AR 98 JRIRABAY - (AR bAaEIAI0G
R ahiddred IMdLY ndd X£€ & oBh&xbhanghafBtiatlaldesOithdrein a

doped ani on exchange material, or a doped cation
Qi S ine phHoasjorhexgbpregi BARexn la¢cBDEese
' I et Lon_ ¢k I»S s defkne
R e Bad HenT 2 o CRanBar Chradent P ing 2end
ceft Fadss anld-&efpar dbeevitpm t he cat hode by an ion
exchange nenbrane. The ion exchange nenbrane may be an
AMor a CM The CCBDC chanber may be filled with a

nooad i on exchanger &1 g sh, ~@pdepedcarion exphanden
material, or a doped cation exchange material . [0049]
Thamisy evg (e pinedBpE a=champesi thabedncludes therein a

homogeneous volume of cation exchange material. These
chambers have been labeled as “cation bed” in the

legend of FIGs. 1-8 for brevity.

[0044] The abbreviation “CBCC” = composite bed
concentrate chamber. A composite bed concentrate
chamber may be filled with a mixed ion exchange

material, or a doped anion exchange material, or a

doped cation exchange material.

[0045] The abbreviation “ACBCC” = anodic composite
bed concentrate chamber is defined as the composite bed
concentrate chamber adjacent to the anode and separated
from the anode by an ion exchange membrane. The ion
exchange membrane may be an AM or a CM. The ACBCC
chamber may be filled with a mixed ion exchange
material, or a doped anion exchange material, or a

doped cation exchange material.



depl eti on chanber is defined as the conposite bed

depl eti on chanber that is not adjacent to either the
wocatshsdsochanber or the anode chanber. The CBBCT/US2008/004930

chanmbermay be filled with a m xed i on exchange

material, or a doped anion exchange material, or a

doped cation exchange material . [0050] The terns
"dopant" and "dopi ng agent"]#%fer to a material that
is added to another nmaterial . In EDI, a dopant may

include materials such as an inert material, an
dlodeter]i cal ITheactbvesewnioatiom eXCRaage=matehbdl c( tomposite
i,op, exchange materials, or

| e, t al terial),
RS g el Merial), Lo sxghanse mter ol O

et AT R O RN aea RE SRt at§ BheCBLEABgRX GRAGNYE
materials is added to a volune of the opposite ion

eepraRfetheten dike teatldpdst by henel est exchbnge membrane.

nductjvity. In so i nst ances, dopi of 1o
TPtk Tadtiandl J09Bbtee AV Re FRaflpSFt SofY-  The
CUBCTTIdRbd O NS WIb&eyi Predi dethos waked sphi Eikich@nge
whi ch can produce_regenerant_ ions (hgdroniun1and

Mpdeskidde) 2@ GO |aThel t eXRlaggpelat 8tiah  eREhangored

@%ﬁ?&ﬁ“ékﬁﬁ%ﬁ&giﬁg%%?§ f conposite of anion and
catl on exchange naterld?s wherein the cation exchange
material is responsible for at |east about 60% of the

total .ion exchange capacity and_the remainder of the
(71 on B HIIe-abdtiof FACRBAT, Fofrenst, Smmpyite
DN NG SBLSH | amddAt i §SgetNBell ¥EUEBC! SoRboFRLd B

cati on exchange material. This definition is nmeant to
denrliafguins ithambRipead taceoh bRchhfganpdeepng 'sepegmated

téy%m the anode by an ion exchange membrane. The ion
exchange membrane may be an AM or a CM. The ACBDC
chamber may be filled with a mixed ion exchange
material, or a doped anion exchange material, or a

doped cation exchange material.

[0048] The abbreviation “CCBDC” = cathodic composite
bed depletion chamber is defined as the composite bed
depletion chamber adjacent to the cathode and separated
from the cathode by an ion exchange membrane. The ion
exchange membrane may be an AM or a CM. The CCBDC
chamber may be filled with a mixed ion exchange
material, a doped anion exchange material, or a doped

cation exchange material.

[0049] The abbreviation “CBDC” = composite bed
depletion chamber is defined as the composite bed
depletion chamber that is not adjacent to either the

cathode chamber or the anode chamber. The CBDC chamber



conventional understanding of a "m xed ion exchange

bed" (or material)". That is, "m xed ion exchange
wonebsersossy (or bed) " is used herein to denot e paT/us2008/004930

bedhavi ng approxi mately equal cation and anion ion

exchange capacities (typically equal to wthin about

109%9 while "doped cation exchange material" denotes an

i on exchange material in whilch cation exchange clearly

predom nates and the ani on exchange material is a

"dopant" or mnority contributor. The doped cation

evagh dreg ef ineltesd ivad tsh naymbeeddyvant agehaagenmbhetritliey or a

can be used to alter the conductivity _thrqugh the ED
SREh S Ol PR AR TRESBARL or RinEed8PethESEROn

RPRMHAHIS maddOD2] . The term "doped ani on exchange
material" is defined in a conplinmentary manner to

"doped cation exchange material" described above. That

| " doped .ani on_exchange terigl’ ;is.a conposite
nﬁgﬁﬂand caﬁ%ﬁ$€§%haﬁ%@aﬁ§te?F§Isdﬁﬁépgiﬁggﬁz aﬁ%ﬁ%r
axc hange ot £ | @hat Si& espaeal bbeahethatr hgastriahout 1n

60% of the total ion exchange capacity and the

EdHai RdIORANE HRAY ot BF 1 10f BREARBAGESCHPSE By R& inert

RN o4t ,edarpyei@cetff&%?f eéEEi‘OQenGBt-%ha'excﬂé%tgel S

the mxture is primarily Ln“ani on exchange naterial.

Thterdefl nifoonexanpkant at nedadt nageirsihla ," dope éxahaorye
terial" fromthe co entionala%ndenstanding

h
SR EEELR b SormHKEHERG cCBEHSO!  Tha YO8 1oni oD

TRl €t 24 B, "BYchReadd¥aANbAdeQESahGel bl @l s or
can be used to alter the conductivity through the ED

AFFaran X Amnyapraveriads pesf afdedcsooh vieduppl of the
%EHHé%&Q ion exchange materials to adjust the

electrical conductivity. In some instances, doping of
ion exchange materials facilitate the transport of
contaminant ions or may provide for water splitting
which can produce regenerant ions (hydronium and

hydroxide) .

[0051] The term “doped cation exchange material” is
defined as a composite of anion and cation exchange
materials wherein the cation exchange material is
responsible for at least about 60% of the total ion
exchange capacity and the remainder of the total ion
exchange capacity is contributed by anion exchange
material. That is, the mixture is primarily a cation
exchange material. This definition is meant to
distinguish a “doped cation exchange material” from the
conventional understanding of a “mixed ion exchange
bed” (or material)”. That is, "mixed ion exchange

material (or bed)" is used herein to denote a bed



[0053] The terns "hard" and "hardness"” when used in
reference to water, indicates water that contains

wocRIwBbisoat i ons (typically expressed ~ PCT/US2008/004930
inparts-per-mllion, (ppm ) of various minerals, such

as cal ci um and magnesi um car bonat es, bi carbonat es,

sul fates, or chlorides. The presence of such dlssolved
mnerals typically arises frldm prol onged contact with
rocky substrates and soils. Such hardness in water
tends to discolor, scale, and corrode materi al s.

RG4]g Brod@tindsehy eéquel ecationaanal adidapesint on a
surface in contact with a liquid in which the deposit
SN FdRES rﬁ%%}tﬂe%?rpbmﬁraé%%éxeﬁﬁuﬁh EReWL g about

&1%y) Galcldm s henal 1o£09§éLaH88 ﬁ%&gklﬁgheﬁenotes an

spllttlng refers to the hydrolysis of water
mmeBxahangﬁimthxmmhelnowh;chhcahloncaxshangehelearly

i nterface of ani exchange materials and ca

e g CoFE TRLSS, PRt Rnhder mahai Ay PR
PAPHr .odhsndBi Pt cantruBuebect r opBeabpall RERGRSS,
and differs fromthe electrolysis of water at an

@warrtm% fﬂ&lt@ml%vam‘@y bl pevpRgageeysnén Fhedutdey can
‘i{dros%e @P\Ngg%‘scééﬁgﬁéﬁvg%?"‘E‘HLOSQE'_ tf‘&o?é’]l The

yS|s produces gase
1a$pur'&ﬂsuﬁnd anolrSekuehe" peefermbaca stibshan@®Iused
to effect the separation of ions froma separation
GBRARRAGH an el uti on process . Exanples of eluents

i nclude, but are not limted to, an acid or a
base. [ 0057] The term"elution" refers to the process
df0Qsi Ing arTled ueermt dderedasniponsxthenoge sepsrawildn is

defined in a complimentary manner to "doped cation
exchange material" described above. That is, "doped
anion exchange material" is a composite of anion and
cation exchange materials wherein the anion exchange
material is responsible for at least about 60% of the
total ion exchange capacity and the remainder of the
total ion exchange capacity is contributed by the
cation exchange material. That is, the mixture is
primarily an anion exchange material. This definition
is meant to distinguish a “doped anion exchange
material” from the conventional understanding of a
*mixed ion exchange bed”. The doped anion exchange
materials may be advantageous in that they can be used
to alter the conductivity through the EDI apparatus and

improve the performance of the EDI apparatus.

[0053] The terms “hard” and “hardness” when used in
reference to water, indicates water that contains

concentrations (typically expressed in



colum. [0058] The term"eluate" refers to the product
or substance that is separated froma colum in an

woebedyizossopr ocess . [0059] After considering tpeT/us2008/004930
foll ow ng description, those skilled in the art wll
clearly realize that the teachings of the invention
can be readily utilized in liquid purification,
specifically deionization, fﬁ}ough t he use of various
EDI appar at uses and nethods in various ways . [0060]
Two earlier patent applications are assigned to the

AsSitggRe0fimi1el M eSepdm) Nvent yapiasnd aeseriabe,fisv@h as
chanbered EDI apparatuses. One is entitled "Met hod of

G G rAEt D JrasiisS WhB eeﬁbgngggg., abisagbonates,

SR ity T 80095) “HS BlgrPifs, LByt HMo1vea

ﬁﬁm@ﬁﬁlﬁhﬁybld&&ﬂpt&Exses énbmt pedlb6hadbeoatact with

El e trod i oni zati on aratus wt ni f.orm Cyrrent
et ar SOt 06 7 St Kok gReGs, i WASATer

]tje!rflﬂs? J@%?&@o%' | sbgdeasall aeg%e%mwlame

entire contents of both appllcatlons are hereby
i ncorporated herein by reference in their entirety.

[GRBH1 A "ShALof PRt DL 70! LeaLian O Led SOneUI Nty on

herew en hOES an par at'us

EH entrfted ot zedhoac th wi thi agliayesedghamiiens tHes deposit
assigned to the Assignee of the present invention, The
e¥R9%%ﬁ%§wW%ﬁﬁ§a%fC?HpguaﬁﬁlP6§§?8ﬁ éPetW@ré&ﬂU1 €.g..,

ieonnes ated herein by reference in its entirety.

[0055] The term “water splitting” refers to the
hydrolysis of water to hydronium and hydroxide ions,
which occurs at the interface of anion exchange
materials and cation exchange materials in the presence
of an electric potential. This is not a true
electrochemical process, and differs from the
electrolysis of water at an electrode in that water
splitting does not produce hydrogen or oxygen gas
whereas conventional electrolysis of water produces

both gases.

[0056] The terms “eluant” and “eluent” refer to a
substance used to effect the separation of ions from a
separation column in an elution process. Examples of
eluents include, but are not limited to, an acid or a

base.



[0062] The types of ion exchange materials that are

typically of the nost interest for the deionizations
woadesizvdzed herein are strong acid cation exchaQgas2008/004930

materials and strong base ani on exchange materi al s.

The strong acid cation exchange materia

advant ageously has a sulf onate-type ion exchange site

(or functional group) while ke ani on exchange

material typically has a quaternary am ne ion exchange

site (or functional group) . There are different types

ofoaEt] on artte ateoh exTthangr” makéeral sowkhehpaioedset of

i nherently excluded fromuse, in caonnection with the

FS 9 AR i oHEeResk? | BRHTACE e ANSHAEOBNE FFEPETELiCRt i on

exfhanpe material and one type of ani on exchange

materi al as described are typically found to provide

adequate performance in practice and are generally

e 006 [ f_the anion_exchange material and cation
gigﬁé e na Qﬁi%?r%r§e%?§E8XiﬁegggsgggiF §F PICCHSr o
sisd amdal tyaeqlal séghtrateandrani anceXehand® an elution
capacities, this is referred to as a "m xed" bed. This
dORFEIES- wi th the conventi onal understandi ng of a
"m xed bed ion exchange material" as an ion exchange
materi al that has approxi mately equal anion and cation
edifohge capfcet ycons hdenénty pheof odhioen nex clarge ption,

terial d one type of cation exchange materi al
THies Skibiedi Ty LhRi kEqwhy LnFLFAG ¥ Esfiidge that the
PELRNAEIRL OF | @he (1NPLERELY BafablkOR<8¥ENINGR iN8SIdN in

with an anion exchange material (typically an anion
exichargeowest hgat hom, r apeoifichlifatetba igattiion afhrough
O, LXCHANGE, £8RECED C5pBh LR EEN b R W%
various ways.

[0060] Two earlier patent applications are assigned
to the Assignee of the present invention and describe
five chambered EDI apparatuses. One is entitled “Method
of Ion Chromatography wherein a Specialized
Electrodeionization Apparatus is Used” (Application
Serial Number 11/403,737) and published as US
2006/0231404. The other is entitled “Chambered
Electrodeionization Apparatus with Uniform Current
Density, and Method of Use” (Application Serial Number
11/403,734 and published as US 2006/0231403). The
entire contents of both applications are hereby

incorporated herein by reference in their entirety.

[0061] A related patent application filed
concurrently herewith and entitled “Methods and

Apparatus for Electrodeionization Utilizing Layered



equal . In practice, it is usually not feasible to
achi eve precise equality but commonly the range of
woanignoszapacity in the m xed bed can be about pé@eseaf%m004930

with the remaining capacity as cation capacity. [0064]
The "conposite bed" concept as used herein relates to

a conposite as a mxture of a cation exchange nateri al
and an ani on exchange materi®l without reference to

t he proporti-ons of each. That is, in a conposite bed

the i on exchange capacity ratio could range from about
Thanbatouti 9B ofgredheo thtensalgnard ofhehealpareent

conprising the opposite material t Gener al
CHFRIEARIEs. OTNE oTRbST £ cCHBRENAPe OCoRtiidePBRL L £at ign are

HEasl, bado MhSESebhentabin Bl 2BiFRRLRCEN QR ¢ ON

exchange capacity is approximately 1:1 with a range of
ahgutretd®s (that is, 40% - 60% of either cation or

ani on capacity) . 2 . A "doped " anion bed where the
ani on capacity is at |east about 60% and the remaining

| oeExchangen& apasés YoEsieat eRBhadge Aatdened’s GMdtoire
bed where the cation capacity is at |east about 60%
aFm‘.PJtCFﬁel]rBén%f nFg TORC eXBREKGE tchpacithy d@lonlzatlons

110085 o 5 gt B81Rr ABRLLLORR G O

u
exc ange naterlgﬁ %FQ Etré onpos ite be s |n reased
frraoe rabalg aﬁﬂtstabngtbagébaalenceunhemgh it cdriials .

rticular type_of co 05|t bed cal | ed "doped ani on
Die SorORE 058 TARACADEHCRABES RACRIL aftageously

has a sulfonate-type ion exchange site (or functional
group) while the anion exchange material typically has
a quaternary amine ion exchange site (or functional
group). There are different types of cation and anion
exchange materials which are not inherently excluded
from use in connection with the deionizations described
herein, but one type of cation exchange material and
one type of énion exchange material as described are
typically found to provide adequate performance in

practice and are generally used.

[0063] If the anion exchange material and cation
exchange material are mixed in the desired ratio of
substantially equal cation and anion exchange
capacities, this is referred to as a "mixed" bed. This
comports with the conventional understanding of a
"mixed bed ion exchange material" as an ion exchange
material that has approximately equal anion and cation
exchange capacity with one type of anion exchange
material and one type of cation exchange material.

This is typically achieved by mixing a cation exchange



produced for Pc greater than about 40% and | ess than
about 60% and a "doped cation bed" for Pc greater

woldoeemsadzout 60% [0066] The EDI appar at us showatius260sf604930
1 is an exanple of an EDI apparatus, which conprises

five discreet menbrane bound chanbers in electrical
comruni cation (although other enbodi nents can have
more than five chanbers) . THE apparatus illustrated
in FIG 1 conprises an anode chanber 101 separ ated
froman ADC 103 by a first AM 102. The anode chanber
Mtemicd ldesyphesin ancandda tkahanget yeisdal)l wilth an
el ectrical contact with_ the first_AM 102. The ADC 103
t%%l?’ifcrﬂﬁf&%d‘éét?ﬁé?éu (PR 6B §¥n8Hu DY Sy FEEChRNge

ex e 0 S d [
ST hnae R e, g RRES LA PR Rp LRy

catdiodesi cepafithes ADE lh@ fIhelAmﬁ:xm%eaaatet h@t@ﬂl@
105 be separated by a.second,AM 104. _The DC 105
T hel U RTRYBFRCa hFxds FOHodtehERGe CacdRIE %
Ehéi'@.l[@@b b OP1 S Coggei bt Bukakompbnd ydeped x%afgé)rbf
exchange material . The doped ani on exchange material,

(ﬂnkﬁﬁmﬁﬁﬁﬁﬁ1€ﬁ é&cﬁbﬁg@lﬁﬁﬂebﬁélC@@r@ﬁoﬁ@omﬁy4@§ 60%

con uc V|t§m%£?ou§h %ESXEE?nSES§%§?§§F§ﬁ %%ﬁé ove the

perfornance of the EDI apparatus . A CDC 107 may be
pI a é‘g on the cathode-side of theCBDC 105. The CBDC
b the BB® 169™RAFHE S&far &PBGSRY &5t e grein

]égﬁaBEEEégxélggmb¥§hﬁélb¥ bngkudes et ber & Rad ion

honogeneous vol une of cation exchange material. The
GCEChoenyaber sepasntdednf poaon exchange material

without reference to the proportions of each. That is,
in a composite bed the ion exchange capacity ratio
could range from about 1% to about 99% of either
material, and the balance comprising the opposite
material type. Generally, three types of composite

beds are considered:

1. A “mixed bed” where the ratio of anion to
cation ion exchange capacity is
approximately 1:1 with a range of about 10%
(that is, 40% - 60% of either cation or
anion capacity).

2. A “doped “ anion bed where the anion
capacity is at least about 60% and the
remaining ion exchange capacity is cation.

3. A “doped" cation bed where the cation
capacity is at least about 60% and the

remaining ion exchange capacity is anion.



t he cat hode chanber 109 by a second CM 108. The
cat hode chanber 109 includes therein a cathode that is

wolyey/Badshy in electrical contact with the secoad/ fshos/004930
108. When additional (nore than'five) menbrane bound

chanbers are present, they may be typically present in
pai rs of additional honbgeneous anion and cation

depl eti on chanbers, which néy be added next to

exi sting |i ke chanbers, which are present between an
el ectrode and the CBDC 105. An electrical current runs
tllonéedgh t hesibpil appatr atas thansyvepsetiont bé oemtivanes,

conyentionally fromleft to right for the apparatus
SEGPENEE MRYEGak B ithe diGURIBH BT bu Sf 1nCreased
RS IR harges -addO67doFagh LhXoiRYeberhouprded by

two cation exchange nenbranes and typically includes a
peniris vdfa rh drvaese e usonme $ bne elrefangéladt ar i'dbpedThaion

atj,on _exchange erijal nprise, cati exghange
%gg nsnf ,Orcgﬂtli ggsgﬁklgﬁg@bﬁgﬁ{ i@e’s, %atI?Jo}ﬁeciQ%(ﬁéngjes
brotised ald0pexehangd sHRLMHo A4 PH £XENBEge than
nonol i t hs, and. conbi nations thereof. Typically, the

exoudn hATgt dutdrred aayier Bedol Gt B¢ greater than

YR Qggys cation exchange resin. [0068] The CBDC may
%é bgﬁn ed by a cation exchange nenbrane from a CDC

and an ani on exchange nenbrane from an ADC, and the

r may_contajin a m xed i onexchange_materi,al , or
gqﬁgggd anﬂgﬁaééghéﬂﬂ%aﬂ%f%?i%ﬂownanaFagpe &8t Pon
UGhRNIGe JRLA 8T . agpsra Ols EXghasHecBRbei kak TRY e

conprise ion exchange resins, ion exchange particles,
Gds coastampnatans shounh ekehange iuredastrical

communication (although other embodiments can have more
than five chambers). The apparatus illustrated in

FIG. 1 comprises an anode chamber 101 separated from an
ADC 103 by a first aM 102. The anode chamber 101
includes therein an anode that is typically in
electrical contact with the first AM 102. The ADC 103
typically includes therein a homogeneous volume of
anion exchange material. A composite bed depletion
chamber (or simply CBDC) 105 may be placed on the
cathode-side of the ADC 103. The ADC 103 and the

CBDC 105 may be separated by a second AM 104. The

CBDC 105 may include therein a mixed ion exchange
material, or a doped anion exchange material, or a
doped cation exchange material. The doped anion
exchange material, or doped cation exchange material
versions may be advantageous in that they can be used
to alter the conductivity through the EDI apparatus and
improve the performance of the EDI apparatus. A

CDC 107 may be placed on the cathode-side of the



I on exchange nonoliths, and conbi nations thereof.
[ 0069] Each ADC may be bounded by two ani on exchange

wonmeedizaszes and typically includes a volune of pcT/US2008/004930
honogeneous ani on exchange material . The anion

exchange material may conprise ani on exchange resins,
ani on exchange particles, anion exchange fibers, anion
exchange screens, anion excl&nge nonoliths, and

conbi nations thereof. Typically, the anion exchange
materi al may be a vol une of honbgeneous ani on exchange
cesion.1 (5007 Ofh el feBD®NL @X Cénad geh 8EODC aDe3 wagedben t he
CEDI apparatuses to practice sone enbodi nents of the

PEESERT Ghvdhtd o Tt Kbyl Paissi Veet FRAst Y &xBiRBE 1Y
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which allow for the exchange of 1ons. The transfer of
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the charge of the io e ion_exchan rapes mnay
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ani on exchange nenbranes (AM or cation exchange
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rane, but the nenbrane prevents the
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t he ot her. CM may. transport cations thraough .
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A property common to both types of nenbranes is tha
tlnése mimmbrr orduteh vergopraaent ohetwagnniagr electrode

Eﬂk?%ﬁhtéﬁbc 105. An electrical current runs through
the EDI apparatus transverse to the membranes,
conventionally from left to right for the apparatus
depicted in Fig. 1 as the direction of flow of positive

charges.

[0067] Each CDC may be bounded by two cation
exchange membranes and typically includes a volume of
homogeneous cation exchange material. The cation
exchange material may comprise cation exchange resins,
cation exchange particles, cation exchange fibers,
cation exchange screens, cation exchange monoliths, and
combinations thereof. Typically, the cation exchange
material may be a volume of homogeneous cation exchange

resin.

[0068] The CBDC may be bounded by a cation exchange
membrane from a CDC and an anion exchange membrane from

an ADC, and the chamber may contain a mixed ion



I on exchange nenbrane towards their respective

el ectrodes . [0071] An exanple of an ani on exchange
woress3a4se i s a mcroporous copol yner of styrempeTtardoos/004930

di vi nyl benzene that has been chl oronet hyl ated and t hen

the pendant - CH2C groups that were introduced to the

aromatic rings were then quaternized with a tertiary

anine RR R N where R, R, %@nd R 3 represent organic

groups and may represent different organic groups or

may represent the sane organic group. This results in
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In so cases, the anion exchange, nenbrapne nmay al so
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in connection with sone enbodi nents of the present
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exchanger may al so be used. [0072] An exanple of a

cation exchanqs menbrane is a m_croporous copol yner of
di0fee andafitvidid bewy e PaaRdadsbyngepgapréon” exchange

?r% dPynd 140013 Ny 4 06, 50005 “?8&%8‘ ben of
- groups on e arofmatic rings of the copolyner.
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cati.on exchaqgfr. In sone cases, thecatiogagxchan

e
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may be used in connection with sone enbodi nents of the
EE8Eos rfAiRevh ianige exchange monoliths, and
combinations thereof. Typically, the anion exchange
material may be a volume of homogeneous anion exchange

resin.

[0070] The ion exchange membranes used in the CEDI
apparatuses to practice some embodiments of the present
invention work by passive transfer and not reactive
chemistry. They may contain functional sites, which
allow for the exchange of ions. The transfer of ions
through the ion exchange membrane is based upon the
charge of the ion. The ion exchange membranes may
readily admit small ions but resist the passage of bulk
liquid for example. Ion exchange membranes may be
anion exchange membranes (AM) or cation exchange
membranes (CM), wherein they are selective to anions or
cations respectively. An AM may transport anions
through the membrane, but the membrane prevents the
bulk flow of liquid from one side of the membrane to

the other. A CM may transport cations through the



CM - 7000S nenbrane (a product of Menbranes
International, den Rock, NJ) . Other cation exchange

woeodrsasy@s wWhi ch provide a strong acid cati onpexalkang®u4930
may al so be used. [0073] The ion exchange nmaterials

used in the EDI apparatuses of the kind used to
practi ce sonme enbodi nents of the present invention nay
contain functional sites, w#4h allow for the exchange
of ions. The interaction between ions and the ion
exchange materials is based upon the charge of the

membriie i GuteXxanganvedns i gt eveRysr €adi bi1RAALbw of
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cation éxchange materia erein they are selective
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of _an anlon exchange resin i g a ymcroporous cogolyner
3rE Byt AT 9F berards | HAPLhabobRgR® v
ehlraridy | ated and then the pendant - CH C groups
that were introduced to the aromatic rings were then
quaternized with a tertiary amine RRRZR N where R, R
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erent organi ¢ -groups or ? ept esent
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strong}base ani gn. exchanger. There
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t he Dowex 0 mesh) resin (a product
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where R;, Ry, and Rj3 represent organic groups and may
represent different organic groups or may represent the
same organic group. This results in a membrane which
may be a strong base anion exchanger. In some cases,
the anion exchange membrane may also contain a binder
polymer or an inert fabric. An example of an anion
exchange membrane that may be used in connection with
some embodiments of the present invention is the
AMI-7001S membrane (a product of Membranes
International, Glen Rock, NJ). Other anion exchange
membranes which provide a strong base anion exchanger

may also be used.

[0072] An example of a cation exchange membrane is a
microporous copolymer of styrene and divinylbenzene
that has undergone sulfonation, resulting in the
monosubstitution of -SO3;H groups on the aromatic rings
of the copolymer. This results in a membrane which may

be a strong acid cation exchanger. In some cases, the



di vi nyl benzene and is in the ionic formd . Oher
ani on exchange resins which provide a strong base

woanisPnogschanger may al so be used. [0075] An exanpkes®d4930
a cation exchange resin is a mcroporous copol ynmer of
styrene and divinyl benzene that has undergone
sul fonation, resulting in the nonosubstitution of
- SCB8H groups on the aronat|85r|ngs of the copol yner.
This results in a resin which may be a strong acid
cati on exchanger. There are several comercially
geaiibablechesiges mefnddire tnepe.a e axanpie afbandati on
exchange resin that nmay be used is the Dowex 50Wk4 52
DO HBSH) OFedifn IRLLSy 1Gf Do LRt O Eohpaayio
Mdhafide Moo thic fitantal s d Xy | sitene: 3Rty e

intheionic formH+ . O her cation exchange resins
whineh eploodiidend sstoforithactesat omexcthoyet s nelyeal so
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cation exchange materials are in direct contact with

BrBbzAsEFe Whiht Arosplde t3 righ oRedirac ih ePat Hor X ehaaggr
ﬁgg glgéphgp%%egpterlal contact one anot her, or where
a

tion exchange material contacts an ani on exchange
menbr ane, or where an ani on exchange mat eri al contacts

ion exchange rane. Vﬂter splitting, results
?R@ﬁé]prodg S %%hﬁqgﬁ r%ﬁﬁ% whiRg hEDT
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hydroxi de formand the cation exchange material in the

Bpdogiimgmtisoaf thes paeas et yinveniyedn may keeptaint he
functional sites, which allow for the exchange of ions.
The interaction between ions and the ion exchange
materials is based upon the charge of the ion. The ion
exchange materials may readily admit small ions and
molecules but resist the intrusion of species of even a
few hundred atomic mass units. Ion exchange materials
may be anion exchange materials or cation exchange
materials, wherein they are selective to anions or

cations respectively.

[0074] An example of an anion exchange resin is a
microporous copolymer of styrene and divinylbenzene
that has been chloromethylated and then the pendant -
CH2Cl groups that were introduced to the aromatic rings
were then quaternized with a tertiary amine R;R;R3N
where R;, R;, and R; represent organic groups and may
represent different organic groups or may represent the
same organic group. This results in a resin which may

be a strong base anion exchanger. There are several



i on exchange materials of the CBDC fully regenerated,
t he hydroxi de and hydronium fornmed at the ion exchange
womebersoe/ i on exchange nenbrane interfaces of pichhase®i®6o4930
serve to provide hydroxide for the at | east one ADC
(s) and hydroniumfor the at | east one CDC (s). [0077]
A second function of the CBDC may be to renove from
the feed water, the few ren®ining (if any) anions not
renoved by the ADC and the few remaining (if any)
cations not renoved by the CDC. lon transport in a
compesidialned 4w kexshanges imé es £ athi €l tepeon bakh
water splitting as well as el ectrophoretic rrigrati on
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materi a These cont am nant 1ons nay riven
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DC t rds their_respective el ectrode chanbers.
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CM to the cathode chanmber. Likew se, contam nant
SNCHPNIHY WY Biseree i®e@h the CBDC, through an AM
t hrough the ADC (s), and through an AM to the anode
chanber. [0078] Water splitting generates hydroni um
drd 71n)dr oxixde éxonspIdi of arayabionsedchangegeaedat ési an
exchange materials. Under the force of an_aggl i ed
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These junctions occur in the CBDC since fhis chanber
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a strong acid cation exchanger. There are several
commercially available resins of this type. One
example of a cation exchange resin that may be used is
the Dowex 50Wx4 (200 mesh) resin (a product of Dow
Chemical Company, Midland, MI), which contains 4%
divinylbenzene and is in the ionic form H'. Other
cation exchange resins which provide a strong acid

cation exchanger may also be used.

[0076] The CBDC may serve two functions, among
others. First, when an electric field is applied,
water splitting occurs wherever anion and cation
exchange materials are in direct contact with one
another. Water splitting occurs where a cation and
anion exchange material contact one another, or where a
cation exchange material contacts an anion exchange
membrane, or where an anion exchange material contacts

a cation exchange membrane. Water splitting results in



the CMto the CDC, thus regenerating the cation
exchange materials found within. Likew se, hydroxide

wofJoesnsoswe CBDC may travel through the AMto t hpeTAl2008/004930
thus regenerating the ani on exchange materials found
within. [0079] The follow ng discussion will describe
t he novenent of ions through the CBDC. For this
di scussion, it will be assurd that the CBDC is filled
with ion exchange particles . An exanple of such ion
exchange particles includes ion exchange resins. For a

a0 PrsBitiamn ¢ O WedrerbiedahdonyihenCBRC, whiieh serve
contam nant ion nust either cone in contact with the
s T SR Thefriif? ot @R BECHREEPNBACEY18h #Bnt8Rchange

Wcﬁrd)?:l.d@af dk! Endi Ne @ ”{:é‘{?ioﬁ‘" éﬁcﬁahbéemb%r%‘ih%&g ®he

nbrane (cation material-cation nenbrane or ani on
thdronmumzﬁwxnnruﬁﬁmeme)velﬁm i B whal Bs keeaphdngomhe

excha nmat eri al ar i cl tro oretical
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exchange) if the two particles are in contact with one

argigieral oron fexrarent apihaAne bntpeiaesst Ré ithe CBDC
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unli kely, for the typical densities of materials used
in practice, that there will be a continuous path

i dke matefi dbehREt EGheeish 8RYARIBBDECARL BesStance,
el ectrophoretic mgration in the central chanber
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anions not removed by the ADC and the few remaining (if
any) cations not removed by the CDC. Ion transport in
a composite bed ion exchange material relies on both
water splitting as well as electrophoretic migration of
the ion through the material. Water splitting may
displace contaminant ions from the ion exchange
material. These contaminant ions may be driven through
the composite ion exchange material bed of the CBDC
towards their respective electrode chambers. Thus,
contaminant cations may be driven through the CBDC,
through a CM, through the CDC(s), and through a CM, to
the cathode chamber. Likewise, contaminant anions may
be driven through the CBDC, through an AM, through the
ADC(s), and through an AM, to the anode chamber.

[0078] Water splitting generates hydronium and
hydroxide ions which may be used to regenerate ion
exchange materials. Under the force of an applied

electric field, water splitting can occur at the



retention (caused by water splitting) for efficient

ion renoval. This is in contrast to the nechani sm of
wo os/iksgval in the ADC and CDC where no wat erpCT/us2008/004930

splitting occurs (since these chanbers contain only

one type of ion exchange material) . In the ADC and

CDC, contam nant ions nay be renoved by

el ectrophoretic nmigration t ugh the material bed to

and through the ion exchange nenbrane and ultimately

to the el ectrode chanber . [0080] For exanpl e,
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t he CBDC may be dj spl aced er litting. The
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the ani on exchange material and the chlforide goes into
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er s eaction. The cont nan (as
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ange Rt ef | par contact "W th
ami tnirexchange nmenbrane, and the contami nant C ion
may be passed through the AMinto the ADC. [ 0081] The
anal ogous situation occurs for a cation contam nant.
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mat erial of the CBDC may be di spl aced by water

spPvememy. offheohydrbnpughi the €8PRed Foamthis
discussion, it will be assumed that the CBDC is filled

with ion exchange particles. An example of such ion
exchange particles includes ion exchange resins. For a
contaminant ion to be removed from the CBDC, the
contaminant ion must either come in contact with the
respective membrane or be retained by an ion exchange
material particle in contact with a like ion exchange
membrane (cation material-cation membrane or anion
material-anion membrane). An ion that is in an ion
exchange material particle and electrophoretically
migrating through the ion exchange material can only
move to the next like particle (anion or cation
exchange) if the two particles are in contact with one
another, or if the contaminant ion leaves the ion
exchange material particle as a result of water
splitting. Since the CBDC contains a mixture of anion
and cation exchange materials, it is statistically
unlikely, for the typical densities of materials used

in practice, that there will be a continuous path of



water splitting may displace the contam nant cations
(for exanple Na+) fromthe cation exchange materi al

wo20ek/f3&ocat i on goes into solution where it i $CTARREBB04930
wi th hydroxide ions fromthe water splitting reaction.
The contam nant Na+ (as sodi um hydroxi de, NaCH) may
now nove through the conposite material bed where it
may be retai ned agai n by catiion exchange, where the
di spl acenent-retenti on nechani snms conti nue to occur.
Eventual Iy, the contam nant Na+ nmay cone in contact
Wikle aataidicl eattaingeesrederay Ppaghi £1 eahbatlissanpe,
contact with the catjon exchange menbrane, and._thus
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perform ng el ectrodei onization utiliZzing the apparatus
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liquid.to dei.onized to_flow through the CDC 107. .
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materials and may be effective at renoving the
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cations cannot travel toward.the anode because of th
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tikg @idiisydBehisr A4 eghl Vel Vigaptained tAkheleathede
chanmber 109 until they are flushed fromthe system by

hameste |iquid streamthat renoves ions fromthe
cat hode chanber 109. The anions are attracted

[0080] For example, chloride retained by the anion
exchange material of the CBDC may be displaced by water
splitting. The hydroxide ions formed from water
splitting may displace the contaminant anions (for
example Cl°) from the anion exchange material and the
chloride goes into solution where it is “paired” with
hydronium ions from the water splitting reaction. The
contaminant Cl~ (as hydrochloric acid, HC1l) may now
move through the composite material bed where it may be
retained again by anion exchange, where the
displacement-retention mechanisms continue to occur.
Eventually, the contaminant Cl™ may come in contact
with an anion exchange material particle that is in
contact with the anion exchange membrane, and the
contaminant Cl~ ion may be passed through the AM into

the ADC.



toward the anode under the influence of the applied

electric field but will not be allowed to pass through
wWO020d9/138480CM 106 into the adjacent CBDC 105. Therafsmoo930

the anions will be retained in the liquid. The liquid

exiting the CDC 107 has a reduced | evel of cations

relative to the in-comng liquid stream [0083]

Fol | owi ng passage through 16%, the liquid is then

fl owed through the ADC 103. The ADC 103 may be capabl e

of effectively renoving contam nant anions fromthe

l[iogwild straas aHiEl Gy nss bt @aal b actedri ofbheaabatdeon
under the influence of the appljied electric field and
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the anions are effectively contained in the anode
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liquid exiting. the ADC 103 may be | argely free of
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1Q3a;ite |dpid B% ddelonh | oyedahheoughet-Be c£BDC 105.
The CBDC 1 may ‘be capable of effectively renoving
s olavsnsniyg wettenhsonrnaphansshns ogpnhanheqticdoccur.
vre% rﬁal hye, atqjleoncsor?{gminant Na® may come in contact
with a cation exchange material particle that is in
contact with the cation exchange membrane, and thus the
contaminant Na' ion may be passed through the cation

membrane into the CDC.

[0082] A method for performing electrodeionization
utilizing the apparatus as illustrated in FIG. 1
comprises first causing the liquid to be deionized to
flow through the CDC 107. The CDC 107 may be capable
of removing cations. The CDC 107 typically includes
therein cation exchange materials and may be effective
at removing the contaminant cations. The cations may
be allowed to pass through a second CM 108 and into the
cathode chamber 109. The contaminant cations may be
removed from the system in the cathode chamber 109.
The cations cannot travel toward the anode because of
the influence of the applied electric field.

Therefore, the cations may be effectively contained in



attracted to the anode under the influence of the

applied electric field and may be allowed to pass
wot0épsatzoa second AM 104 and into the ADC 103 pcTAl2008/004930

cont am nant ani ons may be renmpoved fromthe systemin

t he anode chanber 101. One benefit of this

configuration is that this prevents fouling and

scal ing of the anode chanberl101 since the anions

cannot react with cations to forminsol uble scaling

materials (i.e., CaCO 3, My(OH) 2, etc.). The anions

¢aRNfa tHodeelcHaavpsl 1he et hDdendpcavsefDhshbB8 from the

i nfluence of the applied electric field. Therefore,
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CDC 107. The contam nant cations may be renoved from
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tried st o Mye hien-ef drethg vel gut @nvvedainn t he CDC 107
or contained in the cathode chanber 109 until they are

flushed fromthe systemby the waste Iiquid stream
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ter splitting occurs in since it nmay
itidrudel awest eilr euaionplesi 2BC 01 03ni ofihendDEalDdnmay be

xganae SRt al s e ¥ahshizR Lohta9:hant Snions from
the liquid stream. The anions are attracted to the
anode under the influence of the applied electric field
and may be allowed to pass through a first AM 102 and
into the anode chamber 101. The contaminant anions may
be removed from the system in the anode chamber 101.
The cations are not allowed to pass through a second

AM 104 that defines the cathode-side of the ADC 103.
The anions cannot travel toward the cathode because of
the influence of the applied electric field.

Therefore, the anions are effectively contained in the
anode chamber 101 until they are flushed from the
system by the waste liquid stream that removes ions
from the anode chamber 101. Any remaining cations are
largely unaffected while passing through the ADC 103.
The liquid exiting the ADC 103 may be largely free of

anionic contamination.



CBDC 105 serves to regenerate the second AM 104 t hat
separates the CBDC 105 fromthe ADC 103 as well as the

woldo6gizoésyl 106 t hat separates the CBDC 105 fr omci/i®2008/004930
adj acent CDC 107. Additionally, hydroniumions

generated by the water splitting are attracted to the
cat hode and enter the adjacent CDC 107 where they may
be effective in regenerati ng4 he cati on exchange

mat eri al contained therein. Additionally, hydroxide
ions generated by the water splitting are attracted to

tllo@ sanode gl I Big thes saljyacentovde 103, whreeltigayd is
may be effective in regenerating the ani on exchange
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with cations to form insoluble scaling materials (i.e.,
CaCO;, Mg (OH),, etc.). The anions cannot travel toward
the cathode because of the influence of the applied
electric field. Therefore, the anions may be
effectively removed in the ADC 103 or contained in the
anode chamber 101 until they are flushed from the
system by the waste liquid stream that removes ions
from the anode chamber 101. The cations are attracted
to the cathode under the influence of the applied
electric field and may be allowed to pass through a
first CM 106 and into the CDC 107. The contaminant
cations may be removed from the system in the cathode
chamber 109. The cations cannot travel toward the
anode because of the influence of the applied electric
field. Therefore, the cations may be effectively
removed in the CDC 107 or contained in the cathode
chamber 109 until they are flushed from the system by
the waste liquid stream that removes ions from the

cathode chamber 109.



and separating the anode chanber fromthe ADC was an
ani on exchange nenbrane 102 (AM -7001S, a product of
woldessirsesses | nternational, den Rock, NJ) . ThecARS:008504930
filled with an ani on exchange resin (DONEX(tm 1X4 (2
00 nmesh) , a product of The Dow Chem cal Conpany,
M dl and, M) . An anion nenbrane 104 separated the ADC
from the CBDC 105. The CBDC3@ontai ned a doped ani on
mat eri al bed. The doped anion material bed consisted
of a conposite of an ani on exchange resin (DONEX(tm
10486200 mesiter splprtadited ofcdie Dowlthe@Bbal 105 since
Conpany,. M.dland,, M), and a cati pn exchange resin ,
EBOREX( HAC 8151k £ TS0 Threds HOMGE b ScRibt B OFheaBogAt ion
chemgle GRIMANL1M dland, wMar V%;Bfi@ﬁiﬂ_}%niﬁx’éﬁénge
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s R e 8 Pt S L7 bR e R ht hay
bendififieanciere in regenerating the anion exchange

material contained therein.
{0086] Example 1

[0087] An EDI device as shown in FIG. 1 was
constructed using machined high density polyethylene
hardware to retain the electrodes, membranes and
material. In this example, the device was
substantially cylindrical in shape with a substantially
circular cross-section. Other shapes and cross-sections
are feasible, but circular was convenient for this
example. The internal flow dimensions of the ADC 103
were 1.27 cm in diameter and 3.81 cm in length. The
internal flow dimensions of the CBDC 105 were 1.27 cm
in diameter and 1.27 cm in length. The internal flow
dimensions of the CDC 107 were 1.27 cm in diameter and

3.81 cm in length.



15.1 nS/cm S = Sienens) at a flowrate of 2 .0 nL/mn
to the EDI device shown in FIG 1 . A conductivity

wodgieehan (CD2 0 , a product of Dionex, Sunnyyelrfys2668)04930
with a flow cell was used for the conductivity

measurenents. Fromthe punp, the RO water flow was

directed to the CDC 107, then to the ADC 103, then to

the CBDC 105 and then to thé4f | ow through

conductivity cell. A peristaltic punp (MASTERFLEX LS,

a product of the Col e-Parner conpany, Vernon Hills,

IL) was used to deliver deionized water at a flowrate
Q mb/m n to the anode chanber and then to the
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initial background conductivity of the product water
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illustrated in FIG 1 conprises first causing the

begui d The sorid cnizen natét vl thedugbns heta®Co103.

composite of an anion exchange resin (DOWEX™ 1x4 (200
mesh), a product of The Dow Chemical Company, Midland,
MI) and a cation exchange resin (DOWEX™ 50wWx4 (200
mesh), a product of The Dow Chemical Company, Midland,
MI) with an ion exchange capgcity ratio of 3:1 anion to
cation. The cation and anion exchange resins were in
the hydronium and hydroxide forms, respectively.
Separating the CDC 107 from the CBDC was a cation
exchange membrane 106 (CMI-7000, a product of Membranes
International, Glen Rock, NJ). The CDC was filled with
a cation exchange resin (DOWEX™ 50wx4 (200 mesh), a
product of The Dow Chemical Company, Midland, MI). The
CDC was separated from the cathode chamber 109 by a
cation membrane 108 (CMI-7000, a product of Membranes
International, Glen Rock, NJ). The cathode compartment
contained platinum gauze electrodes (Unique Wire
Weaving Inc, Hillside, NJ). The cathode was in direct
contact with the cation membrane 108 separating the CDC

and cathode chamber. A pump (GP40, a product of



The ADC 103 may be capabl e of effectively renoving
contam nant anions fromthe |liquid stream The anions

woaoes/Bhispact ed to the anode under the infl ueneerals2608804930
applied electric field and nay be allowed to pass

through a first AM 102 and into the anode chanber 101.
The contam nant ani ons nay be renoved fromthe system
in the anode chamber 101. TRW® ani ons cannot travel
toward the cat hode because of the influence of the
applied electric field. Therefore, the anions are
efiforrdd,velunrsant lad nech j nwadeuasd@deo chebbeer 10&vunkil
they are flushed fromthe system by the waste |iquid
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then to waste.

[0089] Initially, the conductance of the water
exiting the EDI device was 8.3 uS/cm. Using a
laboratory power supply, (E3612A, a product of Agilent,
Santa Clara, CA) a constant current of 40 mA was
applied and the initial voltage was 42V. Gas evolution
was observed immediately from the anode and cathode
chambers. The initial background conductivity of the
product water increased to 85 uS/cm and over a 1 hour
period the conductivity decreased to 1.2 uS/cm. The
EDI device was allowed to operate continuously for 7

days. The data in Table 1 shows results for the device

of FIG. 1.



are attracted toward the anode under the influence of
the applied electric field but will not be allowed to
woRagsizhszpough a first CM 106 i nto the adj acentpcERIS008/004930
105. Therefore, the anions will be retained in the
liquid. The Iiquid exiting the CDC 107 has a reduced
| evel of cations relative to the in-comng liquid
stream [0093] Fol | owi ng pas®age through 107, the
liquid is then flowed through the CBDC 105. The CBDC
105 may be capabl e of effectively renoving any
Memeioni ng aaiblens .or Gondnstdricdn Ndes bt guédt StveanTime
The anions are attracted to the anode under the
i nfluence of the applied electric field and nmay be
allowgdto p hrough1a [oAM T0%- Gl —te
ADC 103 . Thg%%g%taninaft gﬁ?gﬁgena/ bgjrenﬁgg%f%égnw
the s i 1
traver t owar dné cat hode hec8ule of [the infBuénce of
the applied eldctric field. Perefore, the anilons may
be efflectivel y2renoved ijln the33ADC 103 or coht®ined in
t he anode chanbgr 101 until t4ey are flusheg, fgomthe
system by the saste Ti1quid styeamthat rempvegg Ons
from teanodegghamber 10T Tg car{ons ar%.@BBTECIed
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to thqcatfodeyynder thy rmfigppnce ™y Bl
el ect rire—fetd—and—ray—He—altonwedto—pass ”r%“g” &
first IGM106 g into the CDGC 107 The comlO

cati ons_mmay he 20 mpved flr om t4w sysfemin Oh&58at hade
chanber__109. &4 benefit| of t4his configurati-837 s that
this prevents1f6dul i ng and scald ng of the cétliede

chanber 109 since the cations cannot react with anions

tg farminsoluhle scaling naterials (i.e., Ca -
[%0911 Another methog (not shown§ for per%gémlng

electrodeionization utilizing the apparatus as

illustrated in FIG. 1 comprises first causing the
ligquid to be deionized to flow through the ADC 103.
The ADC 103 may be capable of effectively removing
contaminant anions from the liquid stream. The anions
are attracted to the anode under the influence of the
applied electric field and may be allowed to pass
through a first AM 102 and into the anode chamber 101.
The contaminant anions may be removed from the system
in the anode chamber 101. The anions cannot travel
toward the cathode because of the influence of the
applied electric field. Therefore, the anions are
effectively contained in the anode chamber 101 until
they are flushed from the system by the waste liquid
stream that removes ions from the anode chamber 101.
Any cations are largely unaffected while passing
through the ADC 103. The liquid exiting the ADC 103

may be largely free of anionic contamination.



My(OH) 2, etc.). The cations cannot travel toward the
anode because of the influence of the applied electric

wofo@/Bosshheref ore, the cations may be effecti pelrys2008/004930

renoved in the CDC 107 or contained in the cathode
chanber 109 until they are flushed fromthe system by
the waste liquid streamthat renoves ions fromthe
cat hode chamber 109. [0094] 3ater splitting occurs in
the CBDC 105 since it may include therein a m xed ion
exchange material, or a doped ani on exchange materi al,
or a doped cation exchange material. The water

itting in _the CBDC 105 serves to regenerate_the
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chanbers by an AM and a CM respectively.
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contained in the cathode chamber 109 until they are
flushed from the system by the waste liquid stream that
removes ions from the cathode chamber 109. The anions
are attracted toward the anode under the influence of
the applied electric field but will not be allowed to
pass through a first CM 106 into the adjacent CBDC 105.
Therefore, the anions will be retained in the liquid.
The liquid exiting the CDC 107 has a reduced level of

cations relative to the in-coming liquid stream.

[0093] Following passage through 107, the liquid is
then flowed through the CBDC 105. The CBDC 105 may be
capable of effectively removing any remaining cations
or anions from the liquid stream. The anions are
attracted to the anode under the influence of the
applied electric field and may be allowed to pass
through a second AM 104 and into the ADC 103. The
contaminant anions may be removed from the system in

the anode chamber 101. The anions cannot travel toward



will be defined as the anodi c conposite bed depletion
chanmber (ACBDC) . The conposite bed depl eti on chanber

woheREdy t o the cathode will be defined as theT/us2008/004930
cat hodi ¢ conposite bed depletion chamber (CCBDC) . In

each case, these conposite bed depletion chanbers may
i nclude therein a m xed ion exchange material, or a
doped ani on exchange material® or a doped cation
exchange material. [0096] The ACBDC and CCBDC

depl eti on chanbers may be capabl e of renoving both
Eﬂﬁ&ﬂﬁﬁﬁhmﬁ@abéomssandfnﬁhebénﬁ$ﬁdn&& aff ithal applied
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to form insoluble scaling materials (i.e., CaCOs,

Mg (OH),, etc.). The cations cannot travel toward the
anode because of the influence of the applied electric
field. Therefore, the cations may be effectively
removed in the CDC 107 or contained in the cathode
chamber 109 until they are flushed from the system by
the waste liquid stream that removes ions from the

cathode chamber 109.

[0094] Water splitting occurs in the CBDC 105 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the CBDC 105
serves to regenerate the second AM 104 that separates
the CBDC 105 from the ADC 103 as well as the first

CM 106 that separates the CBDC 105 from the adjacent
CDC 107. Additionally, hydronium ions generated by the

water splitting are attracted to the cathode and enter



doped cation exchange material. A CDC 205 may be

pl aced on the cathode-side of the ACBDC. The ACBDC and
wot2oes/GhXsomay be separated by a first CM 204. Plag/sk¥os/004930

typically includes therein a honbgeneous vol une of

cation exchange material. A CBCC 207 may be placed on

t he cat hode-side of the CDC. The CDC and t he CBCC nay

be separated by a second CM3206. The CBCC may i ncl ude

therein a m xed i on exchange material, or a doped

ani on exchange material, or a doped cation exchange
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5@9@9%%?9%%3&?@e'ﬂﬁ$¥gﬁl??%h%%ﬂ?ym?E€FﬁaéscPﬁ§?éPﬁda

Q@f@%%%@ﬁou%d’&i&i%ﬁlﬁmWdfé&f&@gfoﬁét Sghék?teé by the

may be placed on the cat hode- si
AB@erTmplmxtxngiam@ arfixrneg be skpaanvéd bydaenherd

A 210 Th th
Gt 187 Sy Eat hek o8 ALk EE iR a

,ﬂﬁgéhékﬁﬁﬂhgxﬂhéﬂh&¥§ﬂa@ﬁ@hﬁﬁ@éfmaterlimec@ﬁB@Qn@@y
be separated from a cathode chanber 213 by a third CM

Ziwrefme cat hode chanber includes a cathode therein.
The apparatus as illustrated in FIG 2A and FIG 2B
may be operated in continuous node or in intermttent
.5 J[ 009&in Aa et hoaic foe PRIfappangtus is illustrated
el ect.r odei oni za |on utilizing the apparatus as
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composite bed depletion chamber adjacent to the anode
will be defined as the anodic composite bed depletion
chamber (ACBDC). The composite bed depletion chamber
adjacent to the cathode will be defined as the cathodic
composite bed depletion chamber (CCBDC). In each case,
these composite bed depletion chambers may include
therein a mixed ion exchange material, or a doped anion

exchange material, or a doped cation exchange material.

[0096] The ACBDC and CCBDC depletion chambers may be
capable of removing both anions and cations and may be
used as a final “polishing” bed. 1In this
configuration, the apparatus comprises two composite
bed polishing chambers and most contaminant ions are
received into the composite bed concentrate chamber
(CBCC). Typically in this configuration, the CBCC may
include therein a mixed ion exchange material, or a

doped anion exchange material, or a doped cation



under the influence of the applied electric field and
may be allowed to pass through a first AM 202 and may
wobkeogsoszded fromthe liquid. The cations are ctrnagé’do4930

toward the cat hode under the influence of the applied
electric field and may be all owed to pass through a

first CM 204 into the adjacent CDC 205. The CDC 205
typically includes therein &ion exchange materials

and may be effective at renoving the contam nant

cations. The cations may be allowed to pass through a
secbathg@Vin2temirsd | ntmepdred GBECR0The Thppt bokabdbnanthe

cations e renmoved fromthe systemin the CBCC
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CBCC 207. The cations cannot travel toward the anode
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field. Therefore, the cations nay be effectively_ .
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e eatien Beghe v@stehdmgetd. stream that renoves
ions fromtheCBCC 207. The liquid exiting the ACBDC
203 has a reduced | evel of both anions and cations
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material, or a doped anion exchange material, or a
doped cation exchange material. A CDC 205 may be
placed on the cathode-side of the ACBDC. The ACBDC and
the CDC may be separated by a first CM 204. The CDC
typically includes therein a homogeneous volume of
cation exchange material. A CBCC 207 may be placed on
the cathode-side of the CDC. The CDC and the CBCC may
be separated by a second CM 206. The CBCC may include
therein a mixed ion exchange material, or a doped anion
exchange material, or a doped cation exchange material.
An ADC 209 may be placed on the cathode-side of the
CBCC. The CBCC and the ADC may be separated by a
second AM 208. The ADC typically includes therein a
homogeneous volume of anion exchange material. A

CCBDC 211 may be placed on the cathode-side of the ADC.
The ADC and the CCBDC may be separated by a third

AM 210. The CCBDC may include therein a mixed ion

exchange material, or a doped anion exchange material,



ions generated by the water splitting are attracted to

t he cathode and enter the adjacent CDC 205 where they
woneys/esgef f ective in regenerating the cation exenangs/004930

mat eri al contained therein. [00100] Foll ow ng passage

t hrough 203, the liquid is then flowed through the CDC

205. The CDC 205 may be capabl e of effectively

renmovi ng contami nant cationg¥romthe liquid stream

The cations are attracted to the cathode under the

i nfluence of the applied electric field and may be

alrd ewetbged passi dinr etigharg s enater CM 206TRedCCBDQ tnby be
CBCC 207 The cont ami nant cations nay be renoved fr
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under the influence of the applied electric field and
may be allowed to pass through a first AM 202 and may
be removed from the liquid. The cations are attracted
toward the cathode under the influence of the applied
electric field and may be allowed to pass through a
first CM 204 into the adjacent CDC 205. The CDC 205
typically includes therein cation exchange materials
and may be effective at removing the contaminant
cations. The cations may be allowed to pass through a
second CM 206 and into the CBCC 207. The contaminant
cations may be removed from the system in the CBCC 207.
The cations are not allowed to pass through a second
AM 208 that defines the cathode-side of the CBCC 207.
The cations cannot travel toward the anode because of
the influence of the applied electric field.

Therefore, the cations may be effectively contained in
the CBCC 207 until they are flushed from the system by

the waste liquid stream that removes ions from the



removed fromthe systemin the CBCC 207. The anions
are not allowed to pass through a second CM 206 t hat

woRbs/1¥assot he anode-si de of the CBCC 207 and i micq/td2608/004930
CDC 205. One benefit of this configuration is that

this prevents fouling and scaling of the cathode
chanber 213 since the anions cannot react with cations
to forminsoluble scaling m#t%rials (i.e., CaCO 3
My(OH>2, etc.) . The anions cannot travel toward the
cat hode because of the influence of the applied
et 2oy fi efite Theuied oeeitihe 8heoRSBDEY2D8 has a
effectively renoved in the ADC 209 or ,contained.,in the

et RheloEr 211 0R P 6RT LABSSTSLEMLEF £Re

wWas! & | i Bt thste dhat Lggoves ions fromthe CBCC
207. Cations are largely unaffected while passing

t hrough the ADC 209. The liquid exiting the ADC 209
largely free of anionic contanpati [ 02].

AR ng. B EhT SEaRe 205 Re iy RGAFEDEhaRS Bince

filrowed, tiHouae t fiee £EBPG 2hixedheoCBRENZAGeMKberial,

capabl e of renpving both anions and cations. The .
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attracted taoward t he de under the influence of the
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ADC 209 typically includes therein anion exchange
rfatst i e atithealyt beDef 288t i vaddi tienslilig higdronium
CUN LGN 2 20 OBF - £ 188, 8PLENEpTRY ¢ PR AL ANEE LA RETS o
the cathode and enter the adjacent CDC 205 where they
may be effective in regenerating the cation exchange

material contained therein.

[00100] Following passage through 203, the liquid is
then flowed through the CDC 205. The CDC 205 may be
capable of effectively removing contaminant cations
from the liquid stream. The cations are attracted to
the cathode under the influence of the applied electric
field and may be allowed to pass through a second

CM 206 and into the CBCC 207. The contaminant cations
may be removed from the system in the CBCC 207. The
cations are not allowed to pass through a second AM 208
that defines the cathode-side of the CBCC 207. The
cations cannot travel toward the anode because of the
influence of the applied electric field. Therefore,
the cations are effectively contained in the CBCC 207

until they are flushed from the system by the waste



through a second AM 208 and into the CBCC 207. The

contam nant anions nay be renoved fromthe systemin
wot2oes/Ghse 207. The anions are not allowed to pPasaIS2008/004930

t hrough a second CM 206 that defines the anode-side of

the CBCC 207. The anions cannot travel toward the

cat hode because of the influence of the applied

electric field. Therefore, t3e ani ons may be

effectively renoved in the ADC 209 or contained in the

CBCC 207 until they are flushed fromthe system by the

wastd d igtiHethnstieam tdidveLnyes fone fhentsbe £BCC
207. The I|g{|d exiting the CCBDC 211 mmy have a
PEGRRE A1 elarge pbtunalnt orsedrieh the i DRSS tePathyeugh the
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occurs I n since it may inc erein-a
fireed dforcaxichangecomtani@tiar. a doped ani on exchange
material, or a doped cation exchange material. The
water splitting in the CCBDC 211 serves to regenerate

tihetdhir d @M12lEyidptpsepagat esrdhen EBPC 2hd frgmikhe
éathodg chanber ngﬁégmell as t%é@$%|rd AM 210 tﬁg% S

shsar aﬁlezwet%etmm 2ahe Al 2B adfae elgDCAEQf’ 208y be
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athea deirfuiADG hmherené heyiomy &ee eéf_eﬁ&cvedl Bo the
regeneratjng the anion exchange material _contained
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i on exchange degradati on probl ens” common I n convention
EDIt capper ARER 2 @1 ncelThdecort avieachaaheongaparwobe
g%%%ved from the system in the CBCC 207. The anions
are not allowed to pass through a second CM 206 that
defines the anode-side of the CBCC 207 and into the
CDC 205. One benefit of this configuration is that
this prevents fouling and scaling of the cathode
chamber 213 since the anions cannot react with cations
to form insoluble scaling materials (i.e., CaCOs,

Mg (OH),, etc.). The anions cannot travel toward the
cathode because of the influence of the applied
electric field. Therefore, the anions may be
effectively removed in the ADC 209 or contained in the
CBCC 207 until they are flushed from the system by the
waste liquid stream that removes ions from the

CBCC 207. Cations are largely unaffected while passing
through the ADC 209. The liquid exiting the ADC 209

may be largely free of anionic contamination.

[00102] Following passage through 209, the liquid is
then flowed through the CCBDC 211. The CCBDC 211 may



the contam nant ions and water splitting in the
conposi te bed depl etion chanbers generates hydroni um

wo06k/yshpoxi de ions for the regeneration of theTak2e3/004930
menbr anes, cation nmenbranes, ani on exchange materi al s,

and the cation exchange materials. [00105] Another

nmet hod (not shown) for perform ng el ectrodeioni zation
utilizing the apparatus as 44 ustrated in FIG 2A and
2B conprises reversing the flow depicted in Fig. 2A
and first causing the liquid to be deionized to flow
e @zgfadie GCBIRXmcAling Thert KGR od lamaycheieapabl enef
rempvi ng both ani ons and cations, The cations are

SAlee RuS aterarhtet B fder edakbet thadeunder
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allowed to pass through a third CM 211 and nay be
rerdve cirfd omay e lalgwed The pasonshaoeght&arabied CM 212

toward the anode der the influence of the applied
ST e TR P hecht | bt ohae SREBABhaRe
AR AMR D the AehdEMaSdPGRO%nT8cAPE 889the

typi cally includestherein anion exchange materials and
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i : | d
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e ety ed /g ircah Ihei isybli@es | théhel CB&G @A 7exdhangsi ons
are not allowed to pass_through a second, CM 206 t hat

FetiSrdS hEh JRY et bf et hitverste D8OV iRE BRfons
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i nfluence of the applied electric field. Therefore,

e cudloress sagorbd A f208 | arflyinepovked TRCECh20ADC Zbe
%%n(gﬁfﬁég%jéﬁhéﬁgemay be removed from the system in
the CBCC 207. The anions are not allowed to pass
through a second CM 206 that defines the anode-side of
the CBCC 207. The anions cannot travel toward the
cathode because of the influence of the applied
electric field. Therefore, the anions may be
effectively removed in the ADC 209 or contained in the
CBCC 207 until they are flushed from the system by the
waste liquid stream that removes ions from the

CBCC 207. The liquid exiting the CCBDC 211 may have a

reduced level of both anions and cations relative to

the in-coming liquid stream.

[00103] Water splitting occurs in the CCBDC 211 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the

CCBDC 211 serves to regenerate the third CM 212 that
separates the CCBDC 211 from the cathode chamber 213 as



CBCC 207 until they are flushed fromthe system by the
waste liquid streamthat renoves ions fromthe CBCC

wo02008/130438 | iquid exiting the CCBDC 211 may haweTAIS2008/004930
reduced | evel of both anions and cations relative to

the in-comng |liquid stream [00106] Water splitting
occurs in the CCBDC-211 since it may include therein a
m xed ion exchange nmaterial 4%r a doped ani on exchange
material, or a doped cation exchange material. The

wat er splitting in the CCBDC 211 serves to regenerate

tWed 1t hig dAHM Zi2rd lral Bepatrias €ssépber £EBPC-Rélctrom the
cat hode chanpber 213 as well as_the . third AM 210 that
d&oar s AT aeBDA 1291 om 2RI BipRBALY - ADPdPEYide

AL T pnallabh e YA 0P dEyd 085 Qﬁi‘fﬁé‘iﬁs Byet QEt%E‘E(ed to

splitting are attracted to the anode and enter
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ege ati.ng the ani on exchange material contained
AR O O TR G DASEAD e RhP BUGRODERSE, e
st 415 ddieth fd@nechéhepygh the ADC 209. The ADC 209
may becapabl e of effectively renoving contam nant

anions fromthe liquid stream The anions are
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tihr augh. & 75 exxdxice S8V 208 caandhoﬁé ofbhklﬁBCéInﬁOZ onTk&change
cont anj nant ani ans may be renmpved fromthe systemin
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thhey efonttamimbn hel @as hod@ Betaunsepditthegi mhl tbece of
tég%ﬁ%gﬁéénh éeég etloglghambers generates hydronium

and hydroxide ions for the regeneration of the anion
membranes, cation membranes, anion exchange materials,

and the cation exchange materials.

[00105] Another method (not shown) for performing
electrodeionization utilizing the apparatus as
illustrated in FIG. 2A and 2B comprises reversing the
flow depicted in Fig. 2A and first causing the liquid
to be deionized to flow through the CCBDC 211. The
CCBDC 211 may be capable of removing both anions and
cations. The cations are attracted to the adjacent
cathode chamber 213 under the influence of the applied
electric field and may be allowed to pass through a
third CM 211 and may be removed from the liquid. The
anions are attracted toward the anode under the
influence of the applied electric field and may be
allowed to pass through a third AM 210 into the
adjacent ADC 209. The ADC 209 typically includes



Therefore, the anions may be effectively renoved in
the ADC 209 or contained in the CBCC 207 until they
woanes/flbsgphed from the system by the waste |i quwica/ 12608803930
that renoves ions fromthe CBCC 207. Cations are
| argely unaffected while passing through the ADC 209.
The liquid exiting the ADC 209 may be largely free of
ani oni ¢ cont am nati on. [OOl@@] Fol | owi ng passage
t hrough 209, the liquid is then flowed through the CDC
205. The CDC 205 may be capable of effectively
rerRENEing atdnirararaidngatmansr 4 ben 4hé hagubd sffeamive
The cations are attracted to the cathode under the
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ACBDC 203. The ACBDC 203 may be capabl e of renoving
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reduced level of both anions and cations relative to

the in-coming liquid stream.

[00106] Water splitting occurs in the CCBDC 211 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the

CCBDC 211 serves to regenerate the third CM 212 that
separates the CCBDC 211 from the cathode chamber 213 as
well as the third AM 210 that separates the CCBDC 211
from the adjacent ADC 209. Additionally, hydroxide
ions generated by the water splitting are attracted to
the anode and enter the adjacent ADC 209 where they may
be effective in regenerating the anion exchange

material contained therein.

[00107] Following passage through 211, the liquid is
then flowed through the ADC 209. The ADC 209 may be



under the influence of the applied electric field and
may be allowed to pass through a first AM 202 and may

wokeogsogyéed fromthe |iquid. The cations are ctragiie®o4930
toward the cat hode under the influence of the applied

electric field and may be all owed to pass through a
first CM 204 into the adjacent CDC 205. The CDC 205
typically includes therein &#tion exchange materials
and may be effective at renoving the contam nant
cations. The cations may be allowed to pass through a

el O 2 6 sk 1 vk Dy t hem&B{Rg 28dntdAhenaant ant baat from
catlons qgg be renoved fromthe systemin the CBCC
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CBCC 207. The cations cannot trave oward the anode
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t#héﬁéfﬂﬁgfnﬁhérﬁh{éﬁ§tm§§1ggzeEEéEt§§@§§ak%ﬁon% in the
ACBDC 203 from t he anode chamber 201 as weil as the

ARG 12 VM @04 ethiza inedatat ebet GBCACBDT 208 iflr @hnetvh @re
%%hmﬁ?Q§ §I§%29§é éQQ&éﬁoﬂ lLMe W¥g£8nilqu1d stream that

removes ions from the CBCC 207. Cations are largely
unaffected while passing through the ADC 209. The
liquid exiting the ADC 209 may be largely free of

anionic contamination.

{00108] Following passage through 209, the liquid is
then flowed through the CDC 205. The CDC 205 may be
capable of effectively removing contaminant cations
from the liquid stream. The cations are attracted to
the cathode under the influence of the applied electric
field and may be allowed to pass through a second

CM 206 and into the CBCC 207. The contaminant cations
may be removed from the system in the CBCC 207. The
cations are not allowed to pass through a second AM 208
that defines the cathode-side of the CBCC 207. The
cations cannot travel toward the anode because of the
influence of the applied electric field. Therefore,

the cations are effectively contained in the CBCC 207



ions generated by the water splitting are attracted to
t he cathode and enter the adjacent CDC 205 where they

woeys/Bessef f ective in regenerating the cation exeRa&AER/004930
material contained therein. [00111] The apparatus and

met hods of use illustrated in FIG 2A address the
anode fouling and i on exchange degradati on probl ens
comon in convention EDl appdt atuses since the anode
chanber may not receive the contam nant ions and water
splitting in the conposite bed depletion chanbers
gendrlattaseyhyairont s laad byomoxhdesiyonemf by the waste
regenerati on of the anion nenbranes, cation _nenbranes,

HRRerrareveandorhel £ahi bheekBh&ng8” -
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on utilizing the apparatus as

iA0QACGt edllien FH@sid 2éxantin@Bthenkbs 468 ovhyt be fleagely
th depicted in Fig. 2B, and conprises first causing

&S ioqtﬁicoattloorbjec ?C’%E?rﬁjeﬂapbo?rowthrough the CDC

205. The CDC 205 may be capabl e of effectively

renovi ng contam nant cations fromthe |liquid stream_
THEEERT bns Epklewirachasseget Abreughod8Sungbe theuid is
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the systemin the CB 207. The . cations are no
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travel toward the anode because of (he i nfl uence of
ey dpplaleowe@cteirass ebdroTabr of iestt AM 24RI ensl may

%% removed from the liquid. The cations are attracted
toward the cathode under the influence of the applied
electric field and may be allowed to pass through a
first CM 204 into the adjacent CDC 205. The CDC 205
typically includes therein cation exchange materials
and may be effective at removing the contaminant
cations. The cations may be allowed to pass through a
second CM 206 and into the CBCC 207. The contaminant
cations may be removed from the system in the CBCC 207.
The cations are not allowed to pass through a second
AM 208 that defines the cathode-side of the CBCC 207.
The cations cannot travel toward the anode because of
the influence of the applied electric field.
Therefore, the cations may be effectively contained in
the CBCC 207 until they are flushed from the system by
the waste liquid stream that removes ions from the
CBCC 207. The liquid exiting the ACBDC 203 has a
reduced level of both anions and cations relative to

the in-coming liquid stream.



effectively contained in the CBCC 207 until they are
flushed fromthe system by the waste liquid stream

wot2ed/13000ves ions fromthe CBCC 207. Ani Ons Cq/US2008/004930
| argel y unaffected while passing through the CDC 205.
The liquid exiting the CDC 205 may be largely free of
cationic contamnation. [00113] Follow ng the passage
through 205, the liquid is t4%en flowed through the ADC
209. The ADC 209 may be capable of effectively
renovi ng contam nant anions fromthe liquid stream
The anions are attracted to the anode under the

i nflyence of the applied electric field and _nay )
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[00111] The apparatus and methods of use illustrated
in FIG. 2A address the anode fouling and ion exchange
degradation problems common in convention EDI
apparatuses since the anode chamber may not receive the
contaminant ions and water splitting in the composite
bed depletion chambers generates hydronium and
hydroxide ions for the regeneration of the anion
membranes, cation membranes, anion exchange materials,

and the cation exchange materials.

[00112] Another method for performing
electrodeionization utilizing the apparatus as
illustrated in FIGs. 2A and 2B, makes use of the flow
path depicted in Fig. 2B, and comprises first causing
the liquid to be deionized to flow through the CDC 205.
The CDC 205 may be capable of effectively removing

contaminant cations from the liquid stream. The



contam nation . [00114] Foll ow ng the passage through
209, the liquid is then flowed through the CCBDC 211.

wohies/GeReC 211 may be capabl e of renovi ng bot bcaniRNR/004930
and cations . The cations are attracted to the

adj acent cat hode chanber 213 under the influence of
the applied electric field and may be all owed to pass
through a third CM 212 and Ry be renoved fromthe
liquid. The anions are attracted toward the anode
under the influence of the applied electric field and

rept e al d oedk tioapess tbr enghcathbieduAle21@hient o t he
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occurs in the since it may i ncl'ude therein a
et ¢dni@xe hbnoge bheefBEr, 207. Anions are largely

unaffected while passing through the CDC 205. The
liquid exiting the CDC 205 may be largely free of

cationic contamination.

[00113] Following the passage through 205, the liquid
is then flowed through the ADC 209. The ADC 209 may be
capable of effectively removing contaminant anions from
the liquid stream. The anions are attracted to the
anode under the influence of the applied electric field
and may be allowed to pass through a second AM 208 and
into the CBCC 207. The contaminant anions may be
removed from the system in the CBCC 207. The anions
are not allowed to pass through a second CM 206 that
defines the anode-side of the CBCC 207 and into the

CDC 205. One benefit of this configuration is that the
majority of anions may be removed into the CBCC 207
thus preventing the formation of oxidants such as Cl0,
in the anode chamber (from contaminant chloride) which

may damage the ion exchange membranes. The anions



or a doped ani on exchange material, or a doped cation
exchange material . The water splitting in the CCBDC

wo2bds/sesg¢es to regenerate the third CM 212 t halcT/us2008/004930
separates the CCBDC 211 fromthe cathode chanmber 213
as well as the third AM 210 that separates the CCBDC
211 fromthe adjacent ADC 209. Additionally, hydroxide
i ons generated by the water 5dplitting are attracted to
t he anode and enter the adjacent ADC 209 where they
may be effective in regenerating the ani on exchange
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The cations are attracted to the adjacent cathode
chamber 213 under the influence of the applied electric
field and may be allowed to pass through a third CM 212
and may be removed from the ligquid. The anions are
attracted toward the anode under the influence of the
applied electric field and may be allowed to pass
through a third AM 210 into the adjacent ADC 209. The
ADC 209 typically includes therein anion exchange
materials and may be effective at removing the
contaminant anions. The anions may be allowed to pass
through a second AM 208 and into the CBCC 207. The
contaminant anions may be removed from the system in
the CBCC 207. The anions are not allowed to pass
through a second CM 206 that defines the anode-side of
the CBCC 207. The anions cannot travel toward the
cathode because of the influence of the applied
electric field. Therefore, the anions may be

effectively removed in the ADC 209 or contained in the



field. Therefore, the cations may be effectively
contained in the CBCC 207 until they are flushed from

wol2oes/syghem by the waste |iquid streamthat reg@483008/004930
ions fromthe CBCC 207. The liquid exiting the ACBDC

203 may have a reduced | evel of both anions and

cations relative to the in-comng |iquid stream

[00117] Water splitting occ#s in the ACBDC 203 since
it may include therein a m xed ion exchange material,

or a doped ani on exchange material, or a doped cation
ercitange naiterl alheyl heravaf Blisisedi fromgthe shet 86BDE the
203 serves to regenerate the first K AM 202 t hat
§@§§ﬁaﬂé§QHﬁa%Rﬁﬁﬁ?:ﬁﬁ??r%ﬁm?%%sah%ﬂé ErambERe201 as

walde a7 he Ajd Sﬂi@%ﬂcéoéxwfﬁgsé’ﬂérgf:lﬁect E%%ﬁ@% a

fromthe adjacent 205. Addition

redsiapehdreatadd dfy hdieh wah eonsphndt cagianse aefleadcvedtbo
e cathode and enter the adjacent CDC 205 where they

%Ef F& EFEART Vet T T egeh®tBti ng the cation exchange

materi al contained therein. [00118] Another nethod

(not shown) for perform ng el ectrodeioni zation _
Jt0allAng ttepmrbitsling Prrussr anefhenCEBRC 2B1 since

[ i ' liquid t Loni .
TR A R 08 A L 0o SxBRaflgLONRERT b3,
efrf ectdopedd/ areimy i gxgclcanganmaaatiabi oas &r aspelecation
liquid stream The anions are attracted to the anode
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into the CBCC 207. The contam nant ani ons nay be

serareEt g9 drhe HeCBYGt 2hi | frometl@BOCa2bddeThbambieon813 as
%vree_‘l.lnoats atll.lléjvﬁgn;(? ﬂi’sflo that separates the CCBDC 211

from the adjacent ADC 209. Additionally, hydroxide
ions generated by the water splitting are attracted to
the anode and enter the adjacent ADC 209 where they may
be effective in regenerating the anion exchange

material contained therein.

[00116] Following the passage through 211, the liquid
is then flowed through the ACBDC 203. The ACBDC 203
may be capable of removing both anions and cations.

The anions are attracted to the adjacent anode

chamber 201 under the influence of the applied electric
field and may be allowed to pass through a first AM 202
and may be removed from the liquid. The cations are
attracted toward the cathode under the influence of the
applied electric field and may be allowed to pass
through a first CM 204 into the adjacent CDC 205. The
CDC 205 typically includes therein cation exchange

materials and may be effective at removing the



t hrough a second CM 206 that defines the anode-side of
the CBCC 207 and into the CDC 205. One benefit of this
WwOoCod/i3gsgpat i on is that the najority of ani ons prayus2608/004930

renoved into the CBCC 207 thus preventing the
formati on of oxidants such as O in the anode chanber
(from contam nant chl oride) which my damage the ion
exchange nmenbranes . The anPéns cannot travel toward

t he cat hode because of the influence of the applied
electric field. Therefore, the anions may be
ebheamivany: rcammiveds | n THe AXI @9 may coat al hededntbhe

CBCC 207 il th fl d omth tem t he
o oo T ey e Tygned (ron {he siaian ot
204 ealdans e darasly ppfect sfowbs! Er@ﬁi\%%@%ggstem

t hrough the ADC 209. The liquid exiting the
ray the ICROGelAP T r eclhf catiioons zoataot nal lowed[ 00108Es
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e not allowed.to pass throu a second AM 208 t hat .
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i nfluence of the applied electric field. Therefore,

Ry dapricors HRgu cfgeet ioklHothhneaieed andt hatcBas
20 Gd ddehars, fLyRNed {1gmahs pyghem by the

[00117] Water splitting occurs in the ACBDC 203 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the

ACBDC 203 serves to regenerate the first aM 202 that
separates the ACBDC 203 from the anode chamber 201 as
well as the first CM 204 that separates the ACBDC 203
from the adjacent CDC 205. Additionally, hydronium
ions generated by the water splitting are attracted to
the cathode and enter the adjacent CDC 205 where they
may be effective in regenerating the cation exchange

material contained therein.

(00118] Another method (not shown) for performing
electrodeionization utilizing the apparatus as
illustrated in FIG. 2B comprises first causing the

liquid to be deionized to flow through the ADC 209.



waste |iquid streamthat renoves ions fromthe CBCC
207. Anions are |argely unaffected while passing

woldoogisgssot he CDC 205. The liquid exiting the QGO RR608/004930
may be largely free of cationic contam nation. [00120]

Fol | owi ng t he passage through 205, the liquid is then
fl owed through the ACBDC 203. The ACBDC 203 nay be
capabl e of removing both anidhs and cations. The
anions are attracted to the adjacent anode chamber 201
under the influence of the applied electric field and

me Bocldvethy dbpasspiblough affeecstvAlM/202mandnaay
be removed fromthe lLiquid. The cations are attracted

{CRREHA T o ATHRRS UHERR ERe 1 HErien8BT8AM: he TREpRPEQNS

%r@?tafﬂtcrafd@écg @9k HBYabsa8! Laved Eﬁepi\ﬁ%%he%%%ggfa the
first CM 204 into the adjacent CDC 2
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catlons may be renoved fromthe systemin the CB
1 onsTTaeP eARpPng| A5ReBOtoapasyeth ﬁ@u@ﬁSg
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hﬂ&ammm@ﬁzOTmamafimeocehefCDhezaﬁpI|edeebenbfut of this
field. Therefore, the ca?lons ma

TG 1 58 RS - Ehh CReBRY 5550 EnERi P fieays be

fhdasiirdh T 1,008 thee Sdﬁé@”ieby Eﬂﬁswg%eehlt% 8l §8Fnation
that renoves ions fromthe CBCC he qU|d

tqmgiarht'es ATBOT @S)BCh@y imavdirea arrmﬂﬁ:emanémi éﬁrobwot h
ac;?dnotnarc’mf‘r{]antc aéhf 1&8 B fnvght r%a hgamag rg'hng 1on Ix%hange
membranes. The anions cannot travel toward the cathode
because of the influence of the applied electric field.
Therefore, the anions may be effectively removed in the
ADC 209 or contained in the CBCC 207 until they are
flushed from the system by the waste liquid stream that
removes ions from the CBCC 207. Cations are largely
unaffected while passing through the ADC 209. The
liquid exiting the ADC 209 may be largely free of

anionic contamination.

[00119] Following the passage through.209, the liquid
is then flowed through the CDC 205. The CDC 205 may be
capable of effectively removing contaminant cations
from the liquid stream. The cations are attracted to
the cathode under the influence of the applied electric
field and may be allowed to pass through a second

CM 206 and into the CBCC 207. The contaminant cations

may be removed from the system in the CBCC 207. The



[00121] Water splitting occurs in the ACBDC 203 since

it may include therein a m xed ion exchange materi al,
woQoosaizokzped ani on exchange material, or a dopedTagkensno493o

exchange material. The water splitting in the ACBDC

203 serves to regenerate the first AM 202 t hat

separates the ACBDC 203 from the anode chanber 201 as

well as the first CM 204 thatd separates the ACBDC 203

fromthe adjacent CDC 205. Additionally, hydronium

ions generated by the water splitting are attracted to

che icaishede ant el Bwedec@dpasenthEbigR0a wbeoadt hmy 208

y be effective in regeneratlﬁgcg%t he cation exchange
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RRR9298 ah 0% o1 h@oxlléf’&' 9hé3a1t1888 ﬂa@)ﬂﬁget BEovgR
the CCBDC 211. The CCBDC 2 be capabl

refdwuiengebatth e arp hied cealqa@hsm Theldat i @hsraufere
%%ltract ed to the . adj ag nt catg(;de cPan‘oer 21113 nder
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renmoved fromthe liquid. The anions are attracted
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ttymcwjﬂ whmcﬂmﬂjexo.’n her’e}na hhqoihdexrhange thtecDal 205
and be effe ive ai renpving thecontan nant

%Yo Cheyt b at Po dC?BtﬁIﬁ§§aFF1P8ugh a
second AM 208 and into the CBCC 207. The contam nant

ani ons nmay be renoved fromthe systemin the CBCC 207.
THO 1Z2d lons Eolel owina| tmeriassagasshranebgh08, sebendiamid

396 Hhat Sef s 8, 81088 ShA8p8T 203.  The AcBDC 203

may be capable of removing both anions and cations.

The anions are attracted to the adjacent anode

chamber 201 under the influence of the applied electric
field and may be allowed to pass through a first AM 202
and may be removed from the liquid. The cations are
attracted toward the cathode under the influence of the
applied electric field and may be allowed to pass
through a first CM 204 into the adjacent CDC 205. The
CDC 205 typically includes therein cation exchange
materials and may be effective at removing the
contaminant cations. The cations may be allowed to
pass through a second CM 206 and into the CBCC 207.

The contaminant cations may be removed from the system
in the CBCC 207. The cations are not allowed to pass
through a second AM 208 that defines the cathode-side
of the CBCC 207. The cations cannot travel toward the
anode because of the influence of the applied electric

field. Therefore, the cations may be effectively



the CBCC 207. The anions cannot travel toward the
cat hode because of the influence of the applied

woehewisnige field. Therefore, the anions may bepcr/us2008/004930
effectively renoved in the ADC 209 or contained in the
CBCC 207 until they are flushed fromthe system by the
waste liquid streamthat renoves ions fromthe CBCC
207. The liquid exiting the X6CBDC 211 may have a
reduced | evel of both anions and cations relative to
the in-comng liquid stream [00123] Water splitting
eetitad ridd tire (EERBBAI 1287 ngRtil BRyyi Aekudeubhedeiffrom
m xed ion exchange material, or a doped anion exchange
e YA te LY ettt bidekenahyeaatBptarenpyes 1ons

[ ' it 1 r r
EReh R RGO RO T o TS ERn Ed e REE LG [Rs) BOBBEY B3
oatyh dderec ranbetu @43 basvakl bf abotheathhbnd AMI2 &6 ttlbak

separates the CCBDC 211.fromthe_adjacent ADC 209.

RS 59, LR gt ox; QB REnb L gurdr SEER By t he wat er
splitting are attracted to the anode and enter the

adj acent ADC 209 where they may be effective in

rl lat i Mptere sl batexghangeraaidr the 46BP&I B3 since

Souff e AR € nidd o el weChalL B REgns

dens tdogeal yeat iy esrechangeanetoiagt abk kh@oped cation
el ectrodes, nenpranes and resin. The internal flow
GRRPAEh e el AcEBee20at Ger ePiisringm LR dh&met er

atok 20FBdRengd hee Fﬁeéggézgﬁe“@§rétzipp?bbnthat
dianeter and 3.81 cmin length. The Interna | ow
depEnsi s die tAEBEBBCLO 207rowr €hé. 27odm chamber 201 as
well as the first CM 204 that separates the ACBDC 203
from the adjacent CDC 205. Additionally, hydronium
ions generated by the water splitting are attracted to
the cathode and enter the adjacent CDC 205 where they
may be effective in regenerating the cation exchange

material contained therein.

[00122] Following the passage through 203, the liquid
is then flowed through the CCBDC 211. The CCBDC 211
may be capable of removing both anions and cations.

The cations are attracted to the adjacent cathode
chamber 213 under the influence of the applied electric
field and may be allowed to pass through a third CM 212
and may be removed from the liquid. The anions are
attracted toward the anode under the influence of the
applied electric field and may be allowed to pass
through a third AM 210 into the adjacent ADC 209. The
ADC 209 typically includes therein anion exchange

materials and may be effective at removing the



in dianmeter and 1.27 cmin length. The internal flow

di mensi ons of the CDC 209 were 1.27 cmin dianeter and
wo0el136s80i n | ength. The internal flow di nensi eag/uzodsnes930

CCBDC 211 were 1.27 cmin dianeter and 1.27 cmin

| ength. [00126] The anode chanber 201, for this

exanpl e, contained plati num%?uze el ectrodes (Uni que

Wre Weaving Inc, Hillside, In contact with the

anode and separating the anode chanber 201 fromthe

ACBDC 203 was an ani on exchange nenbrane 202 (AM -7

Q@HS, anal rrod vt 1 @afis Menbhanasi bng emagt benall lo@edn tBoplass

he ACBDC onta ed a_hono enous m xture
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ani on exchange resin
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(therioestt begh) . . 'ﬁ@@aéﬁibﬁg thenbEBbEaRB3 toaariheneDC
205 was a cation exchange nenbrane 204 (CM -7000, a

praodirde dreqmpte a%stlpﬂt enfhupBsRgl ofctbg R@@Pelem)
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hom)genous m xture of cation exchange resin (DONEX(tm
SIREZ 407 00 Peeh} igquadpesidténgoth®heChBw 2hénieyl have a

qgﬁﬂﬁﬂ%ﬂ f@géfngf g@%hagglgﬂéognd cations relative to

the in-coming liquid stream.

[00123] Water splitting occurs in the CCBDC 211 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the

CCBDC 211 serves to regenerate the third CM 212 that
separates the CCBDC 211 from the cathode chamber 213 as
well as the third AM 210 that separates the CCBDC 211
from the adjacent ADC 209. Additionally, hydroxide
ions generated by the water splitting are attracted to
the anode and enter the adjacent ADC 209 where they may
be effective in regenerating the anion exchange

material contained therein.



exchange resin (DONEX(tnm) 1x4 (200 nmesh) , a product
of The Dow Chem cal Conpany, Mdland, M) in the
woek/osgem and hydroxi de forms, respectively. pEHAIS2008/004930
exchange capacity ratio of anion to cation was 1:1 (a
m xed bed) . The CBCC 207 was separated fromthe ADC
209 by an ani on nenbrane 208 (AM -7001, a product of
Menbranes I nternational, G%h Rock, NJ) . The ADC was
filled with an anion exchange resin (DONEX(tm) 1x4
(200 nesh) , a product of The Dow Chemi cal Conpany,
iModl2aand, Mxampilde2 ADC 209 was separated fromthe
CCBDC 211 by an ani on exchange nenbrane 210 (AM -7
001, a product of Menbranes International, den Rock,

Them%, I a;ho engus xture
%gglon exchange re5|%é D%SE%%EQn %gvgg@(ZQ%OW%ESh) , a
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i on exchange capacity ratio of anion to cation was 1:1
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conductivity detector (CD20, a product of Dionex,
Byl & BMowrth ahel bateehhluwddowsddneosiohs of the
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length.

[00126] The anode chamber 201, for this example,
contained platinum gauze electrodes (Unigque Wire
Weaving Inc, Hillside, NJ). In contact with the anode
and separating the anode chamber 201 from the ACBDC 203
was an anion exchange membrane 202 (AMI-7001S, a
product of Membranes International, Glen Rock, NJ).

The ACBDC contained a homogenous mixture of cation
exchange resin (DOWEX™ 50wWx4 (200 mesh), a product of
The Dow Chemical Company, Midland, MI) and anion
exchange resin (DOWEX™ 1x4 (200 mesh), a product of
The Dow Chemical Company, Midland, MI) in the hydronium
and hydroxide forms, respectively. The ion exchange
capacity ratio of anion to cation was 1:1 (a mixed
bed). Separating the ACBDC 203 from the CDC 205 was a
cation exchange membrane 204 (CMI-7000, a product of
Membranes International, Glen Rock, NJ). The CDC waé



ADC 209, then the CCBDC 211, next to the ACBDC 203 and
then to the flow through the conductivity cell. From
wotbe/iessducti vity cell, the flow was directedpte/ushes 004930
anode chanber 201 and then the cathode chanber 213 and

finally to waste. [00127] Initially, the conductance

of the water exiting the ED_ device was 4.8 nS/cm

Usi ng a | aboratory power suﬁ‘pﬂy (E3 612A, a product of
Agilent, Santa Clara, CA) a constant current of 20 mA
was applied and the initial voltage was 55V. Gas

&idlletd o tkas alseroredexcmeigat eéyifr (pOWRE ™ amaute4and® 00

cat hqde chanbers. The .initial background conductivity
SEsPle pr SHREIGh T THE rRAEeTE pbut OBBSRE i dhand.

aMer. a shaaWt iRRY i 15k thse cOMSIUELbMI ENe deBEEa56E (8s a
0.72 nS/cm The ED device was all owed to operate
cartrtiiomuaxsiharias reerdemane Thed d&EMI+h0Tabl @ Prefives of

|.ts for_the devic f G 2B.100128] Table
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address the el ectrode fouli na and ion exchange
e
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in the conposite bed depl eti on chanbers generates
epdtemaem @ thy (DesExle Leds (RO0 tiesh) egeneratduart aff

e, P BTN S5n SOLLOT, TRTBAANR, 200D EXEADE,
lardnenkanslide ofodhe, appapatuses1and TRENGEE exchange
illustrated in FIG 2A and FIG 2B is that it nmay be
capacity ratio of anion to cation was 1:1 (a mixed
bed). The CBCC 207 was separated from the ADC 209 by
an anion membrane 208 (AMI-7001, a product of Membranes
International, Glen Rock, NJ). The ADC was filled with
an anion exchange resin (DOWEX™ 1x4 (200 mesh), a
product of The Dow Chemical Company, Midland, MI). The
ADC 209 was separated from the CCBDC 211 by an anion
exchange membrane 210 (AMI-7001, a product of Membranes
International, Glen Rock, NJ). The CCBDC was filled
with a homogenous mixture cation exchange resin

(DOWEX™ 50Wx4 (200 mesh), a product of The Dow
Chemical Company, Midland, MI) and anion exchange resin
(DOWEX™ 1x4 (200 mesh), a product of The Dow Chemical
Company, Midland, MI) in the hydronium and hydroxide
forms, respectively. The ion exchange capacity ratio
of anion to cation was 1l:1(a mixed bed). Separating
the CCBDC 211 from the cathode chamber 213 was a cation
exchange membrane 212 (CMI-7000, a product of Membranes
International, Glen Rock, NJ). A pump (GP40, a product

of Dionex, Sunnyvale, CA) was used to deliver RO



possi ble to use "harder" (i.e., higher |evels of
m neral conpounds) liquids (i.e., water) in the input

wosthg s t hout danmgi ng the apparatus or degrerdimgodsnmasso
efficiency of the apparatus. Input |iquids which may

contain significant concentrations of

cal ci um magnesi um and carbonate are problenmatic for
conventional EDI apparatuse$(f these cations are
renmoved directly to the cathode chanber. In the
configurations as illustrated in FIG 2A and FIG 2B
tchen 1ciadyr Gyest ey ( e ¢ £ADY edohQue bean€BCCLAaB hecagnter a
of the apparatus and thereby reduces _the scaling
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apparatus illustrated in FIG 2C conprises an anode
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nest 841 A} - téVwég{é224 may be placed on the cathode-side
of the ACBCC. The ACBCC and the ADC nay be separated
by a first AM 223. The ADC typically includes therein

a“ﬂ?ﬂ?ﬂfneQEél féffe oéhe conductance of the water
exiting the EDI device was 4.8 uS/cm. Using a
laboratory power supply (E3612A, a product of Agilent,
Santa Clara, CA) a constant current of 20 mA was
applied and the initial voltage was 55V. Gas evolution
was observed immediately from the anode and cathode
chambers. The initial background conductivity of the
product water increased to about 60 uS/cm and over a 1
hour period the conductivity decreased to 0.72 uS/cm.
The EDI device was allowed to operate continuously for
9 days. The data in Table 2 shows results for the
device of FIG. 2B.
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[00129] The apparatus and methods of use jillustrated
in FIG. 2B address the electrode fouling and ion
exchange degradation problems since the electrode
chambers may not receive the contaminant ions and water
splitting in the composite bed depletion chambers
generates hydronium and hydroxide ions for the
regeneration of the anion membranes, cation membranes,
anion exchange materials, and the cation exchange

materials.

[00130]
illustrated in FIG.

One benefit of the apparatuses and methods
2A and FIG. 2B is that it may be

possible to use “harder” (i.e., higher levels of

mineral compounds) liquids (i.e., water) in the input

stream without damaging the apparatus or degrading the
efficiency of the apparatus. Input liquids which may

contain significant concentrations of calcium,



applied electric field. Therefore, the cations may be
effectively contained in the CCBCC 230 until they are

wofeshnegof rom the system by the waste |iquid $Cragan0s/004930
that renoves ions fromthe CCBCC 230. The anions are

attracted toward the anode under the influence of the
applied electric field but will not be allowed to pass
t hrough a second CM 227 int®Z he adj acent CBDC

226. Therefore, the anions will be retained in the
liquid. The liquid exiting the CDC 228 has a reduced
heglesdfunhotadhd atd indted adtry eptobl &rat becodskrng | i qui d
stream [00133] Follow ng the passage through 228, the
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PR Qi‘ﬁtécﬁce Qf &S Tepdl é’&&ﬂo&@”@l‘féﬂﬁe?om a1 paat

anions fromt liquid stream The anions are
ahnﬁﬂguﬂauIDnduasuuﬁﬁnsnmEWedhenlHiGueﬁAeanﬂ FEG 2B,

lied.electric field and,nma dto

AT Y A SR | b oL e R RER Rt p 858 SR ter of
%Haiﬂﬁﬁyygtdﬁﬁéﬁaiiﬁ@%éﬁyfﬁéaﬁéésftﬁg15881§M§tﬁﬁth@n
the ACBCC 222. The anions are not allowed to pass

o e de rehardg21 that defines the anode-side of
the ACBCC 222. The anions cannot travel toward the

cat hode because of the influence of the applied

glogdtyiilc firta. ZXherEfwseratée ani BDs appaehteaet icheltymay
gﬁgtalned in the ACBCC 222 until_ they_are flushed from
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same order as the path from cathode to anode in

Fig. 2A. The apparatus illustrated in FIG. 2C
comprises an anode chamber 220 including an anode
therein. An ACBCC 222 may be placed on the
cathode-side of the anode chamber. The anode chamber
and the ACBCC may be separated by a first CM 221. The
ACBCC may include therein a mixed ion exchange
material, or a doped anion exchange material, or a
doped cation exchange material. An ADC 224 may be
placed on the cathode-side of the ACBCC. The ACBCC and
the ADC may be separated by a first AM 223. The ADC
typically includes therein a homogeneous volume of
anion exchange material. A CBDC 226 may be placed on
the cathode-side of the ADC. The ADC and the CBDC may
be separated by a second AM 225. The CBDC may include
therein a mixed ion exchange material, or a doped anion
exchange material, or a doped cation exchange material.

A CDC 228 may be placed on the cathode-side of the



is then flowed through the CBDC 226 . The CBDC 226 may
be capabl e of effectively renoving any renaining

wooehg/Bosgoor anions fromthe |iquid stream Thecansamns/ 004930
are attracted to the anode under the influence of the

applied electric field and may be all owed to pass

t hrough a second AM 225 and into the ADC 224. The
cont ani nant ani ons may be rédoved fromthe system

i nt he ACBCC 222. The anions are not allowed to pass
through a first CM 221 that defines the anode-side of
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renoved from the ggsten1|n t he CCBCC 230. The .cati ons
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cat hode chanber 232 benefit of this
conftiguwrats owde Qmaxnthnsepmeveﬁng fodki.ng and
scaling of the cathode chanber 232 since the cations
cannot react with anions

[00132] A method for performing electrodeionization
utilizing the apparatus as illustrated in FIG. 2C
comprises first causing the liquid to be deionized to
flow through the CDC 228. The CDC 228 may be capable
of removing cations. The CDC 228 typically includes
therein cation exchange materials and may be effective
at removing the contaminant cations. The cations may
be allowed to pass through a third CM 229 and into the
CCBCC 230. The contaminant cations may be removed from
the system in the CCBCC 230. The cations cannot travel
toward the anode because of the influence of the
applied electric field. Therefore, the cations may be
effectively contained in the CCBCC 230 until they are
flushed from the system by the waste liquid stream that
removes ions from the CCBCC 230. The anions are
attracted toward the anode under the influence of the
applied electric field but will not be allowed to pass
through a second CM 227 into the adjacent CBDC 226.



to forminsoluble scaling materials (i.e., CaCO ,
My(OH) 2, etc.). The cations cannot travel toward the

woaieigoszecause of the influence of the appliegcehestosioss930
field. Therefore, the cations nay be effectively

removed in the CDC 228 or contained in the CCBCC 230
until they are flushed fromthe system by the waste
liquid streamthat renoves i%hs fromthe CCBCC 230.
Thi s design al so reduces degradation in the anode
chanber since anions do not enter anode chanber
IHABEIS] W einbgrhs twi DY becuesainetiheénCBhe 226uid.
since it may include therein_a m xed ion _exchange
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that separates the CBDC 226 fromthe ADC 224 as wel |

sec CM 227 that separat t he 226 fraom .
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cat hode and enter the adjacent CDC 228 where they may
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defines the anode-side of the ACBCC 222. The anions
cannot travel toward the cathode because of the
influence of the applied electric field. Therefore,
the anions are effectively contained in the ACBCC 222
until they are flushed from the system by the waste
liquid stream that removes ions from the ACBCC 222.
Any remaining cations are largely unaffected while
passing through the ADC 224. The liquid exiting the

ADC 224 may be largely free of anionic contamination.

[00134] Following the passage through 224, the liquid
is then flowed through the CBDC 226. The CBDC 226 may
be capable of effectively removing any remaining
cations or anions from the liquid stream. The anions
are attracted to the anode under the influence of the
applied electric field and may be allowed to pass
through a second AM 225 and into the ADC 224. The

contaminant anions may be removed from the system in



ADC 224 may be capable of effectively renoving
contam nant anions fromthe |liquid stream The anions
woane/abispact ed to the anode under the infl ueneerafs2608®04930

applied electric field and nay be allowed to pass
through a first AM 223 and into the ACBCC 222. The
contam nant anions nmay be renoved fromthe systemin
the ACBCC 222 . The anions &% not allowed to pass
through a first CM 221 that defines the anode-side of
the ACBCC 222 . The anions cannot travel toward

tthec aidBir Irausthefathens ndtdence allotwedappl peds
electric field. Therefore, the apions are effecti vel
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field. Therefore, the cations nay be effectively
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under the influence of the applied electric field and
may be allowed to pass through a second CM 227 and into
the CDC 228. The contaminant cations may be removed
from the system in the CCBCC 230. The cations are not
allowed to pass through a third AM 231 that defines the
cathode-side of the CCBCC 230 and into the cathode
chamber 232. One benefit of this configuration is that
this prevents fouling and scaling of the cathode
chamber 232 since the cations cannot react with anions
to form insoluble scaling materials (i.e., CaCOs,

Mg (OH),, etc.). The cations cannot travel toward the
anode because of the influence of the applied electric
field. Therefore, the cations may be effectively
removed in the CDC 228 or contained in the CCBCC 230
until they are flushed from the system by the waste
liquid stream that removes ions from the CCBCC 230.
This design also reduces degradation in the anode

chamber since anions do not enter anode chamber 220.



streamthat renoves ions fromthe CCBCC 230. The
anions are attracted toward the anode under the

woi20bd/1s65%0e of the applied electric field but wdrlusagis/004930
be allowed to pass through a second CM 227 into the

adj acent CBDC 226. Therefore, the anions will be
retained in the liquid. The liquid exiting the CDC 228
has a reduced | evel of both &ations and ani ons
relative to the in-coming liquid stream[00138]
Fol | owi ng the passage through 228, the liquid is then
fl owed through the CBDC 226. The CBDC 226 may be
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generated by the water splitting are attracted to the
anode and enter the adjacent ADC 224 where they may be
effective in regenerating the anion exchange material

contained therein and aM 223.

{00136] Another method (not shown) for performing
electrodeionization utilizing the apparatus as
illustrated in FIG. 2C comprises first causing the
ligquid to be deionized to flow through the ADC. The
ADC 224 may be capable of effectively removing
contaminant anions from the liquid stream. The anions
are attracted to the anode under the influence of the
applied electric field and may be allowed to pass
through a first aM 223 and into the ACBCC 222. The
contaminant anions may be removed from the system in
the ACBCC 222. The anions are not allowed to pass
through a first CM 221 that defines the anode-side of
the ACBCC 222. The anions cannot travel toward the



ACBCC 222. The cations are attracted to the cathode
under the influence of the applied electric field and

womys/ sl | oned to pass through a second CM 223¢1amn2008/004930
into the CDC 228 and continue through CM 229 into the

CCBCC 230. The contam nant cations may be renoved from
the systemin the CCBCC 230. The cations are not

al lowed to pass through a tHitd AM 231 that defines

t he cat hode-side of the CCBCC 230 and into the cathode
chanber 232. One benefit of this configuration is that
tdathqiesdasudow f nghantnstaéhog of the applied

cat hodechanber 232 since the cations cannot react with
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CCBCC 230. [00139] Water splitting occurs in the CBDC
A2EIs i hexi tinmythochdel 2 hePdYnP8 ARXE61vok T€kcREnge
eljal, ni on exchange material, or a
gﬁ%ﬂ#é&ﬂ?éﬁf%&%ﬁ%ﬁg%ﬁhateriaI. The water splitting in
the CBDC 226 serves to regenerate the second AM 225

the CBDC 226 from as_well,

t hat separate t he Al I )
D ST 529 Ea PessAna: bALPRENCARE 238G Muid
tihe piRcentwdPER28ugAdehti epal by g  hy@henicthd i208S may be
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effective at removing the contaminant cations. The
cations may be allowed to pass through a third CM 229
and into the CCBCC 230. The contaminant cations may be
removed from the system in the CCBCC 230. The cations
cannot travel toward the anode because of the influence
of the applied electric field. Therefore, the cations
may be effectively contained in the CCBCC 230 until
they are flushed from the system by the waste liquid
stream that removes ions from the CCBCC 230. The
anions are attracted toward the anode under the
influence of the applied electric field but will not be
allowed to pass through a second CM 227 into the
adjacent CBDC 226. Therefore, the anions will be
retained in the liquid. The liquid exiting the CDC 228
has a reduced level of both cations and anions relative

to the in-coming liquid stream.



therein and CM 229. Additionally, hydroxide ions
generated by the water splitting are attracted to the

woesigo&nd enter the adjacent ADC 224 wher e t ey usyoses930
effective in regenerating the ani on exchange nateri al

contai ned therein and AM 223. [00140] FIG 2D
illustrates an EDI apparatus that is simlar to FIG

2C except that the ACBCC ch&®$ber has been repl aced

with an ACC and the CCBCC has been replaced with a

CCC. The apparatus illustrated in FIG 2D conprises an
a@@dé8dhaMmmixbwiﬂguﬂhmﬂpassﬂ@mod&rbh@heﬂ28,AnhéC&iquid
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fouling and scaling of the anode chamber 220 since the
anions cannot pass through CM 221 and enter the anode
chamber 220. The anions cannot travel toward the
cathode because of the influence of the applied
electric field. Therefore, the anions may be
effectively removed in the ADC 224 or contained in the
ACBCC 222 until they are flushed from the system by the
waste liquid stream that removes ions from the

ACBCC 222. The cations are attracted to the cathode
under the influence of the applied electric field and
may be allowed to pass through a second CM 227 and into
the CDC 228 and continue through CM 229 into the

CCBCC 230. The contaminant cations may be removed from
the system in the CCBCC 230. The cations are not
allowed to pass through a third AM 231 that defines the
cathode-side of the CCBCC 230 and into the cathode
chamber 232. One benefit of this configuration is that

this prevents fouling and scaling of the cathode



honbgeneous vol une of cation exchange material . A CCC
250 may be placed on the cathode-side of the CDC. The

woGh¥s/Bossot he CCC may be separated by a third @itrds308/004930
The CCC may include therein a honogeneous vol unme of
ani on exchange material, or a honbgeneous vol une of
cation exchange material, or a m xed ion exchange
material, or a doped ani on &2change material, or a
doped cati on exchange material . The CCC may be
separated from a cathode chanber 252 by a third AM
2hambEre 262t ide ec dnbera t iwh s desn@o cat bade wheheanions

The _appar.at u illustrated in FIG 2D may bhe
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contam nant cations nmay be renpoved fromthe systemin
the CCC 250. The cations cannot travel toward the

ecayse of the influence of the applie ctric
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serves to regenerate the second AM 225 that separates
the CBDC 226 from the ADC 224 as well as the second

CM 227 that separates the CBDC 226 from the adjacent
CDC 228. Additionally, hydronium ions generated by the
water splitting are attracted to the cathode and enter
the adjacent CDC 228 where they may be effective in
regenerating the cation exchange material contained
therein and CM 229. Additionally, hydroxide ions
generated by the water splitting are attracted to the
anode and enter the adjacent ADC 224 where they may be
effective in regenerating the anion exchange material

contained therein and AM 223.

[00140] FIG. 2D illustrates an EDI apparatus that is
similar to FIG. 2C except that the ACBCC chamber has
been replaced with an ACC and the CCBCC has been
replaced with a CCC. The apparatus illustrated in

FIG. 2D comprises an anode chamber 240 including an



through a second CM 247 into the adj acent CBDC 246.

Therefore, the anions will be retained in the Iiquid.
woboes/130sp0i d exiting the CDC 248 has a reduced pcaushomsfoo4930

cations relative to the in-comng |iquid stream

[00142] Follow ng the passage through 248, the liquid

is then flowed through the ADC 244. The ADC 244 may be

capabl e of effectively rem)\7i0ng cont am nant ani ons

fromthe liquid stream The anions are attracted to

t he anode under the influence of the applied electric
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second AM 245. The CBDC may include therein a mixed
ion exchange material, or a doped anion exchange
material, or a doped cation exchange material. A

CDC 248 may be placed on the cathode-side of the CBDC.
The CBDC and the CDC may be separated by a second

CM 247. The CDC typically includes therein a
homogeneous volume of cation exchange material. A

CCC 250 may be placed on the cathode-side of the CDC.
The CDC and the CCC may be separated by a third CM 249.
The CCC may include therein a homogeneous volume of
anion exchange material, or a homogeneous volume of
cation exchange material, or a mixed ion exchange
material, or a doped anion exchange material, or a
doped cation exchange material. The CCC may be
separated from a cathode chamber 252 by a third AM 251.
The cathode chamber includes a cathode therein. The
apparatus as illustrated in FIG. 2D may be operated in

continuous mode or in intermittent mode.



cont am nant anions may be rempoved fromthe systemin
the ACC 242. The anions are not allowed to pass

wotbsgpsedzoa first CM 241 that defines the anodecsiudeor8foo4930
the ACC 242 and into the anode chanber 240. One

benefit of this configuration is that this prevents
fouling and scaling of the anode chanber 240 since the
ani ons cannot react with catilons to forminsol uble
scaling materials (i.e., CaCO, My(OH) 2, etc.). The
ani ons cannot travel toward the cathode because of the
i nfl uence of the applied electric field. Therefore,

t he _ani.ons may he effectively renmoved in the ADC 244
0T el Hat o e DASE UL 1O! Rb§CAF QUFH QBRaGELon
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the CCC 250. The cations are not_allowed to pass _
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benefit his confrguration s that this preven
foeulaigvant tstadasy dirohehcat hbidedchrnbde 2634 snmeethe
react with anions to _forminsal yble

t he | ons_.cannot
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i nfluence of the applied electric field. Therefore,

thewarg itdres angdedoetdesei 08l yheepnfddenget bd Cbe 248
%:pg%qt'%]cgléshseg?l{e%%gg%%gg 259h%95%'0r&'ﬁ¥h@ %aftli%%ge%ay be
effectively contained in the CCC 250 until they are
flushed from the system by the waste liquid stream that
removes ions from the CCC 250. The anions are
attracted toward the anode under the influence of the
applied electric field but will not be allowed to pass
through a second CM 247 into the adjacent CBDC 246.
Therefore, the anions will be retained in the liquid.

The liquid exiting the CDC 248 has a reduced level of

cations relative to the in-coming liquid stream.

[00142] Following the passage through 248, the liquid
is then flowed through the ADC 244. The ADC 244 may be
capable of effectively removing contaminant anions from
the liquid stream. The anions are attracted to the
anode under the influence of the applied electric field
and may be allowed to pass through a first AM 243 and
into the ACC 242. The contaminant anions may be

removed from the system in the ACC 242. The anions are



waste liquid streamthat renoves ions fromthe CCC

250. [00144] Water splitting occurs in the CBDC 246
woooBoish My i nclude therein a m xed i on exclhpefas2008/004930

material, or a doped anion exchange material, or a

doped cation exchange material. The water splitting in

the CBDC 246 serves to regenerate the second AM 245

that separates the CBDC 246 /%rom the ADC 244 as wel |

as the second CM 247 that separates the CBDC 246 from

t he adj acent CDC 248. Additionally, hydroniumions

perte kdtletdvddy tdheawmt ethisphghta nfiase amt att edatodelienes

cat hode and enter_the adjacent CDC 248 where they may
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ions generated by the water splitting are attracted to
tthe appde athelmtteridef bell dcentfhapefong, whbeeanhepsmaye

b ffecti.ve in regenerati t ani,on _exchange
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utilizing the apparatus as illustrated in FIG 2D
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der the influence of the applied electric field and
S Al BRI G ¢ PR bR & first AM 243 and i nto

the ACC 242. The contam nant ani ons may be renoved
fromthe systemin the ACC 242 . The anions are not
d100vied t o Fraskowinaughe apdssageCvhrzaughhdd4detihged 1quid

the AN9der 88 Alhrough the CBDC 246. The CBDC 246 may
be capable of effectively removing any remaining
cations or anions from the liquid stream. The anions
are attracted to the anode under the influence of the
applied electric field and may be allowed to pass
through a second AM 245 and into the ADC 244. The
contaminant anions may be removed from the system in
the ACC 242. The anions are not allowed to pass
through a first CM 241 that defines the anode-side of
the ACC 242 and into the anode chamber 240. One
benefit of this configuration is that this prevents
fouling and scaling of the anode chamber 240 since the
anions cannot react with cations to form insoluble
scaling materials (i.e., CaCO;, Mg(OH),, etc.). The
anions cannot travel toward the cathode because of the
influence of the applied electric field. Therefore,
the anions may be effectively removed in the ADC 244 or
contained in the ACC 242 until they are flushed from

the system by the waste liquid stream that removes ions



the ACC 242 . The anions cannot travel toward the

cat hode because of the influence of the applied
woebestsniso fiel d. Therefore, the anions are ef freatisealsyo4930

contained in the ACC 242 until they are flushed from

the system by the waste liquid streamthat renoves

ions fromthe ACC 242. Any renalnlng cations are

| argely unaffected while pas§ ng through the ADC 244.

The liquid exiting the ADC 244 may be largely free of

ani oni ¢ contam nation. [00146] Follow ng the passage
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applied electric field. Therefore, the cations may be
effectively removed in the CDC 248 or contained in the
CCC 250 until they are flushed from the system by the

waste liquid stream that removes ions from the CCC 250.

[00144] Water splitting occurs in the CBDC 246 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the CBDC 246
serves to regenerate the second AM 245 that separates
the CBDC 246 from the ADC 244 as well as the second

CM 247 that separates the CBDC 246 from the adjacent
CDC 248. Additionally, hydronium ions generated by the
water splitting are attracted to the cathode and enter
the adjacent CDC 248 where they may be effective in
regenerating the cation exchange material contained
therein. Additionally, hydroxide ions generated by the

water splitting are attracted to the anode and enter



is then flowed through the CBDC 246. The CBDC 246 nay
be capabl e of effectively renoving any renaining

woQadg/Bogoor anions fromthe liquid stream Thecarisefs/ 004930
are attracted to the anode under the influence of the

applied electric field and may be all owed to pass

t hrough a second AM 245 and into the ADC 244. The
contani nant ani ons may be réfoved fromthe systemin
the ACC 242 . The anions are not allowed to pass
through a first CM 241 that defines the anode-side of
tthe AGQSabhardd Mol twieevd otieey haapebe240fefpéve in
benefit of this confjguration is that this prevents

FEATT eridi % 1S R o t frecamde BaaRberl 2g6n5RREE he

RPIQNRS f£annot react with cations to forminsol uble
scaling materials (i.e., CaCO 3, M(OH) 2, etc.). The
ani ons cannot travel toward the cathode because of

t hej.nf f th | i ic field, T fore,
D ons e M ekt v ERGL  SHBUBY FREL RETABERIRE.
@ eI diesh il Ab tt on AGE PAZ21i tigt thet pParkeul! HEhed
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of the CCC 250 and into the cathode chamber 252. One

lperdfiad fladinsi e ohfebdrandonaysbehat loWed prepesss
fould.ng, and-seal i 49 215 hgacahDgdnghaghen 1252 shace
contaminant anions may be removed from the system in
the ACC 242. The anions are not allowed to pass
through a first CM 241 that defines the anode-side of
the ACC 242. The anions cannot travel toward the
cathode because of the influence of the applied
electric field. Therefore, the anions are effectively
contained in the ACC 242 until they are flushed from
the system by the waste liquid stream that removes ions
from the ACC 242. Any remaining cations are largely
unaffected while passing through the ADC 244. The
liquid exiting the ADC 244 may be largely free of

anionic contamination.

[00146] Following the passage through 244, the liquid
is then flowed through the CDC 248. The CDC 248 may be
capable of removing cations. The CDC 248 typically
includes therein cation exchange materials and may be

effective at removing the contaminant cations. The



react with anions to forminsoluble scaling materials
(i.e., CaCO 3, Mg(OH) 2, etc.). The cations cannot

wobldo@yBbsspowar d t he anode because of the infl ueagasd$08/004930
the applied electric field. Therefore, the cations may
be effectively renoved in the CDC 248 or contained in
the CCC 250 until they are flushed fromthe system by
the waste |iquid streamthat’5renoves ions fromthe CCC
250. [00148] water splitting occurs in the CBDC 246
since it may include therein a m xed ion exchange

gateond magf e dopesvedi o sxsharigeongheai ghirdr CH 249
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cat hode and anode chanbers nay not receive the
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%%_(%%%Lfgﬁ%%@@letlgge CDC 248 has a reduced level of

both cations relative to the in-coming liquid stream.

[00147] Following the passage through 248, the liquid
is then flowed through the CBDC 246. The CBDC 246 may
be capable of effectively removing any remaining
cations or anions from the liquid stream. The anions
are attracted tb the anode under the influence of the
applied electric field and may be allowed to pass
through a second AM 245 and into the ADC 244. The
contaminant anions may be removed from the system in
the ACC 242. The anions are not allowed to pass
through a first CM 241 that defines the anode-side of
the ACC 242 and into the anode chamber 240. One
benefit of this configuration is that this prevents
fouling and scaling of the anode chamber 240 since the
anions cannot react with cations to form insoluble
scaling materials (i.e., CaCO;, Mg(OH),, etc.). The

anions cannot travel toward the cathode because of the



chanbers generates hydroni um and hydroxi de ions for
the regeneration of the anion nenbranes, cation

wo'RmPH3888S, ani on exchange material s, and the pgglis26v8/004930
exchange materials . [00150] By renoving the CCBDC and

the CM adj acent to the cathode fromthe apparatus of

FIG 2A and FIG 2B, an apparatus, with the advantages
of m ninmal electrode fouli n§6or el ect r ode degr adat i on
is illustrated schematically in FIG 3A. An ACBDC 303
may be placed on the cathode-side of the anode chanber

JQE 1 v e chamisri S0 lebddt the ACBDE. 30Bhaayfbee,
separated by a first AM 302. The ACBDC may | ncl ude
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configuration is that this prevents fouling and scaling
of the cathode chamber 252 since the cations cannot
react with anions to form insoluble scaling materials
(i.e., CaCO3, Mg(OH),, etc.). The cations cannot

travel toward the anode because of the influence of the
applied electric field. Therefore, the cations may be
effectively removed in the CDC 248 or contained in the
CCC 250 until they are flushed from the system by the

waste liquid stream that removes ions from the CCC 250.

[00148] Water splitting occurs in the CBDC 246 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the CBDC 246
serves to regenerate the second AM 245 that separates
the CBDC 246 from the ADC 244 as well as the second

CM 247 that separates the CBDC 246 from the adjacent
CDC 248. Additionally, hydronium ions generated by the

water splitting are attracted to the cathode and enter



cat hode chanber includes a cathode therein. [00151] In

FIG 3A, the majority of the contam nant ions may be
wodnesM3ossot 0 t he CBCC 307. The ACBDC 303 may SeCTAISag08/004930

the final ion depletion chanber. As the product |iquid

passes through the ACBDC 303, residual contam nant

ani ons nmay be renoved into the anode chanber 301.

Since the majority of contami’hant ani ons nay be

renmoved by the ADC 309, the trace anpunts of residua

ani ons renoved by the ACBDC 303 and into the anode

ctraizetj a3 tM ¢DC i 8 celusee stigay f meganbeekbéfkeradee in

degradati on. The apparatus as illustrated.in FIG, 3A
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el ectrodei oni zation utilizing the appara?us as
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attracted to the cathode under the influence of the

&pphediel ectric field and may be allowed to pass

t hrough a second cation exchange nenbrane 306 and into

the CBCC 307. The contam nant cations nmay be renbved

fird@h4%e syBiemppatdeuCBatd 3ethdieofatisend lane tratt ed
al | qwed t o, pass rough a second_AM_308.t hat def.i nes
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the applied electric field. Therefore, the cations may
Fdlefdrmaiatalses ontré @ edhe ncahbodecandoangdei chanbders

%ﬁgfﬁhﬂ§m%%é{§gnthe contaminant ions and water

splitting in the composite or doped bed depletion
chambers generates hydronium and hydroxide ions for the
regeneration of the anion membranes, cation membranes,
anion exchange materials, and the cation exchange

materials.

[00150] By removing the CCBDC and the CM adjacent to
the cathode from the apparatus of FIG. 2A and FIG. 2B,
an apparatus, with the advantages of minimal electrode
fouling or electrode degradation is illustrated
schematically in FIG. 3A. An ACBDC 303 may be placed
on the cathode-side of the anode chamber 301. The
anode chamber 301 and the ACBDC 303 may be separated by
a first AaM 302. The ACBDC may include therein a mixed
ion exchange material, or a doped anion exchange
material, or a doped cation exchange material. A

CDC 305 may be placed on the cathode-side of the

ACBDC 303. The ACBDC 303 and the CDC 305 may be



the systemby the waste liquid streamthat renoves
ions fromthe CBCC 307. The liquid exiting the CDC 305

womys/Fasdoar gely free of cationic contam nati opctidX3ddsabaeso
Fol | owi ng the passage through 305, the liquid is then

fl owed through the ADC 309. The ADC 309 may be capabl e
of effectively renoving contam nant anions fromthe
liquid stream The anions arBattracted to the anode
under the influence of the applied electric field and
may be allowed to pass through a second ani on exchange
red et B8y andf ins o Che3 CBCC BRAé. chbe tgpaicanilyant

ani ons_ may be renoved fromthe systemin the CBCC 307.
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the anions may be effectively_ renoved in the ADC 309
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cathode chamber includes a cathode therein.

[00151] In FIG. 3A, the majority of the contaminant
ions may be drawn into the CBCC 307. The ACBDC 303 may
serve as the final ion depletion chamber. As the
product liquid passes through the ACBDC 303, residual
contaminant anions may be removed into the anode
chamber 301. Since the majority of contaminant anions
may be removed by the ADC 309, the trace amounts of
residual anions removed by the ACBDC 303 and into the
anode chamber 301 will not cause significant electrode
degradation. The apparatus as illustrated in FIG. 3A
may be operatéd in continuous mode or in intermittent

mode.

[00152] A method for performing electrodeionization
utilizing the apparatus as illustrated in FIG. 3A

comprises first causing the liquid to be deionized to



first AM 302 and may be renoved fromthe liquid. The
remai ning cations are attracted toward the cathode

wouwaekersoigoe i nfl uence of the applied electric fpicghg2803@04930
may be allowed to pass through a first CM 304 into the

adj acent CDC 305. The CDC 305 typically includes
therein cation exchange materials and nay be effective
at renoving the contani nant “@ations . The cations may
be allowed to pass through a second cati on exchange
menbrane 306 and into the CBCC 307. The contam nant
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rein a mxed ion exch ange maieria
anrpugxchangsomhtar i 208 ohaa deﬁedesathencaxhbdﬁgelde
mat erial . The water spllttlng in the ACBDC_303 may
& 1g FEEgetitt at e RheCR H SRS ARPBBO tt 55?V§ép§P§’la€§ the

téﬁ%dgjﬂgééﬁgéféf”%ﬁ@elﬁﬁPgsnégaH?eEhgoé 838l b1d%cric
the first CM 304 that separates the ACBD8 303 fromthe

ddjedlcbnt T SOore Addhei oanloyps hgdr bei edmfeotdvely
%p%£§g§ghk§htéﬁévﬁgé6 §8%i££L99 %ﬁgyaggga%&%%ht% from
the system by the waste liquid stream that removes ions
from the CBCC 307. The liquid exiting the CDC 305 may

be largely free of cationic contamination.

[00153] Following the passage through 305, the liquid
is then flowed through the ADC 309. The ADC 309 may be
capable of effectively removing contaminant anions from
the liquid stream. The anions are attracted to the
anode under the influence of the applied electric field
and may be allowed to pass through a second anion
exchange membrane 308 and into the CBCC 307. The
contaminant anions may be removed from the system in
the CBCC 307. The anions are not allowed to pass
through a second CM 306 that defines the anode-side of
the CBCC 307 and into the CDC 305. One benefit of this
configuration is that this prevents degradation of the
anode chamber 301 since anions cannot enter the anode

chamber. The anions cannot travel toward the cathode



the cathode and may enter the adjacent CDC 305 where

they nmay be effective in regenerating the cation
woexehaoge naterial contained therein. [00156] p&raishens 004930

met hod (not shown) for perform ng el ectrodei onization

utilizing the apparatus as illustrated in FIG 3A

conprises first causing the liquid to be deionized to

fl ow t hrough the ADC 309. TR& ADC 309 may be capable

of effectively renoving contam nant anions fromthe

liquid stream The anions are attracted to the anode
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in the ADC 309 or contained in the CBCC 307 until they

are flushed fromthe systemby the waste |iquid stream
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first AM 302 and may be removed from the ligquid. The
remaining cations are attracted toward the cathode
under the influence of the applied electric field and
may be allowed to pass through a first CM 304 into the
adjacent CDC 305. The CDC 305 typically includes
therein cation exchange materials and may be effective
at removing the contaminant cations. The cations may
be allowed to pass through a second cation exchange
membrane 306 and into the CBCC 307. The contaminant
cations may be removed from the system in the CBCC 307.
The cations are not allowed to pass through a second
AM 308 that defines the cathode-side of the CBCC 307.
The cations cannot travel toward the anode because of
the influence of the applied electric field.
Therefore, the cations may be effectively contained in
the CBCC 307 until they are flushed from the system by
the waste liquid stream that removes ions from the

CBCC 307. The liquid exiting the ACBDC 303 may have a



CM 306 and into the CBCC 307. The contam nant cations
may be renoved fromthe systemin the CBCC 307. The

woadgngoare not allowed to pass through a seeefadisidds/004930
308 that defines the cathode-side of the CBCC 307. The

cations cannot travel toward the anode because of the
i nfl uence of the applied electric field. Therefore,
the cations may be effectivdly contained in the CBCC
307 until they are flushed fromthe system by the
waste |iquid streamthat renoves ions fromthe CBCC
IeducHe lawyl b eXrdimoathenEnd06athynberkaageky to
free of cationic contam nation. [00158] Follow ng the

F88s dge RGN HB5L D tHeF $#%uid is then flowed through
the ACBDC 303. The ACBDC 303 may be capabl e of

renmovi ng both anions and cations . The remaining
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they may be effective in regenerating the cation

exchange material contained therein.

[00156] Another method (not shown) for performing
electrodeionization utilizing the apparatus as
illustrated in FIG. 3A comprises first causing the
liquid to be deionized to flow through the ADC 309.
The ADC 309 may be capable of effectively removing
contaminant anions from the liquid stream. The anions
are attracted to the anode under the influence of the
applied electric field and may be allowed to pass
through a second AM 308 and into the CBCC 307. The
contaminant anions may be removed from the system in
the CBCC 307. The anions are not allowed to pass
through a second CM 306 that defines the anode-side of
the CBCC 307 and into the CDC 305. The anions cannot
travel toward the cathode because of the influence of

the applied electric field. Therefore, the anions may



travel toward the anode because of the influence of
the applied electric field. Therefore, the cations may

woRgogfihgeti vel y contained in the CBCC 307 unt iplerid¥@y0s/004930
are flushed fromthe systemby the waste |iquid stream

that renoves ions fromthe CBCC 307. The liquid
exiting the ACBDC 303 may have a reduced |evel of both
ani ons and cations relative &% the in- comng |iquid
stream [00159] Water splitting occurs in the ACBDC
303 since it may include therein a m xed i on exchange
et erfifadgt iorelay dogeckyadi bn ekehAange3 oAt eri abntainad in
doped._cati.on exchange mat eri al.., The water S%@Ittln in
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ions ene ated by the wate are attracted to

Ry Gt o CORERRINAE AR Coc 305 aher e

they nay be effective in regenerating the cation
exchange nmaterial contained therein.[00160] FIG 3B
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chanber 320. The anode chanber includes an anode

tfHerled mnArmap® 3221 hayedetpl need chrphghcat sedensi de
‘Hﬁtiﬁ%fgggeh%9§”9ﬁg éggc ?B?.aneﬁg contaminant cations

may be removed from the system in the CBCC 307. The
cations are not allowed to pass through a second AM 308
that defines the cathode-side of the CBCC 307. The
cations cannot travel toward the anode because of the
influence of the applied electric field. Therefore,
the cations may be effectively contained in the

CBCC 307 until they are flushed from the system by the
waste liquid stream that removes ions from the CBCC
307. The liguid exiting the CDC 305 may be largely

free of cationic contamination.

[00158] Following the passage through 305, the liquid
is then flowed through the ACBDC 303. The ACBDC 303
may be capable of removing both anions and cations.

The remaining anions are attracted to the adjacent
anode chamber 301 under the influence of the applied
electric field and may be allowed to pass through a

first AM 302 and may be removed from the liquid. The



chanber 320 and the ADC 322 may be separated by a
first AM 321. The ADC typically includes therein a
wohospgeszeous vol une of ani on exchange mat eri alpcr/ud2608[064930

324 may be placed on the cat hode-side of the ADC 322.

The ADC 322 and the CBDC 324 may be separated by a
second AM 323. The CBDC may include therein a m xed

i on exchange material, or a8oped ani on exchange
material, or a doped cation exchange material. A CDC

326 may be placed on the cathode-side of the CBDC 324.
TemaGBRG g3 24 tanh d heer £0G: S26c vyt bewsefathtedahbiiocde

first CM 325. The CDC typjcally_includes therein_a
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apparatus as iTlustrated in conprises first
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i nfluence of the applied electric field and nmay be
dnaoidd tawarad stharauehe abeseennad of the influence of the

applied electric field. Therefore, the cations may be
effectively contained in the CBCC 307 until they are
flushed from the system by the waste liquid stream that
removes ions from the CBCC 307. The liquid exiting the
ACBDC 303 may have a reduced level of both anions and

cations relative to the in-coming liquid stream.

[(00159] Water splitting occurs in the ACBDC 303 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the

ACBDC 303 may serve to regenerate the AM 302 that
separates the ACBDC 303 from the anode chamber 301 as
well as the first CM 304 that separates the ACBDC 303
from the adjacent CDC 305. Additionally, hydronium
ions generated by the water splitting are attracted to
the cathode and may enter the adjacent CDC 305 where
they may be effective in regenerating the cation

exchange material contained therein.



cati on exchange nenbrane 327 and into the CCBCC 328.
The contam nant cations may be renoved fromthe system

WO 2008/138566CBCC 328. The cations are not al |l owegcrauRarRi04930
through a third AM 329 that defines the cathode-side

of the CCBCC 328. The cations cannot travel toward the
anode because of the influence of the applied electric
field. Therefore, the catiorf? may be effectively
contained in the CCBCC 328 until they are flushed from
the systemby the waste liquid streamthat renoves

.ions fromthe CCBCC 328. The liquid exiting the CDC
326 na be largely free of cationic_contani nation,

] FolT i mP t helpakkabest ARoRRR 3pBarahys| ithgitd may
'b%t Jdwed threpgh she, ADe 8Re. Ehsré 342 Ry be

capabl e of effectively renoving con am nant ani ons
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anionic contamnation . [00163] Follow ng the passage

trasiepr 3320 am@ thquheCi s22heayf bewseprelmadeghbvhe first
%P%Z'B_LZ.LL ’Flbg %%f’cﬁiy includes therein a

homogeneous volume of anion exchange material. A
CBDC 324 may be placed on the cathode-side of the

ADC 322. The ADC 322 and the CBDC 324 may be separated
by a second AM 323. The CBDC may include therein a
mixed ion exchange material, or a doped anion exchange
material, or a doped cation exchange material. A

CDC 326 may be placed on the cathode-side of the

CBDC 324. The CBDC 324 and the CDC 326 may be
separated by a first CM 325. The CDC typically
includes therein a homogeneous volume of cation
exchange material. A CCBCC 328 may be placed on the
cathode-side of the CDC 326. The CDC 326 may be
separated from the CCBCC 328 by a second CM 327. The
CCBCC 328 may include therein a mixed ion exchange
material, or a doped anion exchange material, or a
doped cation exchange material. The CCBCC 328 may be
separated from the cathode chamber 330 by a third



be capabl e of renoving both anions and cations . The
remai ni ng anions are attracted to the adjacent ADC 322
wounekersoigoe i nfluence of the applied electric fpicghd2e804930
may be allowed to pass through a second AM 323 and nay
be renoved fromthe liquid. The renmai ning cations are
attracted toward the cathode under the influence of
the applied electric field &% may be all owed to pass
through a first CM 325 into the adjacent CDC 326. The
CDC 326 typically includes therein cation exchange
BBt erical s Tl deyhdide efliabéw einadlu@ed®vangathede
cont ani nant cations. The cations nmay be allowed to
ESE S M-ough a second cation exchange menbrane 327 and
into the CCBCC 328. The contam nant cations may be
renmoved fromthe systemin the CCBCC 328. The cations
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in the CCBCC 328. The cations are not allowed to pass
through a third AM 329 that defines the cathode-side of
the CCBCC 328. The cations cannot travel toward the
anode because of the influence of the applied electric
field. Therefore, the cations may be effectively
contained in the CCBCC 328 until they are flushed from
the system by the waste liquid stream that removes ions
from the CCBCC 328. The liquid exiting the CDC 326 may

be largely free of cationic contamination.

[00162] Following the passage through 326, the liquid
is then flowed through the ADC 322. The ADC 322 may be
capable of effectively removing contaminant anions from
the liquid stream. The anions are attracted to the
anode under the influence of the applied electric field
and may be allowed to pass through a first AM 321 and
into the anode chamber 320. The contaminant anions may

be removed from the system in the anode chamber 320.



separates the ADC 322 fromthe CBDC 324 as well as the
first CM 325 that separates the CBDC 324 fromthe

woadjaeessp CDC 32 6 . Hydroxi de ions gener at ed ploy/ushens/004930
water splitting are attracted to the anode and may
enter the adjacent ADC 322 where they may be effective
in regenerating the anion exchange material contained
therein. Additionally, hydréﬁiun1ions generated by the
water splitting are attracted to the cathode and may
enter the adjacent CDC 32 6 where they may be
aﬂfeecctaitm'e)rim amegenetr adl hgwefietocapasa ehrbaggearm&ebm]
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asillustrated in FIG 3B conprises first causing the
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@g%gg%;gggg&@y be capable of effectively renoving

contam nant anions fromthe |iquid stream The anions-
are attracted to the anode under the influence of the
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in the anode chanber 320. The ani ons cannot travel
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remaining anions are attracted to the adjacent ADC 322
under the influence of the applied electric field and
may be allowed to pass through a second AM 323 and may
be removed from the liquid. The remaining cations are
attracted toward the cathode under the influence of the
applied electric field and may be allowed to pass
through a first CM 325 into the adjacent CDC 326. The
CDC 326 typically includes therein cation exchange
materials and may be effective at removing the
contaminant cations. The cations may be allowed to
pass through a second cation exchange membrane 327 and
into the CCBCC 328. The contaminant cations may be
removed from the system in the CCBCC 328. The cations
are not allowed to pass through a third AM 329 that
defines the cathode-side of the CCBCC 328. The cations
cannot travel toward the anode because of the influence
of the applied electric field. Therefore, the cations
may be effectively contained in the CCBCC 328 until
they are flushed from the system by the waste liquid



applied electric field. Therefore, the anions may be
effectively renoved in the ADC 322 or contained in the
woaoeigoghanber 320 until they are flushed fromctrig2008/004930
system by the waste liquid streamthat renoves ions
fromthe anode chamber 320. The liquid exiting the ADC
322 may be largely free of anionic contam nation.
[00167] Fol | owi ng the passad¥ t hrough 322, the liquid
is then flowed through the CDC 326. The CDC 326 may be
capabl e of effectively renoving contam nant cations
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cations may be renoved fromthe systemin the
34guithetomdmns are not allowed to pass through a
third AM 329 that defines the cathode-side of the
CCBCC 328. The cations cannot travel toward the anode
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water splitting are attracted to the anode and may
enter the adjacent ADC 322 where they may be effective
in regenerating the anion exchange material contained
therein. Additionally, hydronium ions generated by the
water splitting are attracted to the cathode and may
enter the adjacent CDC 326 where they may be effective
in regenerating the cation exchange material contained

therein.

(00165] In FIG. 3B, cations may be drawn into the
CCBCC 328 and are removed from the system by -the waste
liquid stream. The CBDC 324 may serve as the final ion
depletion chamber. The apparatus as illustrated in
FIG. 3B may be operated in continuous mode or in

intermittent mode.

[00166] Another method (not shown) for performing

electrodeionization utilizing the apparatus as



be renoved fromthe |iquid. The remai ni ng ani ons may
then pass through AM 321 and into anode chanber 320.

wohogs/1365881 ni ng cations are attracted toward t heragbiR®64930
under the influence of the applied electric field and

may be allowed to pass through a first CM 325 into the
adj acent CDC 326. The CDC 326 typically includes
therein cation exchange mat &9 al s and may be effective
at renoving the contam nant cations . The cations may
be allowed to pass through a second CM 327 and into.
tiha USERGE s 8.n HIE: CO3B addmehi seat £ OASt meyubenterbeed
fromthe s%%%enyin t he CCBCC 328. The catjons are not
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doped cation exchange material. The water splitting in
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as well as the first CM 325 that separaies the
CBIC 324/ ¢ normenevedj Beebhe CAOC3282and Chh82ined in the

drpxi de i,ons erate the_water lLitting, are
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system by the waste liquid stream that removes ions
from the anode chamber 320. The liquid exiting the

ADC 322 may be largely free of anionic contamination.

[00167] Following the passage through 322, the liquid
is then flowed through the CDC 326. The CDC 326 may be
capablé of effectively removing contaminant cations
from the liquid stream. The cations are attracted to
the cathode under the influence of the applied electric
field and may be allowed to pass through a second

CM 327 and into the CCBCC 328. The contaminant cations
may be removed from the system in the CCBCC 328. The
cations are not allowed to pass through a third AM 329
that defines the cathode-side of the CCBCC 328. The
cations cannot travel toward the anode because of the
influence of the applied electric field. Therefore,
the cations may be effectively contained in the

CCBCC 328 until they are flushed from the system by the



anode and may enter the adjacent ADC 322 where they
may be effective in regenerating the ani on exchange

womedgzrsosdy cont ai ned therein. Additionally, hygcansdons 004930

ions generated by the water splitting are attracted to
the cathode and may enter the adjacent CDC 326 where
they may be effective in re%tneratlng the cation
exchange material contai ned%herein. [00170] The
apparatus illustrated in FIG 3C conprises an anode
chanmber 340. The anode chanber includes an anode
therel N.igdn ARE 3 nEya ber ghaces bong héroat hhde- si de

of the a ode er 340. The anode cha r 340 and
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The remaining cations are attracted toward the cathode
under the influence of the applied electric field and
may be allowed to pass through a first CM 325 into the
adjacent CDC 326. The CDC 326 typically includes
therein cation exchange materials and may be effective
at removing the contaminant cations. The cations may
be allowed to pass through a second CM 327 and into the
CCBCC 328. The contaminant cations may be removed from
the system in the CCBCC 328. The cations are not
allowed to pass through a third AM 329 that defines the
cathode-side of the CCBCC 328. The cations cannot
travel toward the anode because of the influence of the
applied electric field. Therefore, the cations may be
effectively contained in the CCBCC 328 until they are
flushed from the system by the waste liquid stream that
removes ions from the CCBCC 328. The liquid exiting
the CBDC 324 may have a reduced level of both anions

and cations relative to the in-coming liquid stream.



material, or a doped anion exchange material, or a
doped cati on exchange material. The CCC 348 may be

woemasadsed from the cat hode chanber 350 by a tplipud2688004930
349. The cat hode chanber includes a cathode therein.

[00171] A nethod for perform ng el ectrodei onization
utilizing the apparatus as illustrated in FIG 3C
conprises first causing the9G quid to be deionized to

flow through the CDC 346. The CDC may be capabl e of
effectively renoving contam nant cations fromthe
I[ioguied Ist r emverT e ot t DG eceunstfAactrd €BDChB24 since
cat hode .under_the inf]uence of the applied electricg
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liquid stream The anions are attracted to the anode
medear tene ¢oritalare@ ofherdenapphfddtepnsitve hiydirgnium
ions generated by the water splitting are attracted to
the cathode and may enter the adjacent CDC 326 where
they may be effective in regenerating the cation

exchange material contained therein.

[00170] The apparatus illustrated in FIG. 3C
comprises an anode chamber 340. The anode chamber
includes an anode therein. An ADC 342 may be placed on
the cathode-side of the anode chamber 340. The anode
chamber 340 and the ADC 342 may be separated by a fifst
AM 341. The ADC typically includes therein a
homogeneous volume of anion exchange material. A

CBDC 344 may be placed on the cathode-side of the

ADC 342. The ADC 342 and the CBDC 344 may be separated
by a second AM 343. The CBDC may include therein a
mixed ion exchange material, or a doped anion exchange
material, or a doped cation exchange material. A

CDC 346 may be placed on the cathode-side of the

CBDC 344. The CBDC 344 and the CDC 346 may be



and may be allowed to pass through a first AM 341 and
into the anode chanber 340. The contam nant ani ons nay
wogogsoyded fromthe systemin the anode chaniper/34648/004930

The cations are not allowed to pass through a second
AM 343 that defines the cathode-side of the ADC 342
and into the CBDC 344. The ani ons cannot travel toward
t he cat hode because of the i%¥ | uence of the applied
electric field. Therefore, the anions may be
effectively renoved in the ADC 342 . The liquid
edddrig ddh e ARC BidZs tregmb@4bar gehy €peetobianilali
contan1nat|on .. [00173] Follow ng the passage .through
AL QQﬁ§IqQﬁH?PWs@t?@m0$?6ﬁEHStHPéH@ﬁ PheceBbEn344.

(e e dmyabe capabbeseh heporLng1heLh 8al ehe
an catlons e remaining anions are attracted to the
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electric field d b | ] owed to pass._thraqugh
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liquid. The remaining cations are attracted toward the

catiifad exfitRnge Heate¥iakncerop hhmogpperug wodems of
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intecd eircliess] 1 her ea "depéd oain exnharghangkbemaaksiand m&yabe
eff%%ilve at renmoving the contan nant cati gns .
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[00171] A method for performing electrodeionization

utilizing the apparatus as illustrated in FIG. 3C
comprises first causing the liquid to be deionized to
flow through the CDC 346. The CDC may be capable of
effectively removing contaminant cations from the
liquid stream. The cations are attracted to the
cathode under the influence of the applied electric
field and may be allowed to pass through a second
cation exchange membrane 347 and into the CCC 348. The
contaminant cations may be removed from the system in
the CCC 348. The cations are not allowed to pass
through a third AM 349 that defines the cathode-side of
the CCC 348. The cations cannot travel toward the
anode because of the influence of the applied electric
field. Therefore, the cations may be effectively
contained in the CCC 348 until they are flushed from

the system by the waste liquid stream that removes ions



cat hode-si de of the CCC 348. The cations cannot travel
toward the anode because of the influence of the

woap/i3eskoel ectric field. Therefore, the cati opgTiEBd3R04930
effectively contained in the CCC 348 until they are

flushed fromthe systemby the waste |iquid stream
that renoves ions fromthe CCC 348. The liquid exiting
the CBDC 344 may have a reddced |evel of both anions
and cations relative to the in-comng |iquid stream
[00174] Water splitting occurs in the CBDC 344 since
iftromytHenadaale3 4dher eTie al hirxed erit exghahgecpat 8dbahay
or a doped ani on exchange mterial, or a doped cation
hatierealof THRE iRk er SPPFRPFRGELATt he CBDC 344

may serve to regenerate the second AM 343 t hat
separates the first ADC 342 fromthe CBDC 344 as wel |
d9aI ¥ i r HFolOWBikig t hlae mapataeeshtbegliBBE6344hkr diquid

t.he adj acent 346. Hydr oxj L ons gener d t he
ﬁéiéﬁl RRaEA %9%@?r5%?e%8?og?ge aﬁgﬁeg§§d3aéymay be
AL I & Rk BESHE 1 YOG, f FesbvBAd whatamiAaytMBYiBes from
effective in regenerating the ani on exchange nateri al

¢ dlidtedid heveeam. AdBRe| @haPny, aRgdrERFaRTPENSO the
STRALEDEY L0 IR SLoR0 LUk, Aol el B 0 B era

tehey negy dee ed T bovéd et o npaegenbratohgat fiérsat AMN 341 and
exchange materi al contaiggg t her ei n. EOOl?S Anot her
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Hd | izhdded her aRPakat ¥9s88mi EhusheahREakn chhfbe3C340.
conprises first causing the liquid to be deionized to

ity et oogh ahe POC 342owghetADDRS42thupubd eapsisioad
(ﬂﬁegifcéﬁgglge Eggglgge cathode-side of the ADC 342 and

into the CBDC 344. The anions cannot travel toward the
cathode because of the influence of the applied
electric field. Therefore, the anions may be
effectively removed in the ADC 342. The liquid exiting
the ADC 342 may be largely free of anionic

contamination.

[00173] Following the passage through 342, the liquid
is then flowed through the CBDC 344. The CBDC 344 may
be capable of removing both anions and cations. The
remaining anions are attracted to the adjacent ADC 342
under the influence of the applied electric field and
may be allowed to pass through a second AM 343 into

ADC 342 and may pass through AM 341 into anode

chamber 340 and may be removed from the liquid. The
remaining cations are attracted toward the cathode
under the influence of the applied electric field and

may be allowed to pass through a first CM 345 into the



contam nant anions fromthe |liquid stream The anions
are attracted to the anode under the influence of the

woap/i3eskoel ectric field and may be al | owed t o pREA2008/004930
through a first AM 341 and into the anode chanber 340.

The contam nant ani ons nmay be renobved fromthe system
in the anode chanber 340. The ani ons cannot travel
toward the cathode because df3 the influence of the
applied electric field. Therefore, the anions may be
effectively renoved in the ADC 342 or contained in the
arﬂ)_)chscemarﬂm 340. unthé Chey3asetiplishedyf namliides
stem by the waste |iquid streamthat. renoves iaons
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[00176] FolTow ng the passage through 342, the |liquid

ik talrﬂe]rpwekcibv\ie@ mmsughrohghmedﬁndmy @@(Z 34361 renccheche
fectlvel Vi cont am ant cati
faBe s O B et i thotab Bl al. BE ket yom
thes C@M@ underetbeci Bhiuengaeotathenappirieethot allowed
electric field and may be allowed to pass through a
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e catrons are not a to pass through a
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348 unti | ey are flushed fromthe systemby t
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348, The 1341 £-6x1 HL0ICERS30BC 3R S d 28Thg the
CBDC 344 may have a reduced level of both anions and

cations relative to the in-coming liquid stream.

[00174] Water splitting occurs in the CBDC 344 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the CBDC 344
may serve to regenerate the second AM 343 that
separates the first ADC 342 from the CBDC 344 as well
as the first CM 345 that separates the CBDC 344 from
the adjacent CDC 346. Hydroxide ions generated by the
water splitting are attracted to the anode and may
enter the adjacent ADC first 342 where they may be
effective in regenerating the anion exchange material
contained therein. Additionally, hydronium ions
generated by the water splitting are attracted to the
cathode and may enter the adjacent CDC 346 where they



cationic contam nation. [00177] Foll ow ng the passage
through 346, the liquid is then flowed through the

woGhidG3e4kd. The CBDC 344 mamy be capabl e of renpyirig2608lohs930
ani ons and cations . The renmining anions are

attracted to the adjacent ADC 342 under the influence
of the applied electric field and nay be allowed to
pass through a second AM 34%4and nmay be renoved from
the liquid. The remaining cations are attracted toward
the cat hode under the influence of the applied

alagCclod efffeitd vwndinmayedenatdoieg thepasasidbhr esghange
first CM 345 into the adj acent CDC 346. The CDC 346
fAsiecHaly Gy tHeef cati on exchange material s
and may be effective at renoving the contam nant
cations. The cations may be allowed to pass through a
dEOAND ICM Fio tHrar inmgthadhe (IBOC SUGwn Théoropeafibmanng

t b . d f th t i n_the CCC 348.
B A BTHOTH AR ™ o oWkt 29 PAS s PRPBAGHa2Ehi rd AM
349 Udtadef ineride vatbodsrssde ofirshec&GEi348cnhe

cations cannot_travel toward the anode because of the
iifauichde® dfe tdri eppte@dt el £EPYi EnFpupl. thiReABFoBE2 .

915 58 0, B, 2 FoalRl ol SRRLRLTE R B e
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The liquid exjting the CBDC 344 may, haye r educed
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IR G 1 d A O St EBMN 2 h80RLP] p¥aL e 0Bl Ebi BAss

occurs in the CBDC 344 since it may include therein a
ribredidlore eidatethgd i braadl, inkoatbepadodei chasbelralddged .
'Hﬁéﬂgéﬁtaﬁ¥n§hék)§§%§§I$§§ be removed from the system
in the anode chamber 340. The anions cannot travel
toward the cathode because of the influence of the
applied electric field. Therefore, the anions may be
effectively removed in the ADC 342 or contained in the
anode chamber 340 until they are flushed from the
system by the waste liquid stream that removes ions
from the anode chamber 340. The liquid exiting the

ADC 342 may be largely free of anionic contamination.

[00176] Following the passage through 342, the liquid
is then flowed through the CDC 346. The CDC 346 may be
capable of effectively removing contaminant cations
from the liquid stream. The cations are attracted to
the cathode under the influence of the applied electric
field and may be allowed to pass through a second

CM 347 and into the CCC 348. The contaminant cations
may be removed from the system in the CCC 348. The

cations are not allowed to pass through a third aAM 349



exchange material. The water splitting in the CBDC 344
may serve to regenerate the second AM 343 t hat
wOo0ir3a380Ss t he CBDC 344 fromthe ADC 342 as welcl/ia0ds/ne4930
first CM 345 that separates the CBDC 344 fromthe
adj acent CDC 346. Hydroxi de ions generated by the
water splitting are attracted to the anode and nay
enter the adjacent ADC 342 Were they may be effective
in regenerating the ani on exchange material contained
therein. Additionally, hydroniumions generated by the
wahiaer &fiiridd ntharea @iddacs ede t of t ke catbodegand Thay
enter the adjacent CDC 346 where the¥[ﬁga be effective
e

57 egen Sty TRV eht FOrREX cHaRgRn PERUEBNPAI FEE
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[lTustrated in FIG 3A-C address the el ectrode fouling
atﬂn@ icat iotsharge bmgeﬁﬁmtmebyo@bemlsedcent hbe CCC 348

el ectr chanb ive a reduced quanti of t
EdoiE, Aonet TS Erofof fE L Fra Pl PHe -bgnsasiee
aqdnﬂeplsaiﬁémn chaibersm@easr ades bydnophentand348. The
hydr oxi de ions for the regenerau on of the anion

rEERYidh &X 1 g drheretlF ah®? , mavidbehkatgeilvnfegehakge

4l s fﬁ& s’hgé ssed for the apparatus
ttglsdtrf;iate I n Cg,&rlljand FIG 2B, the CBCC 207 may be

used to remove the cations and thus mnim zes scaling
0 o ehaber, Q91901 S L Log, BRe oLEeY L2 o
ARPHHAHAISE I dubdts 18 Syt ntﬁé(%gﬂé\ 3ihe AGRECcand tzla@ Ay
adj acent to the anode fromthe apparatus of FIG

v @bl ¢ veemeelng dppvledanions and cations. The
remaining anions are attracted to the adjacent ADC 342
under the influence of the applied electric field and
may be allowed to pass through a second AM 343 and may
be removed from the liquid. The remaining cations are
attracted toward the cathode under the influence of the
applied electric field and may be allowed to pass
through a first CM 345 into the adjacent CDC 346. The
CDC 346 typically includes therein cation exchange
materials and may be effective at removing the
contaminant cations. The cations may be allowed to
pass through a second CM 347 and into the CCC 348. The
contaminant cations may be removed from the system in
the CCC 348. The éations are not allowed to pass
through a third AM 349 that defines the cathode-side of
the CCC 348. The cations cannot travel toward the
anode because of the influence of the applied electric
field. Therefore, the cations may be effectively

contained in the CCC 348 until they are flushed from

the system by the waste liquid stream that removes ions



[00181] The apparatus illustrated in FIG 4A conprises
an anode chanber 401. A CDC 403 may be placed on the

woRbddspsi de of the anode chanber 401. The anp@gRIS2008/004930
chanber 401 and the CDC 403 may be separated by a

first CM402. The CDC 403 typically includes therein a
honogeneous vol une of cation exchange material. A CBCC
405 may be placed on the cat%fode-side of the CDC 403.
The CDC 403 and the CBCC 405 may be separated by a
second CM 404. The CBCC 405 may include therein a

firced dien o idge neherladuidreridopgdtael gpDeEXGRaAngRy
material ,_ or a doped catjon exchange material . An

R @7 nRAPRE platet oh PRENCARRBRE- 8PdeCf1PRE CBCC

4Q3.5 iR %f@iﬁﬂ&ﬁbﬁ%A%é% BBy chg separated by
a first AM 406. The ADC 407 typically includes therein

a honogeneous vol une of ani on exchange material. A

09 be placed. on the cathodessi f .t he ADC
ST AR SR Se a0 tRay Phe CoBba ddod By
a t5 o8N 0 rAM S . t Héee GEBDGn4Q8amayni Bekudagthek@icrial,

m xed |1on exchange material, or a doped anion exchange
Rt & idRed Al P pRECRARIBNNekehafge AHt &r dePedTik@tion

St SO T T Eornb el SRETHERAE IRIREE Bbt 344
cahhcdertdharei rneg¢@i82¢ Thesseesublt aMi @4a8n tappar at us
with the advant(i%e

es ini mal . el ectrqode fouling or
SRR doiF s ohl4 THEOECEBE 405 dy 48t edd e the
fiinadt i@n Aepl @ld©ns §harkeest ehet BBDRT 8AUCTE rbohd¥ind
Most contami nant ions may be renoved into the CBCC
#Qblaggnt (ARG ohkd pr eBe@drokhdehaopesodaverkitgdi tyafther
t&&%é¥x%§%§kting are attracted to the anode and may
enter the adjacent ADC 342 where they may be effective
in regenerating the anion exchange material contained
therein. Additionally, hydronium ions generated by the
water splitting are attracted to the cathode and may
enter the adjacent CDC 346 where they may be effective
in regenerating the cation exchange material contained

therein.

[00179] The apparatus and methods of use illustrated
in FIG. 3A-C address the electrode fouling and ion
exchange degradation problems since the electrode
chambers receive a reduced quantity of the contaminant
ions and water splitting in the composite bed depletion
chambers generates hydronium and hydroxide ions for the
regeneration of the anion membranes, cation membranes,
and the cation exchange materials. As was discussed

for the apparatus illustrated in FIG. 2A and FIG. 2B,



may be renoved by the CCBDC 409 and exit into the

cat hode chanber. Since the quantity of cations being
woressessoi nt o t he cat hode chanber may be very pemalske08/004930

scaling in the cathode chanber may be insignificant.

[00183] The apparatus illustrated in FIG 4A is al so

advant ageous when deionizin% liquids wth high

concentrations of chloride Pdns I n conventional ED

appar atuses where the anions nay be renoved through

t he anode chanber, oxidation may occur wherein

cthlkeoCBdE Q@WImaynbeﬂﬂﬁﬁﬂttb(iémm¢®ethehtatibﬁs and thus

hypochlorlte others . This cause degradation
Bf- e fe 265 S g Eﬁﬁa?ﬁﬁﬁ?@%ngg?%ﬁeﬁs i |l ustrated

in FIG 4A may renove the mgjority of the anions
t hrough the CBCC chanber, thus resolving the issues
d@@é@@ﬂ inSﬂmmlaﬂnapp&ﬁaﬁwﬂeiiloa@b@raBﬂs@sareThe

|II rat n FLG _4A may_be, operated in
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the apparatus as illustrated in FIG 4A conprises
ﬁ.q@ecmd@ fem | i PRI MeuelePbnF E6d 2Bf pBG FIG. 2B

% éﬁﬂ%éﬁ%}e 403. The CDC 403 nmay be capabl e of
fecti y renovi ng contam nant cations fromthe

liquid stream The cations are attracted to the

t under the influence of the applied electric
RO L " e AT T o PReEe trobBht Socelbng v
%ﬁ%ééﬂt&l o dBEh 4BSer ThE1 ConAa@b@a@m CﬁtayOB% may
be renoved fromthe systemin the CBCC 40
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by a first CM 402. The CDC 403 typically includes
therein a homogeneous volume of cation exchange
material. A CBCC 405 may be placed on the cathode-side
of the CDC 403. The CDC 403 and the CBCC 405 may be
separated by a second CM 404. The CBCC 405 may include
therein a mixed ion exchange material, or a doped anion
exchange material, or a doped cation exchange material.
An ADC 407 may be placed on the cathode-side of the
CBCC 405. The CBCC 405 and the ADC 407 may be
separated by a first AM 406. The ADC 407 typically
includes therein a homogeneous volume of anion exchange
material. A CCBDC 409 may be placed on the
cathode-side of the ADC 407. The ADC 407 and the

CCBDC 409 may be separated by a.second AM 408. The
CCBDC 409 may include therein a mixed ion exchange
material, or a doped anion exchange material, or a

doped cation exchange material. The CCBDC 409 may be



cations cannot travel toward the anode because of the
i nfl uence of the applied electric field. Therefore,

wolJoes/zasgoons may be effectively contained in tplag/§sB668/004930
405 until they are flushed fromthe system by the

waste |iquid streamthat renoves ions fromthe CBCC
405. The liquid exiting the CDC 403 may be largely
free of cationic contaninatih. [00185] Follow ng the
passage through 403, the liquid is then flowed through
the ADC 407. The ADC 407 may be capable of effectively
separiated dntcami anard tlapdenshémbart &gl | bguadthtir€dagM 410.
The aniqgns,are attracted to the anode _under the

TR GARPA IRl 1acL et 7] CAFReRA BRETRAD-be

all onwed to pass through a first AM 406 and into the
CBCC 405. The contam nant ani ons nmay be renoved from
tIHD 1825kt emTini s HeeCBOGS 405, aThappatrahesawethothal | owed

s e R

AHRRRI0ADI! Ty ebchpwead 09 t ey catBode bBeadseadf ibhe
infl.uence of the applied electric field. Therefore,
LafiloHs FhAMRRY cf9ectReePyofafby é4arAdt heMABE 407
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fromthe system by the waste [1quid streamthat
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ADC 407 may be.l.argely free of _anionic contam nation.
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may be capabl e of renoving both anions and cations.
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[00183] The apparatus illustrated in FIG. 4A is also
advantageous when deionizing liquids with high
concentrations of chloride ions. In conventional EDI
apparatuses where the anions may be removed through the
anode chamber, oxidation may occur wherein chloride may
be oxidized to chlorine, chlorite, and hypochlorite
among others. This may cause degradation of the EDI
apparatus. The configuration as illustrated in FIG. 4A
may remove the majority of the anions through the CBCC
chamber, thus resolving the issues present in most
conventional EDI apparatuses. The apparatus as
illustrated in FIG. 4A may be operated in continuous

mode or in intermittent mode.

[00184] A method for performing electrodeionization
utilizing the apparatus as illustrated in FIG. 4A

comprises first causing the liquid to be deionized to



electric field and may be all owed to pass through a
third CM 410 and nay be renoved fromthe |iquid. The

WO200B304s0g anions are attracted toward the anegdeusaehfoo4930
the influence of the applied electric field and may be

all owed to pass through a second AM 408 into the

adj acent ADC 407. The ADC 407 typically includes

t herein ani on exchange mater3%l s and may be effective
at retaining the contam nant anions . The ani ons may
be allowed to pass through a first AM 406 and into the
EBGCw 4rouldie woant@DE Na03 . anThescpay4be megowedchbamle
the systemin the CBCC 405. The, ani ons are not all owed

Threigh ZCRQEDRY ERPLBRIDARE dBFiARS fRem the
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tomard t he cat hod ecause of the influence of
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f (%IVG y vedl %e ADC 407 ﬁ% talned in the
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wastend ighid distd egme tddtcr gopvesThensoheamihlatCBeEions
405. The liquid exiting the CCBDC 409 nmay have a

M R TV edf L pnhthni enstandirathenSBEEl 40Pve The
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occurs in't since 1t may 1 ncl ud e€rern a
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material, or a doped cation ange material . The
o etnay TESY el teaprissaonapoe, becayse O the
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409 fromthe cathode chanber 411 as well as the second
A 08 tirns Jeparke e@ffﬁ@t@:@gm 409tﬁmmdt ha &deacent

'%%5514o5/ﬁﬁ%{iogﬁé§yar5y9£8é588 from the system by the
waste liquid stream that removes ions from the
CBCC 405. The liquid exiting the CDC 403 may be

largely free of cationic contamination.

{00185] Following the passage through 403, the liquid
is then flowed through the ADC 407. The ADC 407 may be
capable of effectively removing contaminant anions from
the liquid stream. The anions are attracted to the
anode under the influence of the applied electric field
and may be allowed to pass through a first AM 406 and
into the CBCC 405. The contaminant anions may be
removed from the system in the CBCC 405. The anions
are not allowed to pass through a second CM 404 that
defines the anode-side of the CBCC 405 and into the

CDC 403. The anions cannot travel toward the cathode
because of the influence of the applied electric field.
Therefore, the anions may be effectively removed in the

ADC 407 or contained in the CBCC 405 until they are



ions generated by the water splitting are attracted to
the anode and enter the adjacent ADC 407 where they

woeds/essef fective in regenerating the ani on e»eharRa6)8/004930
material contained therein. [00188] Another nethod

(not shown) for perform ng el ectrodeionization
utilizing the apparatus as illustrated in FIG 4A
conprises first causing thelPPquid to be deionized to
fl ow through the ADC 407. The ADC 407 may be capabl e
of effectively renoving contam nant anions fromthe

|£i1 ek B tiream t Hdh s vt @i Sbar ehat vageteditiaitihe tarade that
under the influence of the applied electrlc field and
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fromthe system I n CBCC 405. The ani ons are not
all oned to pass through a second CM 404 that defines

of. the CBCC 405 and, into.t CDC, 403.. )
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Therefore, the anions may be effectlvely renoved in

fisey ABC pRore cvhtzemeding pashcRObone5204t Clattll@@y?

i T RNe {4 AENG, SYSEEM DY, L BPUAsLE hialig 5! e

t hat rermves ons Tfrom e Ilqu eX|
tdaa- Alde Ahanieyr bell aigééy theeinflashori 6f the applled

nt am natjon._ [00189] Foll ow ng the passage.through
SO |1 i 0 (R 9P oBLUOTAROLGNERRE  EBECHS. &

%r@%ﬁ%@%@%&?p@@ ?eﬁév@fif eebinVeh¥ '.‘L%%‘é'dﬂg The

contam nant cations Tromthe I|i QUI d stream

caEmagnsing erntanacied abtrhetedt hoderdndbe ehede under
ItrﬂceI U‘e eueor];cet hoef a@t@'elaegpf 8te ectric field and may be
allowed to pass through a second AM 408 into the
adjacent ADC 407. The ADC 407 typically includes
therein anion exchange materials and may be effective
at retaining the contaminant anions. The anions may be
allowed to pass through a first AM 406 and into the
CBCC 405. The contaminant anions may be removed from
the system in the CBCC 405. The anions are not allowed
to pass through a second CM 404 that defines the
anode-side of the CBCC 405. The anions cannot travel
toward the cathode because of the influence of the
applied electric field. Therefore, the anions may be
effectively removed in the ADC 407 or contained in the
CBCC 405 until they are flushed from the system by the
waste liquid stream that removes ions from the

CBCC 405. The liquid exiting the CCBDC 409 may have a

reduced level of both anions and cations relative to

the in-coming liquid stream.



field and may be allowed to pass through a second CM
404 and into the CBCC 405. The contam nant cations may

wokeog/sosyded fromthe systemin the CBCC 405. Plag/us2008/004930
cations are not allowed to pass through a first AM 406
that defines the cathode-side of the CBCC 405. The
cations cannot travel toward the anode because of the
i nfl uence of the applied el &8tric field. Therefore,
the cations may be effectively contained in the CBCC
405 until they are flushed fromthe system by the
Vidst1e8 7 Ji qmmmtﬁreﬁpﬂihaingeunuessimnstheouCBDe @BCCsince

405. The | d exiting the, 403 may_ _be largely,
ey Soa e Steld AORIERT F00100rhaBePanERETing
raﬁssaa%gcéa C&%berffoéxclﬁ&%gé' ﬂéﬂt@rhélt hgp BI @%@dt Raugh
t he CCBDC 409. The CCBDC be capabl

m@an&y betttemid bns Bhe watEOnspllthengeM| hihﬁ!g

ik attracted Lo { he ad c
ST B AN e e Oenatals Pha Ehaly B ATa e
Fubart 4 e QVERDE 04 PASSrbmr @nghcathbdédcﬁ&&nﬁb& and as
may be renoved fromthe [iquid. The remaini ng ani ons
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terials and be effective at ai ni.ng.t he
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cont anmi nant ani ons may be renoved fromthe systemin
et aBEd 4omtaheedntBaseane not al l owed to pass
t hrough a second CM 404 that defines the

[00188] Another method (not shown) for performing
electrodeionization utilizing the apparatus as
illustrated in FIG. 4A comprises first causing the
liquid to be deionized to flow through the ADC 407.
The ADC 407 may be capable of effectively removing
contaminant anions from the liquid stream. The anions
are attracted to the anode under the influence of the
applied electric field and may be allowed to pass
through a first AM 406 and into the CBCC 405. The
contaminant anions may be removed from the system in
the CBCC 405. The anions are not allowed to pass
through a second CM 404 that defines the anode-side of
the CBCC 405 and into the CDC 403. The anions cannot
travel toward the cathode because of the influence of
the applied electric field. Therefore, the anions may
be effectively removed in the ADC 407 or contained in
the CBCC 405 until they are flushed from the system by

the waste liquid stream that removes ions from the



anode-side of the CBCC 405. The ani ons cannot travel

toward the cathode because of the influence of the
woapp/izeskoel ectric field. Therefore, the ani on®CTRAK2608/004930

effectively renoved in the ADC 407 or contained in the

CBCC 405 until they are flushed fromthe system by the

waste |liquid streamthat rennves ions fromthe CBCC

405. The liquid exiting the 1@¢BDC 409 may have a

reduced | evel of both anions and cations relative to

the in-comng liquid stream [00191] Water splitting

QmmmrﬂdantlﬂhéIIﬂKhﬂ@geximtngitheayDCnéDldmayhbeein a

xed _i on. exch e material, or ed ani on exchange
Tatlal Re BRRPOLt | S eREHARGEORmt or 1 ol . The

water splitting in the CCBDC 409 may serve to
regenerate the third CM 410 that separates the CCBDC
409 1% %dm t o lavicte thenbassagewehtronght A87setbrd lAmuld

407 b ST | R ol BeC ondCbeneF AEeibhy (LAY be

waipaiblspldf te M@t eval ¥ raehedihg tbatamodanandaeniess
t he adj.acent ADC 407 where they may be effective in

GBI | B B SAT excRBRGE2 HAPEP! BF S BhtAPREET tO
Wb QLI g bRl o 3¢ 00198] o FD! ogipvich Baecuric

shown 1n FIG 4A was constructed using machi ned
dmemd3aqﬁﬂm&yrh¢emblhmedmaoepassrehapnghha second

AL R ARRBcid A5 0 chRt AR ane: aAtigns
Bl BNt éhd i@t firolheheéNspsfah Lhowndi oeas ans .of Thize

CBCC 405 were 1.27 cmin dianeter and 1.27 cmin
|G igtans Bee iR lerdbl oWedwto pass through a first AM 406

that defines the cathode-side of the CBCC 405. The
cations cannot travel toward the anode because of the
influence of the applied electric field. Therefore,
the cations may be effectively contained in the

CBCC 405 until they are flushed from the system by the
waste liquid stream that removes ions from the

CBCC 405. The liquid exiting the CDC 403 may be

largely free of cationic contamination.

[00190] Following the passage through 403, the liquid
is then flowed through the CCBDC 409. The CCBDC 409
may be capable of removing both anions and cations.

The remaining cations are attracted to the adjacent
cathode chamber 411 under the influence of the applied
electric field and may be allowed to pass through a
third CM 410 and may be removed from the liquid. The
remaining anions are attracted toward the anode under
the influence of the applied electric field and may be

allowed to pass through a second AM 408 into the



di mensi ons of the CDC 403 were 1.27 cmin dianmeter and
3.81 cmin length. The internal flow dinensions of the
woGeRNGIK9 were 1.27 cm (dianeter) and 1.27 CWCT/US2008/004930
(length). Al cation materials were in the hydronium

formand all anion materials were in the hydroxide
form [00194] The anode chanber 401, for this exanple,
cont ai ned pl ati num gauze el £84r odes’ (Uni que Wre
Weaving Inc, Hllside, NJ) . In contact with the anode
and separating t he anode chanmber 401 fromthe ADC 403
wals aa etat iAMT @Mﬁhangﬂuﬂemmmam@74ﬂﬁpi€h11?0mﬁclades
product of N@nbraqfs | nt er nat | opa

THETERE 253 WasHT arré%eva%eal%ﬂ%.%ﬂ %‘H%Seeﬁggicﬁlve

GROMEXGCLM P Wik (ooamBsdht , afi Bhe@duChhaf aﬁaengoway be
Chem cal Conpany, Mdland, M) . Separating the

£33 ofweshtich @2GROC OB alasa af £88 £ oAMe4 hafge ABivbr ahe

70 roduct n ern t|o al
S B O el R IREE O ER v BR e ERREY R erom
rt]h>et lé;l&%t@m Gai i e ex@d@ng@s r esthe (DRVEXEL B 584 a(l2 owed
00 nesh) a product of The Dow Chem cal Conp
MCAPARE ORI % @F0Rs CFMnGR4 r ESRR ABBNERE: fhe1xa

h%g;%é’%% ’o@ Ot C Oi%g he pow Ql?ghgakaﬁﬁ%a%avel

The 1 onexchange capacity rati o of anion
m@waﬂd(nhaMEadhddedba¢a@debeﬂ)theTthiaEnoa pésitiheand

ani an resi.n re [ ﬂﬁ in_the g dron| n1and hydr oxi e
PORE-CF SRS Vol LS MRe CHOET 305" fas CBEpaFaPES FPY
te'ﬁe‘é@@vde%/ hye:ﬁ;\;@@lm fBabipnes49606AVbNt 410@4E, :@1 the

product of Menbranes International, den Rock, NJ
PREABO UM s they eairey £ hu%he@nféﬁme%bﬁaﬁgé tems

(0, 4 (2o TRSD) +onBBEOUHEL B oRNEHROW

em ca npany, dl'and, . The
CBCC 405. The liquid exiting the CCBDC 409 may have a
reduced level of both anions and cations relative to

the in-coming liquid stream.

{00191] Water splitting occurs in the CCBDC 409 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the

CCBDC 409 may serve to regenerate the third CM 410 that
separates the CCBDC 409 from the cathode chamber as
well as the second AM 408 that separates the CCBDC 409
from the adjacent ADC 407. Additionally, hydroxide
ions generated by the water splitting are attracted to
the anode and enter the adjacent ADC 407 where they may
be effective in regenerating the anion exchange

material contained therein.



ADC 407 was separated fromthe CCBDC 409 by an anion
exchange nenbrane 408 (AM -7 001, a product of

woMaodrsesyes | nternational, den Rock, NJ) . TheceaR26es/004930
409 was filled contains a m xture of cation exchange

resin (DONEX(tm) 50Wk4 (2 00 nesh) , a product of The
Dow Chem cal Conpany, Mdland, M) and ani on exchange
resin (DOMEX(tm) 1x4 (2 00 H@%h) , a product of The
Dow Chem cal Conpany, Mdland, M) in the hydronium
and hydroxi de fornms, respectively. The ion exchange
¢8pavi2tlly r axampdfe @ni on to cation was 1:2 (a doped
cation bed) . Separating the CCBDC 409 fromthe

cat hode chanber 411 was a cati on exchange nenbrane 410

g@l@ﬂmaqoo, A Mdued, ofe Maregies | Atgegat hanghs G en
ock, NJ) . A punp (GP40, a product of Di onex,
Somsyralos,edCA)s iwes meseh irediehigler ARG guwl boyyeahgilene

speci fic condyctance 10.7 ns/c at_a flowrate of .
%%%M?Frﬁ T 3% n.ztﬁ%ede‘?&%“et’é% - ASRPEANgS, agd resin.
ceRrdueidatida)l detRetPimdldPohs 2o predechAnof 4Bronexe 1.27
Sunnyvale, CA) with a flow cell was used for the

E€8ndic ALAMSE S 21 ehetht scm R B Rt PunpThehénkerpater

fel i : n,tg-t 407,
A A R 0 A Then T o The. F1 8w Fli btgh
ddmthedtdarviand deld7 daioin thengonducThei iyteehb]l thew

flow was directed to the anodech r 401 and then the
e B L 03 9T S Lol anShorn] Goagsfer and

Bnighi @l in e GANdUoHRACEN PErhhe PRLRT a8khsR8nEN8F the
EDI device was 2.2 nS/cm Using a | aboratory power
SGBPICSy 4028 ez, 1 & pronucdianeingr ) eand Sadfacd digngth) .

%ﬁh %é%%g%zﬁgtéégé g“wé@e49nn€hgﬁﬁydronium form and all

anion materials were in the hydroxide form.

[00194] The anode chamber 401, for this example,
contained platinum gauze electrodes (Unique Wire
Weaving Inc, Hillside, NJ). In contact with the anode
and separating the anode chamber 401 from the ADC 403
was a cation exchange membrane 402 (CMI-7000, a product
of Membranes International, Glen Rock, NJ). The

CDC 403 was filled with a cation exchange resin
(DOWEX™ 50Wx4 (200 mesh), a product of The Dow
Chemical Company, Midland, MI). Separating the CDC 403
from the CBCC 405 was a cation exchange membrane 404
(CMI-7000, a product of Membranes International, Glen
Rock, NJ). The CBCC 405 chamber contained a mixture of
cation exchange resin (DOWEX™ 50wWx4 (200 mesh), a
product of The Dow Chemical Company, Midland, MI) and
anion exchange resin (DOWEX™ 1x4 (200 mesh), a product

of The Dow Chemical Company, Midland, MI). The ion



applied and the initial voltage was 48V. Gas evol ution
was observed i medi ately fromthe anode and cat hode

wochagrizessd . The initial background conducti vi tperafs2bdd®04930
product water increased to 48 nS/cm and over a 1 hour

period the conductivity decreased to 0.67 nS/cm The
EDI device was allowed to operate continuously for 9
days. The data in Table 3 shB%s results for the device
of FIG 4 . [00196] Table 3 . Conductance Measurenents
vs . Tinme[00197] FIG 4B illustrates an EDI apparatus
ixatharmye e thal eat id ooFl &nidA wbt bathenpabkar ilt:y ak
the electric field reversed (i.e. the, anode and i
SAHFHEeHre Wi cFrREAON FRatDi andt ABIRE ReFLONWERGd D

tLathads Iy HEHéaidB ARaVEL§ESxi 88 $8MRsEDrespectively.

conponents in the sane order as the path from cat hode
Thea B 140 Fivps 4depdheta@paranushel ADSt Aebyi anFRGion

4B conpri s a hanber 420, The anode chanber

i 3&H%§§Eéﬁﬁ%ngﬂiﬁgﬂ§9£in§ 950§E%E19E2¥e 7 2B&Spl aced
ah ddn@itdiade- seTen okotke ROPde ehanhet 480. wikefilled
anode chanber 420 and the ACBCC 422 npy be separated

B G faT Anicom chapge AcBen 42DOWEY | Aetdude Gheresth a a
?f@é@%@%%“@ﬁ&ﬂé&rc% &n 9%953&‘%89 MI). The
xchange material, or a doped catlon exchange

IR rdd .wad Aav@deduafrbe phacedBDa #he bat hadeandiote

of the ACBCC 422. The_ ACBCC 4 and the ADC 424 may be
G5 MR 1% of DKM AT~ T $R4. ABCPASROES pPEaMibranes

I d4dese {18 Bl "o P ORBERNEQYS . VOIrHEBCcOBDANUOR was

exchange nmaterial. A CBDC 426 may be placed on the

dait Herie -eimea Uis thenppoing4of That ADT #xg4handet resCBDC
4&§WHB¥Mb§OWx4 (200 mesh), a product of The Dow
Chemical Company, Midland, MI) and anion exchange resin
(DOWEX™ 1x4 (200 mesh), a product of The Dow Chemical
Company, Midland, MI) in the hydronium and hydroxide
forms, respectively. The ion exchange capacity ratio
of anion to cation was 1:2 (a doped cation bed).
Separating the CCBDC 409 from the cathode chamber 411
was a cation exchange membrane 410 (CMI-7000, a product
of Membranes International, Glen Rock, NJ). A pump
(GP40, a product of Dionex, Sunnyvale, CA) was use to
deliver RO quality water (specific conductance

10.7 us/cm) at a flow rate of 2.0 mL/min to the EDI
device shown in FIG. 4. A conductivity detector (CD20,
a product of Dionex, Sunnyvale, CA) with a flow cell
was used for the conductivity measurements. From the
pump, the RO water flow was directed to the CDC 403,
then to the ADC 407, next to the CCBDC 409 and then to
the flow through conductivity cell. From the

conductivity cell, the flow was directed to the anode



separated by a second AM 425. The CBDC 426 may i ncl ude
therein a m xed i on exchange material, or a doped
woanigpnogschange material , or a doped cati on @xghadER/004930
material . A CDC 428 may be placed on the cathode-side
of the CBDC 426 . The CBDC 426 and the CDC 428 may be
separated by a second CM 427, The CDC 428 typically
i ncl udes therein a homogeneb®8 vol une of cation
exchange material. The CDC 428 nay be separated froma
cat hode chanber 430 by a third CM 429. The cat hode
chamber 1400 wdes ttherat ttocleca tiev@e nch&in88] 4Thi and
results in an apparatus with the advantages of m ni nal
£hodd Wo 9 r‘{@%&{anode degradati on. The CBDC 426 may
act as the final ion depletion chanber for the product
liquid. Mst contam nant anions may be renoved into
tI9® LAGBCC 422 tiadnhy cathensopdeseancenofhehpr wdtietr

I 0 B R0 e e, o

elagiraadahppdadd upbly i ZERGLILAE appabatds 8¢ Agilent,
illustrated in FIG 4B conprises first causing the
ISegiiad Gledse detlort Z&RR$ e R oG  ReBhgRft AR mACwass.

428 I f [ yr Vi :
SoRiRa et The I eoRal foflabt e KBLY y BfRc e081ucion
orts @i aredtinmeed st ¢ Dy t heomathedenaddeantiheathode

i nfl yence of _the appli electric._field and may b

AT 0 (L AR oA BEERATOUCH GS0CHRNIALE Pre the
%9-13@&& chaner; 4 n ] i y.b
enove fron1tngégg%%ggi%8t%gn%g?ﬁ%déﬁéhgg%g?g4éosour
PeaiGt itans et iy avel gbevasdelineoanode pesamse ohe

the influence of the applied electric

EDI device was allowed to operate continuously for 9

days. The data in Table 3 shows results for the device

of FIG. 4.

[00196] Table 3. Conductance Measurements vs. Time

Hours Voltage Conductivity
(LS/cm)
0.0 0.0 2.2
1 41 0.67
2 37 0.23
10 32 0.079
24 20 0.062
48 22 0.071
72 24 0.059
96 24 0.055
120 26 0.055
144 27 0.056
168 26 0.055
192 27 0.055
216 28 0.057




field. Therefore, the cations may be effectively
contained in the cathode chanber 430 until they are

wofbeshiegof rom the system by the waste |iquid $CiR&E08/004930
that renoves ions fromthe cat hode chanber 430. The

liquid exiting the CDC 428 may be largely free of
cationic contamnation . [00200] Foll owi ng the passage
through 428, the liquid is ¥#én fl owed through the ADC
424. The ADC 424 may be capabl e of effectively

renovi ng contam nant anions fromthe liquid stream
The1armilons FAr®. A8 rjam@tfa)té@ea:moﬂmuaﬁparhhes that may

infl uence .of the a ied electric field and may be
89 G vied §ids L9 r%p&gh‘l% ¥}t tag ROBABREY ﬁifo thRe

RGRCE 422 £ 1 HN&y G AR H@Nt 1 881 0P MBY 088 éﬁﬁokéﬁgh%ﬁ%@

the systemin the ACBCC 422 . The anions are not
alrlecowed ttahqutiss tThaughs a the spattv 42¢mt hnvddetbnegthode

.h de-si.d f h CBCC 42 h 10d
e FAR Gt e 08 AR 2B bRb kR st R Ehe

RO Racalsecrd ddxen | ffdbengehofiet B8 anphikedn
electric field. Therefore, the anions may be
éﬁﬁbcﬁvwelﬂjﬁéﬁwmﬁF¢¢P$hélhEE?EQEeérléoﬁﬂﬁlné& in the

@1 CRET it WH Anda&fevcﬁé@%& ughgd from gnsdgwhs%%

e waste |1 qui ream renoves i ons fromt
A@BG@G@EZaﬂH&nddeumhbfmlmlngAnhBCBDC 422 may be placed

| t t
€61 118 5 TGt o bR a98, CRAEDRFQARE | sTPRen
'@ﬂﬁﬁﬁjéﬂHﬁﬂéﬂ‘41@3éEEXEHQGACBEB94§§qgé§2§e”§¥$9§ated by

capabl e of renoving both ‘anions and cations .
eerfainfithM A3 ons Bire ACBEGActd mayt hacéutRodberkanber

‘%%&éﬁ“%%hté%%ﬂggégenggeglaiheogpgl Sgeglgﬁgghcexchange
material, or a doped cation exchange material. An

ADC 424 may be placed on the cathode-side of the

ACBCC 422. The ACBCC 422 and the ADC 424 may be
separated by a first AM 423. The ADC 424 typically
includes therein a homogeneous volume of anion exchange
material. A CBDC 426 may be placed on the cathode-side
of the ADC 424. The ADC 424 and the CBDC 426 may be
separated by a second AM 425. The CBDC 426 may include
therein a mixed ion exchange material, or a doped anion
exchange material, or a doped cation exchange material.
A CDC 428 may be placed on the cathode-side of the

CBDC 426. The CBDC 426 and the CDC 428 may be
separated by a second CM 427. The CDC 428 typically
includes therein a homogeneous volume of cation
exchange material. The CDC 428 may be separated from a
cathode chamber 430 by a third CM 429. The cathode

chamber includes a cathode therein.



field and may be allowed to pass through a second CM
427 and into the CDC 428. The renmai ni ng ani ons are

wodobg/meigad toward t he anode under the infl uengerafs2bd’d®o04930
applied electric field and nay be allowed to pass

t hrough a second AM 425 into the adjacent ADC 424. The
ADC 424 typically includes therein ani on exchange
materials and may be effect108 at retaining the
cont am nant ani ons. The anions nmay be allowed to pass
through a first AM 423 and into the ACBCC 422. The
dattld InantThais anssuhys benr enospdataoast Rethyshem i n

the ACBCC 422 . The anions_are not allowed to
G Hasifsh of fli‘lr%ltm%f/l apedenhhPulergnes fhedgnode- si de

ﬁe#}ﬂ%m 42¢he dBSCaNLBENSGARRPT 45T AUl £GARAr dohhe
cathode because of the influence of the applied
slagrtat i1 | Glafnbahefef otke phedantohsguag . beMost

effectively renpved in the ADC 424 or contai N e
RO A e,y BF) AERESR, ohFonE ey BEBRCh P22
tahe, Wasdeond bt sk St eam that preAn¥es1igusdf Befetrthehe
ACBCC 422. The liquid exiting the CBDC 426 may have a
AL EB (eare | bofr e iednPynshandBBat AéAs rel ative to
the in-comng liquid stream [00202] Water splitting
occurs in the CBDC 426 since it may include therein a
NP 9 on exahatriyed nBder pakr foemiagdepedtanded oexcharigea

material, or. a doped cation exchange terial. The
T i iR ABR T REerne Sbeuahgatenyen fro. "B

reggner e thessecndity 424 1hahigepar akegetiBaiGBEC Lo
426 fromthe CDC 428 as well as the second AM 425 t hat
sdpar dtlosoudie UBDCEQ642Bom The €Bfaédéft maRCb42g4apable

*3%“é¥%é¥%i&£§y998869588 QXnEQ%inant cations from the

liquid stream. The cations are attracted to the
cathode under the influence of the applied electric
field and may be allowed to pass through a third CM 429
and into the cathode chamber 430. The contaminant
cations may be removed from the system in the cathode
chamber 430. The cations cannot travel toward the
anode because of the influence of the applied electric
field. Therefore, the cations may be effectively
contained in the cathode chamber 430 until they are
flushed from the system by the waste liquid stream that
removes ions from the cathode chamber 430. The liquid
exiting the CDC 428 may be largely free of cationic

contamination.

[00200] Following the passage through 428, the liquid
is then flowed through the ADC 424. The ADC 424 may be
capable of effectively removing contaminant anions from

the liquid stream. The anions are attracted to the



water splitting are attracted to the anode and enter
the adj acent ADC 424 where they nay be effective in

woneeenessat i ng the ani on exchange nmateri al contpairigd008/004930
therein. Additionally, hydroniumions generated by the
water splitting are attracted to the cathode and may
enter the adjacent CDC 428 where they may be effective
in regenerating the cation &8hange material contained
t herein. [00203] Another nmethod (not shown) for
perform ng el ectrodei onization utilizing the apparatus
as1ddd ustdeat ethe nikt hedEe cofipthsespbplistl edesitmgc field

thel]iquid to he dejionized to fl ow through the_ A 424.
LAY o AR Cip oSS FMEPFEEL Py OTySFeRAg 21
GIHAN R HCERE o5 f r ofh g hgoht G Hafit! 88MbnEhRagnigNs

are attracted to the anode under the influence of phe
aspiaveat] o ran rilke f$¥$ demniin nblye bACBLCoded - t 0 Thgs@nions

t hr ou first M 423 and, i nto,t he_ A Th
e Bl s e OO A SRR B [hfiar

toeer IMBCGE HIZ Zandde- andensf atBeNAtBat| 0BRdahd pas® the
through a first CM 421 that defines the anode-si de of
(O IS ohel i nt Bhe RN hpbEeCeRARberr2y6l. toward the

' I at.ho b of the
B (i 100
tleecni ionst rald be Bi¢eefovel ythemauednsnmalye bADC 424
or_contai ned in the ACB 422 until they are.fl ushed
A A aySa e uEaf AP el bf baRreiaet 15 the
emuesadi PN I DM hbe ABCEl d2Bed Theohi @Hied seXic®y the

the ADC 424 may be largely free of anionic
CRR ER nedy . S [ 0e2D4ThEb| remPrgst hengassage thier ough

‘%%%Cérﬁbéjqufge liquid exiting the ADC 424 may be

largely free of anionic contamination.

[00201] Following the passage through 424, thé liquid
is then flowed through the CBDC 426. The CBDC 426 may
be capable of removing both anions and cations. The
remaining cations are attracted to the cathode

chamber 430 under the influence of the applied electric
field and may be allowed to pass through a second

CM 427 and into the CDC 428. The remaining anions are
attracted toward the anode under the influence of the
applied electric field and may be allowed to pass
through a second AM 425 into the adjacent ADC 424. The
ADC 424 typically includes therein anion exchange
materials and may be effective at retaining the
contaminant anions. The anions may be allowed to pass
through a first AM 423 and into the ACBCC 422. The
contaminant anions may be removed from the system in

the ACBCC 422. The anions are not allowed to pass



is then flowed through the CDC 428 . The CDC 428 may
be capabl e of effectively renoving contam nant cations

wof2068M304%0 | i quid stream The cations are attr @gtrad2608/004930
t he cat hode under the influence of the applied

electric field and may be all owed to pass through a
third CM 429 and into the cat hode chanber 43 0 . The
cont ani nant cations may be t&foved fromthe systemin
t he cat hode chanber 43 0 . The cations cannot travel
toward the anode because of the influence of the
applderh & etitrstc N ed2ll Thet eflef tnesheheathode-gaebe f
effectively contained in the cathode chapber 43Q until

e ARG [ikshed THROMEHRASySRRAPC by CFA¥ShasPWAFAgbDE

ddermd hdsamyess i ons {xnpMmiheccakhede ghgiben 43 0
The liquid exiting the CDC 428 nay be |largely free

&fl et ioni &l eloht arfimar ¢ bore, [ 0020811 F0E| Banbet he

R age through 428, the liquid is,then flowed thr.ou
PSRN JOE el Pl o St BbE B34t B8N cbhHE At B he
baiBr@an amsuradidl CetiéPngre fhe@shednERbAgthat k@RS el By the

attracted to the cathode under the_ influence of the
AR e d ekd rsereqr| ghahdraBYVee aPRewédoro thgss

LIERYY secpnd 4 Lo e |agent .
ttre re%a?ni ng anigr\éu%(rzeég?tt:%g ttéggt gﬁa%dg?ﬁem%gé% a
wredBrcadhel evél uehcdeooh &heompphnddcekéonsi eeflielicdeand

be all owed to pass through a second AM 425 into
{Eﬁge afd}"a%‘@?ﬁtn%t){:}@gﬁa The®ABC 424 typical ly includes

t herein ani on exchange nmaterials and may be effective
at retaining the contam nant anions. The ani ons may be
AlQBRH t o Wriser tspblughingf PEsuraAMin28hgndBPRt d2theince

ﬁggggfughcﬂﬁgéCQ@&?@lQath?Q£8n§on exchange material,

or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the CBDC 426
may serve to regenerate the second CM 427 that
separates the CBDC 426 from the CDC 428 as well as the
second AM 425 that separates the CBDC 426 from the
adjacent ADC 424. Hydroxide ions generated by the
water splitting are attracted to the anode and enter
the adjacent ADC 424 where they may be effective in
regenerating the anion exchange material contained
therein. Additionally, hydronium ions generated by the
water splitting are attracted to the cathode and may
enter the adjacent CDC 428 where they may be effective
in regenerating the cation exchange material contained

therein.

[00203] Another method (not shown) for performing
electrodeionization utilizing the apparatus as

illustrated in FIG. 4B comprises first causing the



may be renoved fromthe systemin the ACBCC 422. The
anions are not allowed to pass through a first CM 421
wot2oed/130&hi nes the anode-si de of the ACBCC 422 pcTAl%2008/004930
ani ons cannot travel toward the cathode because of the
i nfluence of the applied electric field. Therefore,
the anions may be effectively renpved in the ADC 424
or contained in the ACBCC 4Q£1until they are flushed
fromthe systemby the waste liquid streamt hat
renoves ions fromthe ACBCC 422. The liquid exiting
lHienGBDE A2 i draveed @ dilcew ttlemelhg]@f thet ADanupas
and cations relative to tfe [ qui d
e AT oSt caRal mﬁ %g%%?‘él‘i"ﬁ1¥h€e’€'3}§€n226

ot @ndithaFRY drﬁgrﬂéjefltcg}ﬁ rehd fi ghx&dst PBafXChaAgeanions
material, or a doped ani on exchange nmaterial, or a

@a}@e@tctataq‘msdemm anode |lamdeﬂ’hehwamflsphcet pfigthe
t he ,.CB 26 may serve.to re rate the second CM 427
ER LS, ST e (I 96 TRonre hel HERed o 80 a8ag! |
a;mtdm@kﬁ%pm&swpé/z&maén@emt@t €set AeBEBDE242 6Theom
t he adj acent ADC 424. Additi onal I%, éhydr oxi de ions

r

GORERHIERTBY ATHORITERY I | FeTPge@r Bramt Faet edstemt ha
?uf%d%@é& QLT fi6 at) AGeNt  ADG, 424, IEE4t ESY gBy be

ective in regenerating the anion exc ange Perval
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ner by .t he ter litting are attra d to the
Lo G Ay R RS (T A0R  CeRRbaBa er o PRy
fé@Mo@ﬁs fffdd Me-dveY egeherat tng t8en6aki BBc8¥sBange the
mat erial contai ned therein. [00207] The apparatus

iinfdsrerme i il @ric ednptecesianfandde cRhsbefon40.
-Etillee %@ﬁ%% W%e effectively removed in the ADC 424 or

contained in the ACBCC 422 until they are flushed from
the system by the waste liquid stream that removes ions
from the ACBCC 422. The liquid exiting the ADC 424 may

be largely free of anionic contamination.

[00204] Following the passage through 424, the liquid
is then flowed through the CDC 428. The CDC 428 may be
capable of effectively removing contaminant cations
from the liquid stream. The cations are attracted to
the cathode under the influence of the applied electric
field and may be allowed to pass through a third CM 429
and into the cathode chamber 430. The contaminant
cations may be removed from the system in the cathode
chamber 430. The cations cannot travel toward the
anode because of the influence of the applied electric
field. Therefore, the cations may be effectively
contained in the cathode chamber 430 until they are

flushed from the system by the waste liquid stream that



i ncl udes an anode therein. An ACC 442 may be placed on
t he cat hode-si de of the anode chamber 440. The anode

wo0aH3e£80440 and the ACC 442 may be separ at ed py/i%2008/004930
first CM441. The ACC 442 may include therein a

honbgeneous vol une of ani on exchange material, or a
honogeneous vol une of cation exchange material, or a
m xed i on exchange materialll®ér a doped ani on exchange
material, or a doped cation exchange material. An ADC
444 may be placed on the cathode-side of the ACC 442.
TemoAEs 442 sarfd dihe DG aiddodaycihemisepataded byealiquid
first AM 443 . The ADC 444 typically_includes therein
£ REDgerdGuS Riol 44t IRY ExehanbESqaPér FarioRlc
CBRG 2446, a4y, pPepl aced on the cat hode-side of the ADC
444, The ADC 444 and the CBDC 446 may be separated by
a second AM 445. The CBDC 446 may include therein a

' ' . i al doped. ani hange .
Taedsl’" SR U e sfbrantoitpetr . EieCEEH1a
448 vy Fa plar athsudihecgat twoe- 52 de otnthesSBDE244Ray

The CBDC 446 and the CDC 448 may be separated by a
$ec GRPENU AL TRROCINY 42QCR ypntans yandcradésnther &hg

. ; . o
SRRV e ? L AOPBTEONEAE ELARLE! yafRE
ahtehiimd 1GMdAO of Titee capiibiled chhabericn€lielidsaad may be

cat hode, therein. [.0020 This results i n an _appar at us
AP, CAHRAT R JdE DS i FRFORR0TH £60 RRE OALaNGHE

dRgradald @hc m.@%é%eﬂaynﬁﬁ%; g8ibAe hiBaktk@lcteq
depl etion chanber for the product |iquid. Most

comead rfdre aamdmsundsr behe ehpfbdenaeoofhehaceppi2ed
electric field and may be allowed to pass through a
second AM 425 into the adjacent ADC 424. The ADC 424
typically includes therein anion exchange materials and
may be effective at retaining the contaminant anions.
The anions may be allowed to pass through a first

AM 423 and into the ACBCC 422. The contaminant anions
may be removed from the system in the ACBCC 422. The
anions are not allowed to pass through a first CM 421
that defines the anode-side of the ACBCC 422. The
anions cannot travel toward the cathode because of the
influence of the applied electric field. Therefore,
the anions may be effectively removed in the ADC 424 or
contained in the ACBCC 422 until they are flushed from
the system by the waste liquid stream that removes ions
from the ACBCC 422. The liquid exiting the CBDC 426
may have a reduced level of both anions and cations

relative to the in-coming liquid stream.



Any cations present in the product liquid after the
CDC 448 may be renoved by the CBDC 446. [00209] A

womeigraosshor perform ng el ectrodei oni zati on ut iplciraisaehs/004930
the apparatus as illustrated in FIG 4C conprises

first causing the liquid to be deionized to flow

t hrough the CDC 448. The CDC 448 nmay be capabl e of
effectively removing contanthant cations fromthe
liquid stream The cations are attracted to the

cat hode under the influence of the applied electric
fliced6and mytcdre s 1iomeithd coPasss t imotlgd @Bbbi Ld6Chlince
449 and .into fhe cathode chanber 450. The cont am nant
At MGHs Ty Y retnR 13 X §98t BrFAngRematerial,
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the anode because of the influence of the applie
exebianige fiedlet idher efloe eyatére eptionsngaynbghe CBDC 426

effectively cantained in the cathode ch er. 450 until
s i b TS AR 4 e e e i
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The liquid exiting the CDC 448 may be largely free of
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ACC 442 . The contam nant anions may be renoved from

iee tayigrasn e el ACAAARt Lomaklani brdranaupod oals| owed
%%ﬂgyﬁ%ééwﬁ§ﬂﬂhél$${é} é%&fé&iﬁgagrgegkgggcted to the
cathode and may enter the adjacent CDC 428 where they
may be effective in regenerating the cation exchange

material contained therein.

[00207] The apparatus illustrated in FIG. 4C
comprises an anode chamber 440. The anode chamber
includes an anode therein. An ACC 442 may be placed on
the cathode-side of the anode chamber 440. The anode
chamber 440 and the ACC 442 may be separated by a first
CM 441. The ACC 442 may include therein a homogeneous
volume of anion exchange material, or a homogeneous
volume of cation exchange material, or a mixed ion
exchange material, or a doped anion exchange material,
or a doped cation exchange material. An ADC 444 may be
placed on the cathode-side of the ACC 442. The ACC 442
and the ADC 444 may be separated by a first AM 443.

The ADC 444 typically includes therein a homogeneous

volume of anion exchange material. A CBDC 446 may be



t he anode-side of the ACC 442 and into the anode
chanber 440. The ani ons cannot travel toward the

wocabddgobecause of the influence of the appl iped/us2008/004930
electric field. Therefore, the anions may be

effectively renoved in the ADC 444 or contained in the
ACC 442 until they are flushed fromthe system by the
waste liquid streamthat rehbdes ions fromthe ACC
442. The liquid exiting the ADC 444 may be | argely
free of anionic contam nation. [00211] Follow ng the

passRge drhrughcadddéhei dé qof dche Abendihowedhehnoaglas4
t he CBDC 446. The CBDC 446 may be _capabl e of renovi n%
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adj acent ADC 444. The ADC 444 typically includes
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the systemin the ACC 442 . The ani ons are not all owed
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toward the cathode because of the influence o
dpygdaidh el ectric field. Therefore, the anions may be
effectively renoved in the ADC 444 or contained in the

[00208] This results in an apparatus with the
advantages of minimal anode fouling or anode
degradation. The CBDC 446 may act as the final ion
depletion chamber for the product liquid. Most
contaminant anions may be removed into the ACC 442.
Any cations present in the product liquid after the
CDC 448 may be removed by the CBDC 446.

[00209] A method for performing electrodeionization
utilizing the apparatus as illustrated in FIG. 4C
comprises first causing the liquid to be deionized to
flow through the CDC 448. The CDC 448 may be capable
of effectively removing contaminant cations from the
liquid stream. The cations are attracted to the
cathode under the influence of the applied electric
field and may be allowed to pass through a third CM 449
and into the cathode chamber 450. The contaminant

cations may be removed from the system in the cathode



ACC 442 until they are flushed fromthe system by the
waste liquid streamthat renoves ions fromthe ACC 442
Wo-2008m303s0qui d exiting the CBDC 446 may have apredise®d/o04930

| evel of both anions and cations relative to the
in-comng liquid stream [00212] Water splitting
occurs in the CBDC 446 since it may include therein a
m xed ion exchange material11dr a doped ani on exchange
material, or a doped cation exchange material. The
water splitting in the CBDC 446 may serve to

ctgeieyratss 0 he Hee arwt {(dh4d4dahhat sepaeat eswhlhra €BBC
446 fromthe CDC 448 as well as the second_ AM 445 t hat,
8PP RECIYRE D el vt bieRRe afj heengPrbEedqglectric
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attracted to the anode and enter e adj acent ADC 444
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O s Gerierar e By LHE WAFEP SpHPEH: AGThPE thet
aldnoAaddLd drts theot at e dea eRdaaaynenber 4Be . adiraeentquid
CDC 448 where they may be effective in regenerating

e a9 dhexda mederpal lesgedynégeenhetecationic

qyy%gﬂi ther method (not shown) for perfornng
el’ectrodei oni'zation utilizing the apparatus as

illustrated in FIG 4C conprises first causing the
liguidto be deionized to flow through the ADC 444. |
DU 24 F P B S s | RasFoars EREPREhy 1B Liauid
GeNtAENaloRH 0NSr b the hbguhdastream able 1201 RS be
are attracted to the anode under the influence of thé
SeFakde adfeifecti vl angnauyngecanteanedany pagons from

the liquid stream. The anions are attracted to the
anode under the influence of the applied electric field
and may be allowed to pass through a first AM 443 and
into the ACC 442. The contaminant anions may be
removed from the system in the ACC 442. The anions are
not allowed to pass through a first CM 441 that defines
the anode-side of the ACC 442 and into the anode
chamber 440. The anions cannot travel toward the
cathode because of the influence of the applied
electric field. Therefore, the anions may be
effectively removed in the ADC 444 or contained in the
ACC 442 until they are flushed from the system by the
waste liquid stream that removes ions from the ACC 442.
The liquid exiting the ADC 444 may be largely free of

anionic contamination.

[00211] Following the passage through 444, the liquid
is then flowed through the CBDC 446. The CBDC 446 may

be capable of removing both anions and cations. The



through a first AM 443 and into the ACC 442. The
contam nant anions nay be renoved fromthe systemin

woldoes/Re%s0442 . The anions are not allowed to pPeasRIS2008/004930
through a first CM 441 that defines the anode-side of

the ACC 442 and into the anode chanber 440. The anions
cannot travel toward the cathode because of the

i nfl uence of the applied el é&fric field. Therefore,
the anions may be effectively renmoved in the ADC 444
or contained in the ACC 442 until they are flushed
frepmittiev s ysdteihy dbe sastectequid sheeaarhbde under
renoves ions fromthe ACC 442. The liquid exiting the

AXEIRERGe Yarded yappbiedt ehRFbRie field and may be
] ' | L owg hemp age 4t
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contam nant cations_fromthe_ljiguid stream .The . :
R GhelEtr Fhe RetoRibenge LR Gebunga, capbtric field
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all owed to pass through a third CM 449 and into the
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ions fromthe cathode chanber 450. The liquid exiting
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anode-side of the ACC 442. The anions cannot travel
toward the cathode because of the influence of the
applied electric field. Therefore, the anions may be
effectively removed in the ADC 444 or contained in the
ACC 442 until they are flushed from the system by the
waste liquid stream that removes ions from the ACC 442.
The liquid exiting the CBDC 446 may have a reduced

level of both anions and cations relative to the

in-coming liquid stream.

[00212] Water splitting occurs in the CBDC 446 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the CBDC 446
may serve to regenerate the second CM 447 that
separates the CBDC 446 from the CDC 448 as well as the
second AM 445 that separates the CBDC 446 from the
adjacent ADC 444. Hydroxide ions generated by the



is then flowed through the CBDC 446. The CBDC 446 nay
be capabl e of renoving both anions and cations . The
WwOoressizogsng cations are attracted to the cat hogeTwsdes/004930
the influence of the applied electric field and may be
all owed to pass through a second CM 447 and into the
adj acent CDC 448. The renmining anions are attracted
toward the anode under the Lhfluence of the applied
electric field and may be all owed to pass through a
second AM 445 into the adjacent ADC 444. The ADC 444
twaiexaldpi i el nuglesr ¢ het eracaadonoexhbaagedentad anser
and may, be effective at retaining the contam nant
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anionsmay be renoved fromthe Systemin the ACC 442 .
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the anions may be effectively renoved in the ADC 444
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fompdihe system by the waste liquid streamthat
renoves ions fromthe ACC 442. The liquid exiting the
CBDC 446 may have a reduced | evel of both anions and
cations relative to the in-comng liquid stream
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or a doped anion exchange material, or a doped cation
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The ADC 444 may be capable of effectively removing
contaminant anions from the liquid stream. The anions
are attracted to the anode under the influence of the
applied electric field and may be allowed to pass
through a first AM 443 and into the ACC 442. The
contaminant anions may be removed from the system in
the ACC 442. The anions are not allowed to pass
through a first CM 441 that defines the anode-side of
the ACC 442 and into the anode chamber 440. The anions
cannot travel toward the cathode because of the
influence of the applied electric field. Therefore,
the anions may be effectively removed in the ADC 444 or
contained in the ACC 442 until they are flushed from
the system by the waste liquid stream that removes ions
from the ACC 442. The liquid exiting the ADC 444 may

be largely free of anionic contamination.



separates the CBDC 446 fromthe CDC 448 as well as the
second AM 445 that separates the CBDC 446 fromthe

wodbsaeesy ADC 444. Additionally, hydroxide i opgT/us2008/004930
generated by the water splitting are attracted to the

anode and enter the adjacent ADC 444 where they may be
effective in regenerating the anion exchange materi al
cont ai ned therein. AdditionalBy, hydroniumions
generated by the water splitting are attracted to the

cat hode and may enter the adjacent CDC 448 where they
a0 2det Jef f exdl Mewing r elgenesaasag theoaghi dddexchangdd quid
mat er.i al contalned t herein. éOOZl? The apgaratus and

et HOWRE drlQnies | FIERE9 M Bae| WPEI #48 - 4aTRCaHRFe 448 gy be
RIBAIII0&, ff QUK £ Ok AREh | OPEXEHERGecHRERRGARNRN c@rt‘ik&ln%rm

since the el ectrode chanbers may receive a reduced
duromt itthe ofiquned comt @an nantheonst andswatrer agpiriacttieny to

It G TG HY oo TORMSRGE Cho®PEgBRBIAE o 5o Cr e

tffl%la'ﬁlaQ{H MROPreEesl 1 6aéd 0bo BabE aBBsoudhi an teXelange 449
mat erials, and the cation exchange materials . [00218]
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i on exchange materials in the vicinity of the

datigigtrd  inndhe cawpbdedebagheredblr bngidnithey are
%fﬁghed from the system by the waste liquid stream that

removes ions from the cathode chamber 450. The liquid
exiting the CDC 448 may be largely free of cationic

contamination.

[00215] Following the passage through 448, the liquid
is then flowed through the CBDC 446. The CBDC 446 may
be capable of removing both anions and cationé. The
remaining cations are attracted to the cathode under
the influence of the applied electric field and may be
allowed to pass through a second CM 447 and into the
adjacent CDC 448. The remaining anions are attracted
toward the anode under the influence of the applied
electric field and may be allowed to pass through a
second AM 445 into the adjacent ADC 444. The ADC 444
typically includes therein anion exchange materials and
may be effective at retaining the contaminant anions.
The anions may be allowed to pass through a first

AM 443 and into the ACC 442. The contaminant anions



pair of electrodes . [00219] In sone applications, it
may be desirable to renove a sel ective group of ions

wodedh3asgoani on or cations, but the conplete reg@iahortfoos930
both types of ions is not required. In this case, a

sinplified apparatus nmay be enpl oyed. The foll ow ng

di scussi on descri bes dual depl etion chanber

el ectrodei oni zati on appar atbs®s whi ch nay be
particularly configured for selective ion renoval and
may be interfaced directly to chem cal analyzers or
akle beataimyiviethl f ons ttheresy sit éronin [ OR@28¢CPeegi. oushy,
mul.ti depl etion chanber apparatuses for the productiaon
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chamhar, SQb ivHd Udh bR @nedgui BesetBamAn ADC 503 may

be placed on the cathode-side of the anode chanber

501. The anode

[00216] Water splitting occurs in the CBDC 446 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the CBDC 446
may serve to regenerate the second CM 447 that
separates the CBDC 446 from the CDC 448 as well as the
second AM 445 that separates the CBDC 446 from the
adjacent ADC 444. Additionally, hydroxide ions
generated by the water splitting are attracted to the
anode and enter the adjacent ADC 444 where they may be
effective in regenerating the anion exchange material
contained therein. Additionally, hydronium ions
generated by the water splitting are attracted to the
cathode and may enter the adjacent CDC 448 where they
may be effective in regenerating the cation exchange

material contained therein.

[00217] The apparatus and methods of use illustrated

in FIGs. 4A-C address the electrode fouling and ion



chanber 501 and the ADC 503 may be separated by a
first AM 502. The ADC 503 typically includes therein a

woenpgeagous vol ume of ani on exchange mat eri alper/iA2008/004930
CCBDC 505 may be placed on the cathode-side of the ADC

503. The CCBDC 505 and the ADC 503 nmay be separated by
a second AM 504. The CCBDC 505 nmay include therein a
m xed i on exchange materiall2®r a doped ani on exchange
material, or a doped cation exchange material. The
CCBDC 505 may be separated from a cat hode chanber 507

ey ch alfeb g rHi thiadrh asteoshandes 1 h0F typi eakkyrode
i ncludes a cat hode therein, The apparatus as
Chegerst SRY F [ VS FresPPecepedarebiFy eénElRuous

Qﬁg%dmiﬂdﬁe'Féﬂgﬁ%ﬁ&”&ai@%&%éPP@@%&gPiHEEEQdcgﬁgosite
perform ng el’'ectrodel oni zation utiTizing the apparatus
hed Idepdiatsited dhamfds Syendhet & quydrongubeand ti al | y

i rected through the ADC 503. The, ADC 503 typi cal
PO GOES (T E S T choasheane bt | BF BBFY SnFRE
min@fr a3 0 W tetorP Gidto Flye He &QﬂéhgékéﬁaﬁgetRatekﬂﬁls,
liquid may travel through substantially all of the

Bégb

tthheofcathornpxdongaheatart@lport is positioned
closest to the first AM 502 to mnim ze the distance
the anions nmust travel under the force of the electric
fliced2d 8]nt 0 Trheswaietiey ChetideEDS04dppdhasubygpi eablwi in
maxi m zes the interaction between the liquid and the

i exchandi et S8 Fhe ABCABBAIREYCF chBTLIRPSOUS
Qlort RRAH GO TRRBDES | £H1 nhdHEENE BAS r¥iblak® at

attracted toward the anode by the applied electric
flieglst. offee cminesi paybed aépbeetdonochasberhfoughhehdinal

@éﬁgﬁéﬁwsﬁ%%fgg iﬁgp

)tQE @ngg ionic contaminants, at
least one concentrate chamber for removal of ions,
reduced electrode fouling or chemical degradation of
ion exchange materials in the vicinity of the
electrodes, and a simple design requiring only a single

pair of electrodes.

[00219] In some applications, it may be desirable to
remove a selective group of ions such as anion or
cations, but the complete removal of both types of ions
is not required. 1In this case, a simplified apparatus
may be employed. The following discussion describes
dual depletion chamber electrodeionization apparatuses
which may be particularly configured for selective ion
removal and may be interfaced directly to chemical

analyzers or other analytical instrumentation.

[00220] Previously, multi depletion chamber

apparatuses for the production of ultra pure liquid



chanber 501 where they may be renoved by the waste
streamused to flush the anode chanber 501. Cati ons

wovdobd/13bsgor et ai ned within the Iiquid. A thoughpchass2008/004930
cations will be attracted toward the cathode by the

applied electric field, they will not be allowed to
pass through the second AM 504 of the cathode-side of
the ADC 503. [00223] Fol | owt#Y the passage through
503, the liquid then passes through the CCBDC 505
where both ani ons and cations may be renoved fromthe
InieGr @isHMSSHHJcnmh@%éIaﬁpﬁfmtmaeéedompmasddthﬁree or

cat hode by the a ed electric field. The catlons may
pRLs mﬁgyg@? H&prgl\é%%e%h‘&lnlﬁ?%m}?ﬁéscat RBdEheRsnber
20h ARG LiRGs MRS & atf:uQQétE@mﬁYﬁé@”thhe

anions will be attracted toward the anode by the
adplangdgsise sty |rmm@¢rdeOIT$1e1<arm exnshamgephsdst firough

PR 868 vl e el CraogrchBhoiBet B gor

e ¥ daanmehbfd o t hersyst eshidheoapaaiabdssof FI G
5 may produce liquid with significantly reduced |evels

SONSGFSHR teh ) el stemo¥ati ehsionppoand] athe

gY}m% i%l;gg a o] 04

strat %ﬁpﬁﬁ@{%%ﬁ%g reg%gg gtgeggfjé.\% ter
adledtinddyst hatTlr[R: (amsamtm@s tie COBDOr805oublydisexudeion
ions wll 3lttractedtovvardtheaodeb the applied

é’ctﬁ%ncedn St S r egbhetat 8t t hE2ABCCBE3aNf PPgt At
&MaiQZ,o@ & SR AN STl BSoh heyndr a&ehehgwabﬁet he

anode. The CM 506 nay be regenerated by water
SFnaan tig tchathaygeers- wi t hin t he CCBDC 505.

[00221] Another embodiment of the present invention
is illustrated in FIG. 5. The apparatus illustrated in
FIG. 5 comprises an anode chamber 501 including an
anode therein. An ADC 503 may be placed on the
cathode-side of the anode chamber 501. The anode
chamber 501 and the ADC 503 may be separated by a first
AM 502. The ADC 503 typically includes therein a
homogeneous volume of anion exchange material. A

CCBDC 505 may be placed on the cathode-side of the

ADC 503. The CCBDC 505 and the ADC 503 may be
separated by a second AM 504. The CCBDC 505 may
include therein a mixed ion exchange material, or a
doped anion exchange material, or a doped cation
exchange material. The CCBDC 505 may be separated from
a cathode chamber 507 by a CM 506. The cathode

chamber 507 typically includes a cathode therein. The
apparatus as illustrated in FIG. 5 may be operated in

continuous mode or in intermittent mode.



Hydroniumions wll be attracted toward the cathode by
the applied electric field and may regenerate the CM
wo2068/B8sshhey travel toward the cat hode. [0022%TAR2008/004930
apparatus as illustrated in FIG 5 is thus capabl e of
being used in a manner that renders it suitable for
dei oni zati on, especially anion renoval, for lowionic
strength liquids . Exanpl esld® |ow ionic strength
liquids include water that has received reverse
osnosis, distillation, or prior deionization
treatnment. The apparatus as illustrated in FIG 5 is
t hus capabl e of producing a liquid with very |ow

dORet)r at |Poﬁ“§td"f°danﬁ%sp%ﬁﬁi°¥‘ﬁﬁ§g nBySHET QQ?FSBPéaFépn
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suchas 1 on chromat ography, inductively coupled plasm
fesslishewtyr dreetinyi t anll vt @hrecabdothroughspbet ADScHPY,.

AR ML e 01y 1ol Rars e fireines iRgt"8na an

RPAA Ysord | ustHat ush ép Hhé& oﬁtE@HDbbﬁ% aRyapede
chanber 601 including an anode therein. An ACBDC 603

rﬁ@}ﬂf&}@%%e@ dhatheteat hbdeidi geyofravelanbygevuehanber

% (eelr]?as rtghe n%rzgﬁ 2t1§% 8}&%@&8 gé‘gﬁQCAﬁleﬁg Ila% e " The

tilrdresd rpca:tm:)eecbdmmtmééngboﬁaser tal theorflasdopmd 502 to
ani on exchgaﬂ{ge material , or a doped cation exch
et

TOE S raytbe ﬁ’P’aSEE ’BHSFhEréé(? o nrdéhe

Fordte ACBYe 60Rcrlne §P@1§0§needthaea{’}9§@0cﬁ%b@y 501.
be separated by a first CM 604 he CDC 605 typically

il su ded itdeel Jay m@cmmg@nébasmcEnﬁet@bncbteltmeen the

Xi%qu%n eanr@tt%lé aallnlc-)rrllqeexchange material. The ADC 503

may remove most of the anions from the liquid. The
anions will be attracted toward the anode by the
applied electric field. The anions may be allowed to
pass through the first AM 502 and into the anode
chamber 501 where they may be removed by the waste
stream used to flush the anode chamber 501. Cations
will be retained within the liquid. Although the
cations will be attracted toward the cathode by the
applied electric field, they will not be allowed to
pass through the second AM 504 of the cathode-side of
the ADC 503.

[00223] Following the passage through 503, the liquid
then passes through the CCBDC 505 where both anions and
cations may be removed from the liquid. The cations
will be attracted toward the cathode by the applied
electric field. The cations may pass through the

CM 506 and into the cathode chamber 507 where they may



CDC 605 may be separated from a cat hode chanber 607 by
a second CM 606. The cat hode chanber 607 typically

woi2068/130k88 a cat hode therein. The apparat us aspctT/us2008/004930
illustrated in FIG 6 nay be operated in continuous

node or in intermttent node. [00227] A nethod for
perform ng el ectrodeionization utilizing the apparatus
isillustrated in FIG 6 . ¥R liquid may be initially
directed through the CDC 605. The CDC 605 typically

i ncludes therein an inlet and an outlet port. The

b eterarvkd U e ¢hmt§y@temconfhguaadoas whatl ble

ui d trave throu substa tially. all of the
Iaéﬁfg}i‘qﬁ: ‘%@lt el ]HYeFHEOf“Pp %eﬂo%lteicéﬁé&
HiQsest tThé*Ethﬂé”ﬁ%fm%§Q§ Eﬁrﬂh hm-ae E@%@h@t%ﬂ@%o4

the cations nust trav nder the orce of
@hﬁﬂHQh:ﬁhQﬂADGrﬁQBthehtgm@bdehehéwbst 6&7502ha9d into

|caII xi I zes nteracti on_between the i quid

B Hiode TREE el Lot &) Py Hag bAct Bpevag FHom
rt@f@\é%/srﬂlﬁﬁ of Tideaspdtopssf boenrtrhe bi maydprmace liquid
cations will be attracted toward the cathode by the

Aph ed Bkt gartly eredugnd tavpbAsOfmpnpens pofededyced
thr econd CM 606 and into the cathode
c%§§%g$c%87 ﬁ%ﬁﬁl

ere they may be renoved by the waste
stream used to flush the cat hode chanmber 607. Anlons

Az TIhE e 08 cadeosard Ehesnttlo Ry - fBd second

app!g cd 1elﬁ9§tff&tédieiﬁ FKGGVSV\ME& Bet rhgedkh-aved by
pass through the first CM 604 on the anode-side of the

CRCLOSPI00EY Hadt odfaur s helphssagbet REBDEHh 5665,
tﬂya£d§&aéjlons will be attracted toward the anode by

the applied electric field and may regenerate the

ADC 503, first AM 502, and second AM 504 as they travel
toward the anode. The CM 506 may be regenerated by
water splitting that occurs within the CCBDC 505.
Hydronium ions will be attracted toward the cathode by
the applied electric field and may regenerate the

CM 506 as they travel toward the cathode.

[00225] The apparatus as illustrated in FIG. 5 is
thus capable of being used in a manner that renders it
suitable for deionization, especially anion removal,
for low ionic strength liquids. Examples of low ionic
strength liquids include water that has received
reverse osmosis, distillation, or prior deionization
treatment. The apparatus as illustrated in FIG. 5 is
thus capable of producing a liquid with very low
concentrations of anions and thus may be suitable for

purifying liquids for use in analytical techniques such



t hen passes through the ACBDC 603 where both ani ons
and cations may be renoved fromthe liquid. The

woSRbd/B0ssoWM | | be attracted toward the cat hode plgy/dd3608/004930
applied electric field. The cations may pass through

the first CM 604, through the CDC 605, through the
second CM 606 and into the cathode chanber 607 where
they may be renoved from th&24ystem The anions will
be attracted toward the anode by the applied electric
field. The anions may pass through the AM 602 and into

e i dth rdwentss r &8y Wwhenéut beyebpycbepl edopedsihaomass
the system The apparatus of FIG 6 may produce |iquid
WRST R TR FeelitedPeoEPEioR EREFERESGRRY . among
redjced level s of anions .[00229] The AM 602, CDC 605,
first CM 604, and second CM 606 illustrated in FIG 6
may be regenerated bywater splitting that occurs

i thin the 603. dronjum.ions will be attracted
b i ne Aitien SyPoRenenhl PE AR PEenE ShieRfach
MRy inegeneraied the FicsteCM 6R4, afpbers0as anduseearéd in
CM 606 as they travel toward the cathode. The AM 602

FEF b rejaperste P byanader ciprberi Aglt haflodénesan

' AGBDC £03 d [ i QAS..W b
\gtr%c;razégtge}gbe“f owar d ‘'t eA%%]g%eg% 1?%% g%p}’}ﬂ%%ig% ggt F |hg
fdagiitb s iy o £geiner ahedéhehd&ib 602685 .t heliet navelke

tQward t he anode. IEOOZBO The_apparatus as illustrated
GRIRET 05 PHStRApARPRCoPOBelAY BEeBPATAtRANRY o
tatgdendefise | Acsmt t 89b enb9r i 46l QREZahbeRi neaPgGkald Y on
cation renoval, for lowionic strength |iquids. _
Ereghpinege glatemiabni ersardagedl hhgandsxchehggemagearial,
tJ¥HarHEbé§Q§§¥§gn exchange material. A CDC 605 may be
placed on the cathode-side of the ACBDC 603. The

CDC 605 and the ACBDC 603 may be separated by a first
CM 604. The CDC 605 typically includes therein a
homogeneous volume of cation exchange material. The
CDC 605 may be separated from a cathode chamber 607 by
a second CM 606. The cathode chamber 607 typically
includes a cathode therein. The apparatus as

illustrated in FIG. 6 may be operated in continuous

mode or in intermittent mode.

[(00227] A method for performing electrodeionization
utilizing the apparatus is illustrated in FIG. 6. The
liquid may be initially directed through the CDC 605.
The CDC 605 typically includes therein an inlet and an
outlet port. The inlet and outlet ports are configured
so that the liquid may travel through substantially all
of the length of the CDC 605. The inlet port is

positioned closest to the second CM 606 to minimize the



reverse osnosis, distillation, or prior deionization
treatnment. The apparatus as illustrated in FIG 6 is

wotoess136pabl e of producing a Iiquid with very pcamws2008/004930
concentrations of cations and thus may be suitable for

purifying liquids for use in analytical techniques

such as ion chromat ography, |nduct|vely coupl ed pl asma

mass spectronetry, and at oni 85 absorption spectroscopy,

anong others . [00231] FIG 7 illustrates an ED

apparatus conprising two ion depletion chanbers, a

@a@mamugnuheﬂuﬁﬂMﬁnsamu@modfaaéhnhﬁderaﬁﬂeafoatbodé the
anber. The two, el ectrode chanbers and t

B oo St e SP T RS CFhoRBeE 807 eanThidui d

wsed 10 1 Yslkiiesont @k nﬁ‘i‘ﬁehﬁ?@@léﬁOﬁéwéeﬁheﬂ’ee&%quld
The apparatus illustrated in FIG 7 conprises an anode

@M@M@he'natmqnﬂexnh@pgm mmodeisher eThe @DCESD%O&away

| aced n t cat hode-si d node ,cha
TSI St i i e TRt b G 85 oy BE
gepdrfcaiL iyl d idistr&M @2t odaed Chhe 783t hygecBl Yhe
i ncl.udes therein a honbgeneous vol une of cation

%ﬂﬂEQ#ﬁQ#ﬁ%ﬂ fial&BocTrescahyone Pr¥cks 8hleowed to
7

TRy e i M 2O SRl 050 TS RaBRSYs
mh@MbaﬂlﬁﬂﬂtWhHmérthey1meﬂ benrexohadgbynaher ivakteor
a doped an| xchange materjal, or _a dope atign
363 i S 1o e SabRofig ChATBRECBA Ton ARdonS
mtmoq&; &Fét%ﬁ{ed hei GBGC 705. 17he1€BCCaT0Roa8d the
CCBDC 707 may be separated by an AM 706. The CCBDC 707

rpai A [Widlel e rat rac wedtetiovandekbhangedaaber thke, or
%ﬁ%%%‘%fﬂhé%krlc field, they will not be allowed to

pass through the first CM 604 on the anode-side of the
CDC 605.

[00228] Following the passage through 605, the liquid
then passes through the ACBDC 603 where both anions and
cations may be removed from the liquid. The cations
will be attracted toward the cathode by the applied
electric field. The cations may pass through the first
CM 604, through the CDC 605, through the second CM 606
and into the cathode chamber 607 where they may be
removed from the system. The anions will be attracted
toward the anode by the applied electric field. The
anions may pass through the AM 602 and into the anode
chamber 601 where they may be removed from the system.
The apparatus of FIG. 6 may produce liquid with
significantly reduced levels of cations and reduced

levels of anions.



exchange material, or a doped cation exchange

material. The CCBDC 707 may be separated from a
woeabgnadsgochanmber 709 by a third CM 708. The catchadeos/004930

chanber 709 typically includes a cathode therein. The

apparatus as illustrated in FIG 7 may be operated in

conti nuous node or in intermttent node. [00232] This

results in an apparatus w th2fhe advantages of nini nal

el ectrode fouling or el ectrode degradati on. The CCBDC

707 may act as the final ion depletion chanber for the

promdegt] | i qrhied. AMVDED2 corb@nt 08Nt £i 088 QHY6De, r amdy eécond
into the CBCC 705. Any cations present in the product

(L3P AT bC hef e § cRBYoRSDYSFRBCEREEE 77
Pt Axidp 1 fH O dd €1 Node FOATPER 1 n SLRECAERBCAYRAL! 1Y

cati ons bel ng renovedi nto the cathode chanber nay
mwdnquumnmdnssmallhge|@tthectadhOdwacﬂanhercaahoﬂe by

|nS| f|c t 00233] . The.a ratus_illustrate

e 5P S e L R A s RS T First
wiM hs gy ghzmrment r@ﬁa 08ScO&hd COlOE DEeakORBey |t|2favel
conventi onal EDI appar at uses where the ani ons nay be

ravwel the crfihede. anbae dHahBer mayxbgarrasngay tece iy
b
S TR R 0o REhS SEEni R, EHLORLRBe 603

aRwdheo ety aitats omi bI beeaEbraappdr abwardThiee anode by
conflguratugn as illustrated in FIG 7 may renove the

e} OordRBL 19 t HP AT brst+ At Sughdt W@YCBé@eElﬁgﬁ‘E@r thenus

Pes 04 Nk [y SSHESPr €868l PnBDghog@nventi onal EDI
appar at uses . %O 0234] A nmethod for perform ng

glectrodeionlzatlon utilizing the apparatus as
Iﬂddfgdﬁledfﬁg ggé%rgtus as illustrated in FIG. 6 is

thus capable of being used in a manner that renders it
suitable for deionization, especially cation removal,
for low ionic strength liquids. Examples of low ionic
strength liquids include water that has received
reverse osmosis, distillation, or prior deionization
treatment. The apparatus as illustrated in FIG. 6 1is
thus capable of producing a liquid with very low
concentrations of cations and thus may be suitable for
purifying liquids for use in analytical techniques such
as ion chromatography, inductively coupled plasma mass
spectrometry, and atomic absorption spectroscopy, among

others.

{00231] FIG. 7 illustrates an EDI apparatus
comprising two ion depletion chambers, a concentrate
chamber, an anode chamber, and a cathode chamber. The
two electrode chambers and the concentrate chamber have

a flow of waste stream liquid used to flush the



conprises first causing the liquid to be deionized to
flow through the CDC 703. The interaction between the

wd Joog/izdssand the CDC 703 may be maximi zed by plpeajurgodsie493o
inlet to the CDC 703 near the second CM 704 and the
outlet of the CDC 703 near the first CM 702.
Al'ternatively, the inlet port nay be positioned
cl osest to the second CM 7042Y0 minim ze the distance
the cations nust travel under the force of the
electric field into the CBCC. This causes the liquid
toontaaiersse tiend efgdrh e t dleaiDeErg03 akei tpphowsukr om
the inlet to the outlet. The, K CDC 703 be. ca able of
iy g CoRER e ¢a *8Ader £

'ﬂﬁﬂdﬁfﬂdwﬁﬂnaﬁgﬁécﬁﬁéf@§nareAaébéaﬁb§dm59 b@eplaced on

cat hode under the i1 nfluence of the applied
@hﬂﬂdauﬁQdﬂTSIﬂﬁiqﬁnNMQ ahddeedhanbpasdOihr olgke anode

SRS o 8 P ¢ (B <e: BAPRRSCRE CHCE Tirst

‘t% 70Phe c@atd ansc ar@s n@ypa&épwdlh@maég theewgh an AM
706 that defines the cathode-side of the CBCC 705. The

demaganeahoto ks b f t oot et fEChpdde Baktghidalof fhe
d.el rj ield er.ef
fﬁ%!catlons né%ggﬁgﬁégc?ﬁve % %%%%gﬁée ﬁ% %E %E%CC
s ol | tThﬁ/Gw@ 7@@5@@@ thentBhe 395t maybpet Beparated
ste [ str r ye ons fro CcC .
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passage through the liquid is then flowed through

iR GGROGC 77 . aW@&Kﬂlt@@E\E@l’loﬂxﬁbﬁm%mﬁh@rﬂﬁd}w dAand
t68%633¥%%'¥%yrﬁg;gfaggé'gkz€ﬂe cathode-side of the

CBCC 705. The CBCC 705 and the CCBDC 707 may be
separated by an AM 706. The CCBDC 707 may include
therein a mixed ion exchange material, or a doped anion
exchange material, or a doped cation exchange material.
The CCBDC 707 may be separated from a cathode

chamber 709 by a third CM 708. The cathode chamber 709
typically includes a cathode therein. The apparatus as
illustrated in FIG. 7 may be operated in continuous

mode or in intermittent mode.

[00232] This results in an apparatus with the
advantages of minimal electrode fouling or electrode
degradation. The CCBDC 707 may act as the final ion
depletion chamber for the product liquid. Most
contaminant ions may be removed into the CBCC 705. Any
cations present in the product liquid after the CDC may
be removed by the CCBDC 707 and exit into the cathode

chamber. Since the gquantity of cations being removed



by placing the inlet to the CCBDC 707 near the AM 706
and the outlet of the CCBDC 707 near the third CM 708.

woldbs13eadses the liquid to traverse the | engt pcafusb/o04930
CCBDC 707 as it flows fromthe inlet to the outlet.

The inlet port is positioned closest to the AM 706 to
m nimze the distance the anions nust travel under the
force of the electric fieldl#fto the CBCC chanber 705.
The CCBDC 707 may be capabl e of renoving both anions
and cations . The remaining cations are attracted to
tile cadjrac et t load dh ocleambanesy 708 ueder sihhe i, nEkuenite in
of the applled electric field and may be allowed to
P T PaTRe T 7P8 HREIFRY Lhe2REnDved from
the liquid. The anions are attracted toward the anode
under the influence of the applied electric field and
N0 Xee3 Jal | SRt dmpqm@su$hxbhghtaatﬁwliﬁGFEGto7 is also

th adj.acent CB The_cont am_nant ani y be
i Rt S ORI S 5 et I cla iy o et
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defi nes the anode-si de of the CBCC 705. The ani ons
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liquid streamthat Cg
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liquid stream [0023 6 ] Water splitting occurs in t he

GERDC IOV i Hee majomytynefutbet haiens ghroxed ithve CBCC
%ﬁ%ﬁﬁﬁgglgﬁéglfQSOlv1ng the issues present in most

conventional EDI apparatuses.

[00234] A method for performing electrodeionization
utilizing the apparatus as illustrated in FIG. 7
comprises first causing the liquid to be deionized to
flow through the CDC 703. The interaction between the
ligquid and the CDC 703 may be maximized by placing the
inlet to the CDC 703 near the second CM 704 and the
outlet of the CDC 703 near the first CM 702.
Alternatively, the inlet port may be positioned closest
to the second CM 704 to minimize the distance the
cations must travel under the force of the electric
field into the CBCC. This causes the liquid to
traverse the length of the CDC 703 as it flows from the
inlet to the outlet. The CDC 703 may be capable of
effectively removing contaminant cations from the
liguid stream. The cations are attracted to the

cathode under the influence of the applied electric



or a doped ani on exchange material, or a doped cation
exchange material . The water splitting in the CCBDC

WO RA08/138380Serve to regenerate the third CM 708 pichalis2008/004930
separates the CCBDC 707 fromthe cathode chanber 709
as well as the AM 706 that separates the CCBDC 707
fromthe adjacent CBCC 705. £00237] The appar atus and
met hod of use illustrated i h2%IG address the
el ectrode fouling and ion exchange degradation
probl ens since the el ectrode chanbers may receive a
fedlcearglady the ofl Ideed ond apasanthroaghaadseabad

litting in the conposite bed depletion chanbers
&S"Irﬂr%t é’é‘dnyld“rttﬁnttﬂﬁ dnit-hy &9 dxi d PoRenfemippet cations

hRYCRRY Adr & 1 @nsﬁﬁghafﬁsthéné}aéét 708, The
nenbr anes. [00238] FIG. 8 11lustrates an EDI appar at us
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contami nant ions fromthe chanbers . The apparatus
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805 may be placed on the cathode-side of the ACBDC
O LAMHACBIG 803 and the CBCC 805 may be

[00235] Following the passage through 703, the liquid
is then flowed through the CCBDC 707. The interaction
between the liquid and the CCBDC 707 may be maximized
by placing the inlet to the CCBDC 707 near the AM 706
and the outlet of the CCBDC 707 near the third CM 708.
This causes the liquid to traverse the length of the
CCBDC 707 as it flows from the inlet to the outlet. The
inlet port is positioned closest to the AM 706 to
minimize the distance the anions must travel under the
force of the electric field into the CBCC chamber 705.
The CCBDC 707 may be capable of removing both anions
and cations. The remaining cations are attracted to
the adjacent cathode chamber 709 under the influence of
the applied electric field and may be allowed to pass
through a third CM 708 and may be removed from the
liquid. The anions are attracted toward the anode
under the influence of the applied electric field and

may be allowed to pass through an AM 706 into the



separated by a CM 804. The CBCC 805 may i ncl ude
therein a m xed i on exchange material, or a doped

wobPsoewchange material, or a doped cation e»eHarsdens/ 004930
material. An ADC 807 may be placed on the cathode-side

of the CBCC 805. The CBCC 805 and the ADC 807 may be
separated by a second AM 806. The ADC 807 typically

i ncl udes therein a honogeneddf vol une of anion
exchange material. The ADC 807 nmay be separated froma
cat hode chanber 809 by a third AM 808. The cat hode
cldgsioem t8@PBAG/ Pl Tl | yTheactomiesmanaat hadeéohbemaiynbeThe
apparatys. as illustrated in FIG 8 may be operated in
EEHERSD U b Dro Y #ht B nf RERECHDARS - [ 08BSOPRAANS
Bre e diheowdd ofd tya El'&‘@oﬁ%%té”b aphal efs 708y chat
drawn into the CBCC 805. The AUCBDC 803 nmay serve as
ded iasalthomuds esidn ehanherCB@E 7ABpr oBbhet ahignisd

h h th [ I '
SRR b ol T e O RoHE S Aner BT

Snfaeidrite: rEf arlid Yashl LeAt aneseni capiend. neyhbeefore,
renmoved by the ADC 807, the trace anounts of residual
&SR Y B VRY 3R t et aeBbeeby3ramavest ant hkBeaRBEE 705

erc iRl y4d l¢ UBE,Si ORLT el ectr.ad
R
dlieptird deimran dthan wendves njobhefapparhtusBas 705. The

i_llustrated in FIL.G 0 iLses fiyst causi t he
il Sl i S5 b Ivhek: be  hzeBetggRevel
Bre datreractdan hed Wweepibhe Leadtdvandot heeARR-80 M 1Ry
be maxi m zed by placing the inlet to the ADC 807 near

tIHE it Gdr 9 806 and the outl et of the ADC 807 near
the third AM 808. This

[00236] Water splitting occurs in the CCBDC 707 since
it may include therein a mixed ion exchange material,
or a doped anion exchange material, or a doped cation
exchange material. The water splitting in the

CCBDC 707 may serve to regenerate the third CM 708 that
separates the CCBDC 707 from the cathode chamber 709 as
well as the AM 706 that separates the CCBDC 707 from
the adjacent CBCC 705.

[00237] The apparatus and method of use illustrated
in FIG. 7 address the electrode fouling and ion
exchange degradation problems since the electrode
chambers may receive a reduced quantity of the
contaminant ions and water splitting in the composite
bed depletion chambers generates hydronium and
hydroxide ions for the regeneration of the anion

membranes, and cation membranes.



causes the liquid to traverse the |length of the ADC
807 as it flows fromthe inlet to the outlet. The ADC
wo290s/138380be capabl e of effectively renoving coegtrarsagabaeso
anions fromthe liquid stream The anions are
attracted to the anode under the influence of the
applied electric field and nmay be all owed to pass
t hrough a second AM 806 andl3hto the CBCC 805. The
cont am nant ani ons may be renmoved fromthe systemin
the CBCC 805. The anions are not allowed to pass
tflooeagh a GVMAE0A tidatusietd hes aheEmnodppardeusf the
CBCC 805. The anjions_cannot travel toward the cathode
E@@Qﬁ%?%ﬁthWQi%ﬁntﬁﬁﬁ%@%ﬁo¥h%h%$B?F%d 2| eepFprptrate

[ Th f t LONs yab t]
S o s B U e gy Tae e PHghEe o

tthie sisamdie tdienteste andutlde stoeaenthater ehembsr have
ions fromtheCBCC 805. The liquid exjti tﬂe DC 807
By J68 150 GEASFA e S b BT CORT ahPnatroR. CRB0241]
eIt itthrith el s SEdsn t fiOUSRaBBdr s t heThbadpgakathiBen

fl owed through the ACBDC 803 . The interaction between
R UStF@AtEhnd (FE ACBDBPBLaay 86 ABRAA ghambpr 801

| agi ' 0 r e 4
PR S o ey neall FrEBF pbe mib by, piitea
B sheauseshdde-didpli off tohéranedsecharbeengdh . of Thiee
ACBDC 803 as it _flows fromthe in| to the outlet.

PO RSB (i1 R opap) ACBPCT RibuiRY Bet ReRAFGRed by
NG iGaid QBf go2The FielmARRHE 80k ORgyalRcahhbaghedelid a

t he adj acent anode chanber 801 under the influence of
thi&eghplareexdleange crdterdahndonng Beratll anédnt exphegge

tm%rtoel'lrgl%la, foir[ Sé &%ggzcgggogagxgﬁa{lggor\ﬁgge];:rigr]T].t hg

CBCC 805 may be placed on the cathode-side of the

ACBDC 803. The ACBDC 803 and the CBCC 805 may be
separated by a CM 804. The CBCC 805 may include
therein a mixed ion exchange material, or a doped anion
exchange material, or a doped cation exchange material.
An ADC 807 may be placed on the cathode-side of the
CBCC 805. The CBCC 805 and the ADC 807 may be
separated by a second AM 806. The ADC 807 typically
includes therein a homogeneous volume of anion exchange
material. The ADC 807 may be separated from a cathode
chamber 809 by a third AM 808. The cathode chamber 809
typically includes a cathode therein. The apparatus as
illustrated in FIG. 8 may be operated in continuous

mode or in intermittent mode.

[00239] In FIG. 8, the majority of the contaminant
ions may be drawn into the CBCC 805. The ACBDC 803 may

serve as the final ion depletion chamber. As the



liquid. The cations are attracted toward the cathode
under the influence of the applied electric field and

wo'ms/Bessel | oned to pass through a CM 804 i nt o pchAss2008/004930
adj acent CBCC 805. The contam nant cations may be

renoved fromthe systemin the CBCC 805. The cations

are not allowed to pass through a second AM 806 t hat

defi nes the cathode-side ofl3he CBCC 805. The cations
cannot travel toward the anode because of the

i nfluence of the applied electric field. Therefore,

plreduatti disruiry des =fd eciroedly tleaOR€HDCNSDRe €BECABAR
until they are flushed fromthe s¥sten1b¥ t he waste

FPGEPESAEamIRRS MEOVRS TRSVHorii FReTRBCRNSES. The
a1 N0 dihie-SAGRRC 0% rBYy By ecantenyaads! 8¥ebns

oth anions and cations Telative to the in-comng
magyuicd gtarearad (9242]e \BR@r8epl i théngraceuasountshef

ACBDC 803 si. it i ncl t j i xed.i
SRS Ao e dDber Bt oHDexE NAnGRaAE e &P
ahodedQprthtat 50 eXChRNgS: Nedesbakiglheivaher electrode
splitting in the ACBDC 803 may serve to regenerate the

fiegsedamisey: t hat separates the ACBDC 803 fromthe
anode chanber 801 as well as the CM 804 that separates
the ACBDC 803 fromthe adjacent CBCC 805. [00243] The
dppaddtlus andnerdididdf of pesefotrhiusyraledtrndEiGni&ation

addr.e t he el ectrode foulin nd i on exchange
G T GIRARR i ca® t hbLBF BERF B Eninber & may

IRERINME e IEdune kAU d L ¥hof 11§81 40B6aBENARE 0heBedAREG
water splitting in the conposite bed depletion
éﬂgwbéﬁgxgéﬂeﬁdueguwyda@ﬁiunThﬁdinteraction between the
liquid and the ADC 807 may be maximized by placing the
inlet to the ADC 807 near the second AM 806 and the
outlet of the ADC 807 near the third AM 808. This
causes the liquid to traverse the length of the ADC 807
as it flows from the inlet to the outlet. The ADC 807
may be capable of effectively removing contaminant
anions from the liquid stream. The anions are
attracted to thé anode under the influence of the
applied electric field and may be allowed to pass
through a second AM 806 and into the CBCC 805. The
contaminant anions may be removed from the system in
the CBCC 805. The anions are not allowed to pass
through a CM 804 that defines the anode-side of the
CBCC 805. The anions cannot travel toward the cathode
because of the influence of the applied electric field.
Therefore, the anions may be effectively contained in
the CBCC 805 until they are flushed from the system by

the waste liquid stream that removes ions from the



hydr oxi de ions for the regeneration of the anion

menbr anes, and cation nenbranes. [00244] The foregoi ng
wodees30sxi ons of exenpl ary enbodi nents of the ppras@nis/004930

i nventi on have been presented for the purpose of

illustration and description. They are not intended to

be exhaustive or to limt the present invention to the

preci se forns disclosed, an838bviously many

nodi fi cati ons, enbodi nents, and variations are

possible in light of the above teaching. What is

cdeaaresD s s TH kl@eid ogel oimgathenapppanadt may be

onprising: a ._an anode chanber 101 including an

G h i, °h aniPRIF sEORRABRAEHBRane 102

contiguous with the anode chanber 101; ¢ . an anion

depl eti on chanber 103 contiguous with the first anion

MdfErddne 1071 tdwizgi tne depssagentbhantbr 80fc| titiend iquid

t.herei n i on_exchan ter] : a cond, anion.
ek Hed i etien BherAREC fipan " adBRotrsRation
aaein 103 Bl quid Can@oshéeabrdcdeph ehhonbeharikemi ke
conti guous with the second ani on nenbrane 104, the

SMPISATO D@ oiebnlt r &P eteRahBBPCi REPUBPAY ther £ 804
08 Uh s AHOSE L o0, SRRSO FLE) ol cLAURY, 002
106 < argigpoushav 1hgquid to traverse the length of the
ACBDC 803 as it flows from the inlet to the outlet.
The ACBDC 803 may be capable of removing both anions
and cations. The remaining anions are attracted to the
adjacent anode chamber 801 under the influence of the
applied electric field and may be allowed to pass
through a first AM 802 and may be removed from the
liquid. The cations are attracted toward the cathode
under the influence of the applied electric field and
may be allowed to pass through a CM 804 into the
adjacent CBCC 805. The contaminant cations may be
removed from the system in the CBCC 805. The cations
are not allowed to pass through a second AM 806 that
defines the cathode-side of the CBCC 805. The cations
cannot travel toward the anode because of the influence
of the applied electric field. Therefore, the cations
may be effectively removed in the CBCC 805 until they
are flushed from the system by the waste liquid stream
that removes ions from the CBCC 805. The liquid
exiting the ACBDC 803 may have a reduced level of both
anions and cations relative to the in-coming liquid

Stream.



t he conposite bed concentrate chanber 105; g . a
cation depl etion chanber 107 contiguous with the first
wocabg/ossoenbr ane 106, the cation depl etion charrars2008/004930
including therein cation exchange materials; h . a
second cation nenbrane 108 contiguous with the cation
depl eti on chanber 107; and i _. a cathode chanber 109
contiguous with the second ¢afi on menbrane 108
i ncluding a cathode therein. An el ectrodei oni zati on
apparatus conprising: a . an anode chanber 201,
i[d24d Ing aratanodeplhetr eng; obcura fnr sheaACBRCNBOBr aiace
202 cont,iguous with the anode chanber 201; ¢ . an .
SfodY 3 Lt ok 61 TRcC hERDBKCOB89BoRAGHIRL
Wit iy i dd Tl Wi &R BAbE aRst 8P2a1t NeraBodbped cation
conposi te bed depl etion chanber |ncfud|ng therein one
exchanigeednd tier iexk harfjee nud eet abplortandopadtisi on

terial, or_a doped catio x¢change
BRI | Sy e {PBESCERLL R ENTIRNTC A 89, that
Wddatdeeanat cacemposos efbed drpl ehbae chanbetr 203; =&
a cation depletion chanber 205 contiguous with the

feldt asattish e AnehobasePAEaESFi 5ASIAFPBEi 893 from
(gﬁyﬂggjg &K&é@tt@ﬁ%ein cati on exchange materials; f

a second cation menbrane 206 contiguous with

[00243] The apparatus and method of use illustrated
in FIG. 8 address the electrode fouling and ion
exchange degradation problems since the electrode
chambers may receive a reduced quantity of the
contaminant ions and water splitting in the composite
bed depletion chambers generates hydronium and
hydroxide ions for the regeneration of the anion

membranes, and cation membranes.

[00244] The foregoing descriptions of exemplary
embodiments of the present invention have been
presented for the purpose of illustration and
description. They are not intended to be exhaustive or
to limit the present invention to the precise forms
disclosed, and obviously many modifications,
embodiments, and variations are possible in light of

the above teaching.



the cation depletion chanber 205; g . a conposite bed
concentrate chanber 207 contiguous with the second

woQabs/Bossgenbr ane 206, the conposite bed concepiialisg00s/004930
chanmber including therein one of a m xed ion exchange

material, or a doped anion exchange material, or a
doped cati on exchange material; h . a second anion
menbr ane 208 conti guous w t h3Phe conposite bed
concentrate chanber 207; i . an anion depletion
chanber 209 contiguous with the second ani on nenbrane
203t tike Ardionetepl i i on chanber i1 ncluding therein

ani on exchange materials; j . a third anion nmenbrane
210 contiguous with the anion depletion chanber 209; k

1.2 9@Hﬁ%ﬂéb6¥HEE§6ﬁ§z§€QoH?9b§£k99u§héBH%&i%l%g:
contiguous wth the third ani on nenbrane 210, thé
cat hodi-c campoiede beldanfept elPbninhandéngi avl atiods
therein onq:of a. m xed ion exchange material , or a
doped anionkg?gﬁﬁhge material, or a doped cation

exchange nai efiwdt ;adionaméiibrénealloanceafbganes2id th
contiguous with the cathodi c conposite bed depl etion
chanber 21Ehemrede eheBbPabddOhanber 213 conti guous

Wi th Qﬁﬁ_t .ﬂ ﬁf@ﬁo@eﬁfgpféﬂecﬁéébegh§0§akgﬁqqguous
chanmber including therein a cathode. An
el ectrodei om Zattiloe Appatatnsovompmbsing: 102, the anion
depletion chamber including therein anion
exchange materials;
d. a second anion membrane 104 contiguous with
the anion depletion chamber 103;
e. a composite bed depletion chamber 105
contiguous with the second anion membrane
104, the composite bed concentrate chamber
including therein one of a doped anion
exchange material, or a doped cation exchange
material;
f. a first cation membrane 106 contiguous with
the composite bed concentrate chamber 105;
g. a cation depletion chamber 107 contiguous
with the first cation membrane 106, the
cation depletion chamber including therein
cation exchange materials;
h. a second cation membrane 108 contiguous with
the cation depletion chamber 107; and
i. a cathode chamber 109 contiguous with the
second cation membrane 108 including a

cathode therein.



a . an anode chanber 220 including an anode chanber
therein; b . a first cation nenbrane 221 conti guous

woWobdh3bhdye anode chanber 220; ¢ . an anodi ¢ COBRYRIHLIS004930
bed concentrate chanber 222 contiguous with the first

cation nmenbrane 221, the anodic conposite bed
concentrat e chanber |nclud|ng therein one of a m xed
i on exchange material, or aldbped ani on exchange
material, or a doped cation exchange nmaterial ;d . a
first anion nmenbrane 223 contiguous with the anodlc
canpogrt & ket aheint mewhaabparaﬁas ﬁomfp&ﬁlsalfulgon
depl etion chamber 224 contigugus with the first anjon
menbr &re 223} %Wﬂg%uﬁQﬁPB%ﬁl%PFonleﬁéHQépglﬁEI&&QQ?

therein anigpgxghange materials; f . a second anion
menbr ane 225 contiguous with the anion depletion .
chanbér. 224 L‘glrsta FwhposihesbbadeddpRetpon ighamise WiZ26

conti guous t C menbrane 225, the
conposi te 6@%353H%§%t$%? ?ﬁc?8glng therein one of a

m xed d on exchangei cdetenpekiter baddappdediioan c@é@lﬂmgezos
material, or a doped cation exchange material; h

second cat i AN TR AR WD DR EBRt f4U6Gs 2R OR Wﬁ@braﬂe 202,
conposi te nber$§£%080 ﬁgg?gé %%8 deple%lggt%%%mber

depletion c cont I guous
including therein one of a mixed ion exchange

material, or a doped anion exchange material,
or a doped cation exchange material;

d. a first cation membrane 204 contiguous with
the anodic composite bed depletion chamber
203;

e. a cation depletion chamber 205 contiguous
with the first cation membrane 204, the
cation depletion chamber including therein
cation exchange materials;

f. a second cation membrane 206 contiguous with
the cation depletion chamber 205;

g. a composite bed concentrate chamber 207
contiguous with the second cation membrane
206, the composite bed concentrate chamber
including therein one of a mixed ion exchange
material, or a doped anion exchange material,
or a doped cation exchange material;

h. a second anion membrane 208 contiguous with
the composite bed concentrate chamber 207;

i. an anion depletion chamber 209 contiguous

with the second anion membrane 208, the anion



with the second cation nmenbrane 227, the cation
depl eti on chanber including therein cation exchange

wosebLr30&hsS; | - a third cation nenbrane 229 cogirigdeUs®04930
with the cation depletion chanber 228; k . a cathodic

conposite bed concentrate chanmber 230 contiguous wth
the third cation nenbrane 229, the cathodi c conposite
bed concentrate chamber incldding therein one of a

m xed ion exchange material, or a doped ani on exchange
material, or a doped cation exchange material;1 . a
thi rd ani ordeEndt aore 23dmbent i gubudingt hhelre iaathddinc
conposi te bed concentrate,cganber 230; and m. a

cat hode chdHhaE® BHMETAL8S with the third anion

nmenbrane 23] {ctydiNgoR sehbBPdBet B20eEBntABuous with
el ect rodei oni zati on apparatus conprising: a . an anode

chanber 24Checdndmgienlanhbde chemben; 289 a first
cation nenbrane_.24]. conti guou ith t.he,anode chanber
S0, 0T n At Rod PSR b K051 200KR EhaTRe!
with the fizgsl caitdpusesbwaor 24¢, chhedasadios membrane

concentrate chanber including therein one o f a |
homogeneous2 ¥ urRe of2 BRPBRCeXEMBAGE CRaPEFi depletign

homgeneouscﬂ%ﬂé‘? Phcfabing exchandeomBt 8 &l ni%edion

m xed i on exchange
exchange material, or a doped anion exchange

material, or a doped cation exchange
material;

1. a third cation membrane 212 contiguous with
the cathodic composite bed depletion chamber
211; and

m. a cathode chamber 213 contiguous with the
third cation membrane 212, the cathode

chamber including therein a cathode.

3. An electrodeionization apparatus comprising:

a. an anode chamber 220 including an anode

chamber therein;

b. a first cation membrane 221 contiguous with
the anode chamber 220;

C. an anodic composite bed concentrate chamber
222 contiguous with the first cation membrane
221, the anodic composite bed concentrate
chamber including therein one of a mixed ion
exchange material, or a doped anion exchange
material, or a doped cation exchange

material;



material , or a doped ani on exchange material , or a
doped cation exchange material; d . a first anion

woRMHzeE 243 contiguous with the anodi c concegtiah6s/004930
chanber 242,- e . an anion depletion chanber 244

contiguous with the first anion nenbrane 243, the

ani on depl eti on chanber including therein anion
exchange materials; f . a s&&®nd ani on nenbrane 245
contiguous with the anion depletion chanber 244; g . a
conposite bed depletion chanber 246 conti guous wth

t he setond aartias tresrhi @ eRdfiordhe 2R2Bposhtégheds with
depl etion chanber including therein one of a m xed ion
exchange ndtht i31091 G CAREPHEHS REBNCERERBAGE CRaFEATRET
, or a dopegxation exchange material; h . a second
cati on nenbrane 247 contiguous with the conposite bed
depl etsi.on cmarberorR4pletien cahanhedepRét contdbavber

248 contigua i.th the second cation_ne ne, 247, .
the oati on et ctiort LREHEr Phct GAPRG Endpar n "Bt PaOR
exchange Myl i9n jchambéhi 16c-taliing FREPEARC3249n
contiguous with the cation depletion chanber 248; k

an cat hodi EXJWEIR e leeshakder 250 contiguous with
h ird ' hadi ¢ : .
the thir %?Eﬁ%%ggfqgggﬁﬁdﬁ rLHE 535 eghﬁ%ggous with

concentrate c ng therein one o

honbgeneousthmlamiorof dawl eni exchhagberaf@di;al , or a

honng%ﬁeow% composite bed depletion chamber 226
contiguous with the second anion membrane
225, the composite bed concentrate including
therein one of a mixed ion exchange material,
or a doped anion exchange material, or a
doped cation exchange material;

h. a second cation membrane 227 contiguous with
the composite bed depletion chamber 226;

i. a cation depletion chamber 228 contiguous
with the second cation membrane 227, the
cation depletion chamber including therein
cation exchange materials;

J. a third cation membrane 229 contiguous with
the cation depletion chamber 228;

k. a cathodic composite bed concentrate chamber
230 contiguous with the third cation membrane
229, the cathodic composite bed concentrate
chamber including therein one of a mixed ion
exchange material, or a doped anion exchange
material, or a doped cation exchange

material;



vol une of cation exchange material, or a mxed ion

exchange material , or a doped ani on exchange
womebseroah, or a doped cation exchange mat eri alpcCir/ub2008804930

third anion nmenbrane 251 contiguous with the cathodic

concentrate chanmber 250; and m. a cathode chanber 252

contiguous with the third ani on nenbrane 251 i ncl udi ng

a cathode therein. 5 . An el&%trodeionization

apparatus conprising: a . an anode chanber 301

i ncluding an anode therein;a first anion nmenbrane 302

cont i guous anittth. tdhearaimd emetiandmee 381 ; cant agodiis with

conposite hed depletjon chanber 303 conti guous with
the first If HhecFOs R %ﬁéd?%m BhpbeLFe bed

depl etion sy igwd udikg therein one of a mxed ion
exchange material , or a doped ani on exchange nateri al

, or a.doped wtiaste exotplpee 232 ecpntbiguotsr witbathen
menbr ane 3Q4 .contiguous wth_the odi ¢c- cQnposi t
depl eti on gﬁgﬁ%gfiéhﬁﬁ Bt fon %§g|é?§%ﬁggﬁ§ e?agggde

conti guous yMddeirhe first cation nenbrane 304, the
cation depl etion chanber including therein cation
exchange materials; a second cation nmenbrane 306
contiguous with the cation depletion chanber 305;

4. An electrodeionization apparatus comprising:
a. an anode chamber 240 including an anode
therein;
b. a first cation membrane 241 contiguous with

the anode chamber 240;

C. a anodic concentrate chamber 242 contiguous
with the first cation membrane 241, the
anodic concentrate chamber including therein
one of a homogeneous volume of anion exchange
material, or a homogeneous volume of cation
exchange material, or a mixed ion exchange
material, or a doped anion exchange material,
or a doped cation exchange material;

d. a first anion membrane 243 contiguous with
the anodic concentrate chamber 242;

e. an anion depletion chamber 244 contiguous
with the first anion membrane 243, the anion
depletion chamber including therein anion
exchange materials;

f. a second anion membrane 245 contiguous with
the anion depletion chamber 244;

g. a composite bed depletion chamber 246

contiguous with the second anion membrane



a conposite bed concentrate chanber 307 conti guous
Wi th the second cation nenbrane 306, the conposite bed

WO B0ighat e chanber including therein one of pariigsed/004930
i on exchange material, or a doped ani on exchange

material, or a doped cation exchange nmaterial; a
second ani on nmenbrane 308 contiguous with the
conposi te bed concentrate chd®ber 307; an anion

depl eti on chanmber 309 contiguous with the second anion
menbrane 308, the anion depletion chanber including

therei n anizus exthangsmpes £t e abed d@ephet loanchamber
menbrane 310 contjiguous with the anion depletion
chanber 309NGEHHIANY L RAF HHYCRRaPH? @lie@ohPPgS68§ange

with the tmartdeﬁaafll on, &@ﬁ@a%&bﬁ%yéhasgé fathedsn,

t her ei n. ectrodei oni zat1 on appar at us
conpri si ng:oma a dnpedmmktn@mn@&chaﬁ@elmatadna@,an
anode .t herei n; irst anion ne

321 )
ooy oot 4 Harin S et ROt TS S A nEoRE bougng with

depl eti on cham@imp?i €ONbEQUAES1 L1 bnt BBahbest 228);0N
menbrane 321, the anion depletion chanber |nclud|ng

t her eiin am&nﬁ%&%ﬁh@$¥¥@&%¢ma?%amher 448cconRbigrPeA

mb 3 t I
Chanber 323 & PAO e Qe e SRR AR ZRIRD 5P o324

cation depletion chamber including therein
cation exchange materials;

j. a third cation membrane 249 contiguous with
the cation depletion chamber 248;

k. an cathodic concentrate chamber 250
contiguous with the third cation membrane
249, the cathodic concentrate chamber
including therein one of a homogeneous volume
of anion exchange material, or a homogeneous
volume of cation exchange material, or a
mixed ion exchange material, or a doped anion
exchange material, or a doped cation exchange
material;

1. a third anion membrane 251 contiguous with
the cathodic concentrate chamber 250; and

m. a cathode chamber 252 contiguous with the

third anion membrane 251 including a cathode

therein.
5. An electrodeionization apparatus comprising:
a. an anode chamber 301 including an anode

therein;



contiguous with the second ani on nenbrane 323, the
conposi te bed depl etion chanber including therein one

wobogu3gdgged i on exchange material, or a doped pafjt®008/004930
exchange material, or a doped cation exchange

material; f . a first cation nenbrane 325 conti guous
Wi th the conposite bed depletion chanber 324; g . a
cation depletion chamber 3284&ontiguous with the first
cation menbrane 325, the cation depletion chanber
including therein cation exchange materials; h . a
second .cat iaont inesthrameo3 2vexlonangud0d wotihigheusatwiiai
depl eti on chamnber hodi ¢ conposite bed

26;.1 . a
concent r at & tEhaHh e3§%a%%ﬁfi§€ s with the second

cati oenbranededi c L86ms8é Dol BegogBgSEEEoRCEhamber 303
concentrate chanber including therein a mxed ion
exchange ne@@riiduows wWigbpktdeahivaterehangBempranieal302,

or a dopedtﬁﬁgioq§§¥gh$$%§%g§ kaﬁétﬁgk%gF%8éréﬁgmber

ani on nenbrane con UsS Wi

conposi t e hiatt voftent tlaéeeChasher 0828; marddk ionaexchange
cat hode chanmber 330 contiguous with the third anion
nmenbr ane 3R ¥HI nYT a2 c@PRBHeaRkeRefiChangepfgaterial,

el ectrodei qni zaty e&pééﬁééHSeﬁeﬂBﬁgéiRateéialén anode
chanber 340 i1 ncludi ng an anode thereéin;

d. a first cation membrane 304 contiguous with
the anodic composite bed depletion chamber
303;

e. a cation depletion chamber 305 contiguous
with the first cation membrane‘304, the
cation depletion chamber including therein
cation exchange materials;

f. a second cation membrane 306 contiguous with
the cation depletion chamber 305;

g. a composite bed concentrate chamber 307
contiguous with the second cation membrane
306, the composite bed concentrate chamber
including therein one of a mixed ion exchange
material, or a doped anion exchange material,
or a doped cation exchange material;

h. a second anion membrane 308 contiguous with
the composite bed concentrate chamber 307;

i. an anion depletion chamber 309 contiguous
with the second anion membrane 308, the anion
depletion chamber including therein anion
exchange materials;

J. a third anion membrane 310 contiguous with

the anion depletion chamber 309; and



b . a first anion nenbrane 341 contiguous with the
anode chanber 340; c¢ . an anion depletion chanber 342

woCRnd/i3gsus wWith the first ani on nenbrane 341,pcting2008/004930
ani on depl eti on chanber including therein anion

exchange materials; d . a second ani on nenbrane 343
contiguous with the anion depletion chanber 342; e . a
conmposi te bed depl etion chakBér 344 contiguous with
the second ani on nenbrane 343, the conposite bed

depl eti on chanber including therein one of a m xed ion
excharige ned ecatahoderchandbped3ahi oonexghange wiaterdbad |
or a doped cation exchange terigl: f . _a first
cation membiiaHES F8E LoR TUBRETRI SRVt RECLERIBS fe dEdode
depl etion chagber,344,9 . a cation depletion chanber
346 contiguous wth the first cation nenbrane 345, the
cation depl etion chanber including therein cation
exchange nPteria s; h.. g.gecond %a&ion menbr.ane 347
Sont i dUibUE W Y HOLRECRAE R bR CHe PPREE B UEhSRERF 18469

an cataodi ancanedet chlbambeiiaBey 348 (litld gloUsnydé h

t he second cation nmenbrane 347, the cathodic
concent r at 8n€K&ABer incl uding therein one of a

homoganeoug ¢oLURe 4Qf; ANi %&’%%% B Alou® wheh
hormgeneous Vol une Of:L cati on exchange naterl a?, or a
m xed i on &kehangdemaihemtadr, 3&0;a doped ani on

c. an anion depletion chamber 322 contiguous
with the first anion membrane 321, the anion
depletion chamber including therein anion
exchange materials;

d. a second anion membrane 323 contiguous with
the anion depletion chamber 322;

e. a composite bed depletion chamber 324
contiguous with the second anion membrane
323, the composite bed depletion chamber
including therein one of a mixed ion exchange
material, or a doped anion exchange material,
or a doped cation exchange material;

f. a first cation membrane 325 contiguous with
the composite bed depletion chamber 324;

g. a cation depletion chamber 326 contiguous
with the first cation membrane 325, the
cation depletion chamber including therein
cation exchange materials;

h. a second cation membrane 327 contiguous with
the cation depletion chamber 326;

i. a cathodic composite bed concentrate chamber

328 contiguous with the second cation



exchange material , or a doped cation exchange

material; j . a third anion nenbrane 349 conti guous
woobd13okge cat hodi ¢ concentrate chanber 348; an@Thus2068/004930

cat hode chanber 350 contiguous with the third anion

menbrane 349 including a cathode therein. An

el ectrodei oni zati on apparatus_conprising: a . an anode

chanber 401 including an anddé therein; b . a first

cati on nmenbrane 402 contiguous with the anode chanber

401; c¢ . a cation depletion chanber 403 contiguous

with the fiesbreati d27nenicams t4QR}id heongads iore bed

depl eti on chanber including therein cation exchange .

nateriaIs;SOPC§n§§€6ﬁdcg9ﬁ%ﬁ¥|ﬁ§ﬂ%9§%?quﬁb?ﬁﬁﬁﬁg%dﬁ%xed

with the caphopxderheld aRcianer A3 Eped £OIPRSite

bed concentrate chanber 405 contiguous with the second

cati on nenbxaheng@4matties iednpesi tée darkd orrcleien agxchange

chanber incI%din therein one of a m xed ion exchange

material, OF gr&%&éd ani on exchange material, or a

doped tati antaiehdaage ompmndand 329 dortsig@hh®nwith

menbrane 406 conti guous with the conposite bed

concent r at ENEhERBECIAES CHROSIT arfiesh SRR BRCE

chanber 40%;,cqR 0484S Wi the first anion nenbrane
406, the anPon epleti‘'on chamber including therein

anion k. a cathode chamber 330 contiguous with the

third anion membrane 329 including a cathode

therein.
7. An electrodeionization apparatus comprising:
a. an anode chamber 340 including an anode
therein;
b. a first anion membrane 341 contiguous with

the anode chamber 340;

c. an anion depletion chamber 342 contiguous
with the first anion membrane 341, the anion
depletion chamber including therein anion
exchange materials;

d. a second anion membrane 343 contiguous with
the anion depletion chamber 342;

e. a composite bed depletion chamber 344
contiguous with the second anion membrane
343, the composite bed depletion chamber
including therein one of a mixed ion exchange
material, or a doped anion exchange material,
or a doped cation exchange material;

f. a first cation membrane 345 contiguous with

the composite bed depletion chamber 344;



exchange materials; h . a second ani on nenbrane 408
contiguous with the anion depletion chanber 407; i . a
woeRbddkgs conposite bed depletion chanber 409 pcr/ys2008/004930
contiguous with the second ani on nenbrane 408, the
cat hodi ¢ conposite bed depl etion chanber including

therein one of a m xed ion exchange material , or a
doped ani on exchange materi &4 or a doped cation
exchange material ; j . a third cation nenbrane 410

contiguous with the cathodi c conposite bed depl etion
chanbey. 408; candok desleatiloode hadrdre 3 46l o @oni duoios!S
with the third catigon menbrane 410 incl uding a cat hode

therein . AW EPebPPoddir&hi FAHGH FFFRANR thimrtit ng:
a . an anodg ¢hanber1449 Jincadig amAnRds g behefein

first cation nmenbrane 421 contiguous wth the anode
chanmber 426atcon emchaodiec redrosiliss bed concentrate
chan‘oetg1 422 conti giuou MW th the fij rﬁ{“cati on. menbr ane,
421, the aRodreCBompesitE BEIFS et e T hamiers W

i ncludi ng ther ebk iene delplaulioteEHabaxdwage nateri al

, or a doped ani on exchange material, or a doped

cati ont exchBn§athRCAc gonceptragq ighamkey ot ¥enbr ane

423 conti gggﬂﬁg%éghst B8 3L LABP L LS membrane

concentrate c
- 347, the cathodic concentrate chamber

including therein one of a homogeneous volume
of anion exchange material, or a homogeneous
volume of cation exchange material, or a
mixed ion exchange material, or a doped anion
exchange material, or a doped cation exchange
material;

j. a third anion membrane 349 contiguous with
the cathodic concentrate chamber 348; and

k. a cathode chamber 350 contiguous with the

third anion membrane 349 including a cathode

therein.
8. An electrodeionization apparatus comprising:
a. an anode chamber 401 including an anode
therein;
b. a first cation membrane 402 contiguous with

the anode chamber 401;

C. a cation depletion chamber 403 contiguous
with the first cation membrane 402, the
cation depletion chamber including therein

cation exchange materials;



422; e . an anion depletion chanber 424 conti guous

wth the first anion nenbrane 423, the anion depletion
wocbesrzessoi ncl udi ng t herei n ani on exchange nat ecirals3008f004930

. a second ani on nenbrane 425 contiguous with the

ani on depl etion chanber 424; g . a conposite bed

depl eti on chanber 426 contiguous wth the second anon

menbrane 425, the conposite bed depl eti on chanber

including therein one of a m xed ion exchange

material, or a doped anion exchange material, or a

doped ccat i @en sadhahgs nkbernahbréne 404econdigabusnwith

menbr ane 42 contiguou th, the conposi bed

depl eti on CITs; 3?gﬂegh°%a??6ﬂgﬂﬁp?§?Von chamber
428 CQﬁt'Q%P%%m%déhﬁ@abé&céﬁﬂcéﬁttéﬁe”EHB&B@% 495,
thecation depl etion chanber including therein cation

exchange netcertigwoug wiht bhedseapondncatibnanenpzene

contiguous h ' [ h 428:
k . a catho eéchégprﬁ &%gg%g%ﬁ)géoggn&n ﬁﬁ@gﬁg t%gllag%g%
cation Wemrrﬁfl&lcﬂzﬁ&_;Im&;ﬂdiﬂgoﬁecafhadﬁlxéa iBA exchange

el ectrodei oni zatj on appar at us conpr|S|n a . an anode
chanber 44@®34RYiR# ngPan? afered t AR} ePnexphanger pagerial,

ZZB'O” meny.ang fde& 08kt BYRUSMhEAGENRaRR2YG 1Ghamber

f. a first anion membrane 406 contiguous with
the composite bed concentrate chamber 405;

g. an anion depletion chamber 407 contiguous
with the first anion membrane 406, the anion
depletion chamber including therein anion
exchange materials;

h. a second anion membrane 408 contiguous with
the anion depletion chamber 407;

i. a cathodic composite bed depletion chamber
409 contiguous with the second anion membrane
408, the cathodic composite bed depletion
chamber including therein one of a mixed ion
exchange material, or a doped anion exchange
material, or a doped cation exchange
material;

j. a third cation membrane 410 contiguous with
the cathodic composite bed depletion chamber
409; and

k. a cathode chamber 411 contiguous with the
third cation membrane 410 including a cathode

therein



c . an anodic concentrate chanber 442 contiguous wth
the first cation nenmbrane 441, the anodi c concentrate

woCkesaessol ncl udi ng therein one of a honbgeneowsTMA2008R04930
of ani on exchange material, or a honogeneous vol une of

cation exchange material , or a m xed ion exchange
material, or a doped ani on exchange material, or a
doped cation exchange materi4f;: d . a first anion
menbr ane 443 contiguous with the anodic concentrate
chanber 442; e . an anion depletion chanber 444
contiguous with the first anion nenbrane 443, the
ani on depl etion chanber includingﬁtherein ani, on

éxchaffle SHAHTUISEOH 2a ) QR AP EAF VR FEWBF AReNFAS

conti guousa M fRchBecARhBRdaRlbetinen uenabem 4fbad; - a
conposi te bed depl etion chanber 446 contiguous wth

t he sédcondaahivatneabianenéBbrane d@iposintd deis with

depl eti on chanber incku%kn t %rein one of a m xed ion
R

exchange nk %r?%?d? ore dni on exchange nateri al

, or g . dopgd £§AbHOD e¥mpParde MR icincdhtrat & edtitber
cati on nenbrane 447 contiguous with the conposite bed

depl eti on ¢RAnBERCAGBOUS With E&S & Fddplc@hioam daramyane
448 conti gyoys %éhahaggggggﬂl o‘“sqttg%e'@%r%&tﬁr%e

the cation depletion c ncludi ng thereirn cation

exchange nehambatsinpluddnphitheredt emerenbreamexd ion

Contlguouse&%ﬁgnge material, br a doped anion exchange
material, or a doped cation exchange
material;

d. a first anion membrane 423 contiguous with
the anodic composite bed concentrate chamber
422;

e. an anion depletion chamber 424 contiguous
with the first anion membrane 423, the anion
depletion chamber including therein anion
exchange materials;

f. a second anion membrane 425 contiguous with
the anion depletion chamber 424;

g. a composite bed depletion chamber 426
contiguous with the second anon membrane 425,
the composite bed depletion chamber including
therein one of a mixed ion exchange material,
or a doped anion exchange material, or a
doped cation exchange material;

h. a second cation membrane 427 contiguous with
the composite bed depletion chamber 426;

i. an cation depletion chamber 428 contiguous

with the second cation membrane 427, the



the cation depletion chanber 448; and k . a cathode
chanber 450 contiguous with the third cation nmenbrane
wok4sk/izosudi ng a cathode therein. 11. An PCT/US2008/004930

el ectrodei oni zati on apparatus conprising: a . an anode
chanber 501 including an anode therein; b . a first
ani on nmenbrane 502 contiguous wth the anode chanber
501; ¢ . an anion depletiontthamber 503 conti guous
with the first anion nmenbrane 502, the anion depletion
chanber including therein anion exchange materials; d

a secondcanion depbeanen50hambeti dunalsdimigh therein

ani on depl eti on chanBer 503; e . cat hodi ¢ conposite
bed depl et FoN YhafPer2BES BBRFTFJGoSs with the second

ani on jnenbs aprg; PQ4cat NEnCALRBHHG CABVOTIR iRRBuUs with
depl eti on chanber including therein one o f a m xed

i onexchangehemtetian Jdeplesigopetaaiesn 4@8chamge
material Oéaéhgggeghgﬁkbgn4§%CE%ﬁﬁﬁﬁﬂE§§§"ﬁ¥u fiye @
cati on ‘menbrane cont1rguous "W tTh tThHe conposite bed
depl eti on ehanbecabbn ABfbganeca 43t Hoda uetiaper 507
contiguous with_the cation nenbrane 506 including a
cat hode t he®Elpde12. An el ectrodei oni zati on appar at us
conprising: a . an anode chanber 601 including an
anode;

10. An electrodeionization apparatus comprising:

a. an anode chamber 440 including an anode
therein;
b. a first cation membrane 441 contiguous with

the anode chamber 440;

C. an anodic concentrate chamber 442 contiguous
with the first cation membrane 441, the
anodic concentrate chamber including therein
one of a homogeneous volume of anion exchange
material, or a homogeneous volume of cation
exchange material, or a mixed ion exchange
material, or a doped anion exchange material,
or a doped cation exchange material;

d. a first anion membrane 443 contiguous with
the anodic concentrate chamber 442;

e. an anion depletion chamber 444 contiguous
with the first anion membrane 443, the anion
depletion chamber including therein anion
exchange materials;

f. a second anion membrane 445 contiguous with
the anion depletion chamber 444;

g. a composite bed depletion chamber 446

contiguous with the second anion membrane



b . a first anion nenbrane 602 contiguous with the
anode chanber 601; c¢ . an anodi c conposite bed

wodbam/ Boigan chanber 603 contiguous with the fi pgtr/@&3d3M04930
menbrane 602, the anodic conposite bed depl etion

chanmber including therein one of a m xed ion exchange
material, or a doped anion exchange material, or a
doped cation exchange matert4P ; d . a first cation
menbr ane 604 conti guous with the anodi c conposite bed
depl eti on chanber 603; e . a cation depletion chanber
605 conti géé8s whehcbhpokiitst bedt idep lreriinmthaier t he
cation depleéigaﬁcha er i.ncluding therein cation

exchange nht B9 £herglls Offy Ctati S ¥ashbrdh&Sxgwnge
conti guousputbhihe eat homopRRl ion CHATREI SRt @t

g . a cathode chanber 607 contiguous wth the second
cati on nendrapedepedi peltadnngxaheadsode tteharadi n. 13, An

el ect rodei gnj LQn par.at us. conpri,sing; ._an._anod
chanbét’ 70% %égﬁﬁgl ﬁ%géﬁnaﬁlgéqgrt St é;’?rﬂq%oonétlaqlf?ur‘sst‘ﬂ&

cati on nmenbhaneorPdstent bgdodepliddl drhemnase cdwerber ;
c . a cation depletiaon chanmber 703 contiguous with the
first lcati 3R ABRBPENECPASL 10Re CORMGT &tqriguous

chamber i ngl udi pget BREEHY CAlliYh WEGRANGR BEE! als:

cation depletion chamber including therein
cation exchange materials;

j. a third cation membrane 449 contiguous with
the cation depletion chamber 448; and

k. a cathode chamber 450 contiguous with the
third cation membrane 449 including a cathode

therein.

11. An electrodeionization apparatus comprising:

a. an anode chamber 501 including an anode
therein;
b. a first anion membrane 502 contiguous with

the anode chamber 501;

c. an anion depletion chamber 503 contiguous
with the first anion membrane 502, the anion
depletion chamber including therein anion
exchange materials;

d. a second anion membrane 504 contiguous with
the anion depletion chamber 503;

e. a cathodic composite bed depletion chamber
505 contiguous with the second anion membrane
504, the cathodic composite bed depletion

chamber including therein one of a mixed ion



d . a second cation nenbrane 704 contiguous with the
cat hodi ¢ conposite bed depletion chanber 703; e . a

woooipPResishe bed concentrate chanber 705 conti gpewaiSehise4930
the second cation nmenbrane 704, the conposite bed

concentrate chanber including therein one of a m xed
i on exchange material, or a doped ani on exchange
material, or a doped cationl&fchange material; f . an
ani on nmenbrane 706 contiguous with the conposite bed
concentrate chanber 705; g . a cathodic conposite bed
depl eti on chamige Grattentiauoos s dbpelieaathbanexchange
menbrane 706, the cathodic_conposite bed depl etion
chamber i nélRAFEHFE he?t®i s %ﬂ%ggfC%thPQeBXFBﬁngﬁchange
material, ofy@d4oped ani on exchange material, or a
doped cation exchange material; h . a third cation
menbr éhe 768 cadritdrgueesbnind 506 cantooucvapwsithe thed

depl etion chanber. .707; andi . cat hpde. chagher 70
cont guous TP HE (9 dea PR SReRBraRE= 7885, and

i ncl ug .ng a caidrastiee thieambher 847 ABntiguous with the
el ectrodei oni zati on apparatus _conprising: a . an anode
chanber 80FatudiePEaan®@e tRelfAnNgpa, cathpds

ani on menbrane contiguous with the anode chanber
801; ¢ . an ané%ﬁ%’conposite bed depl eti on chanber 803

12. An electrodeionization apparatus comprising:

a. an anode chamber 601 including an anode;

b. a first anion membrane 602 contiguous with
the anode chamber 601;

c. an anodic composite bed depletion chamber 603
contiguous with the first anion membrane 602,
the anodic composite bed depletion chamber
including therein one of a mixed ion exchange
material, or a doped anion exchange material,
or a doped cation exchange material;

d. a first cation membrane 604 contiguous with
the anodic composite bed depletion chamber
603;

e. a cation depletion chamber 605 contiguous
with the first cation membrane 604, the
cation depletion chamber including therein
cation exchange materials;

f. a second cation membrane 606 contiguous with
the cation depletion chamber 605; and

g. a cathode chamber 607 contiguous with the
second cation membrane 606 including a

cathode therein.



contiguous with the first anion nenbrane 802, the
anodi ¢ conposite bed depl eti on chanber i ncl udi ng

wo 26/ Sokgoone of a m xed i on exchange nateri al ,pc@iu008/004930
doped ani on exchange material, or a doped cation

exchange material; d . a cation nenbrane 804
contiguous with the anodi c conposite bed depletion
chamber 803; e . a conpositédBed concentrate chanber
805 contiguous with the cation nenbrane 804, the
conposite bed concentrate chanber including therein
drie ofara &l ex@dr odaei @xthanfen rapparaktusocoapdadapgadgani on
exchange material, or. a dope atio xchange

mror ;T dpade cheSueR  abnbRaludins Bonergtus
with the composiie; bed concentrate chanber 805; g . an
ani on depl eti on chanber 807 contiguous wth the second
ani on Imenbranel 1896, ca hecannenbyapee?P@nconaiaous with
i ncluding therein ani exchange materials; h . a
third anioﬂﬂﬁﬁﬁ%?%ﬁ% %%%mégﬁtiguous wi th the anion
depl etd on chatdet oB80depasdacaathanbeehaoBecod®9 guous
contiguous with the third cation nmenbrane 808

i ncl udi ng avEeRhbge fheFki gation membrane 702, the

cation depletion chamber including therein
cation exchange materials;

d. a second cation membrane 704 contiguous with
the cathodic composite bed depletion chamber
703;

e, a composite bed concentrate chamber 705
contiguous with the second cation membrane
704, the composite bed concentrate chamber
including therein one of a mixed ion exchange
material, or a doped anion exchange material,
or a doped cation exchange material;

f. an anion membrane 706 contiguous with the
composite bed concentrate chamber 705;

g. a cathodic composite bed depletion chamber
707 contiguous with the anion membrane 706,
the cathodic composite bed depletion chamber
including therein one of a mixed ion exchange
material, or a doped anion exchange material,
or a doped cation exchange material;

h. a third cation membrane 708 contiguous with
the cation composite bed depletion chamber
707; and
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i. a cathode chamber 709 contiguous with the
third cation membrane 708 including a cathode

therein.

14. An electrodeionization apparatus comprising:

a. an anode chamber 801 including an anode
therein;
b. a first anion membrane 802 contiguous with

the anode chamber 801;

C. an anodic composite bed depletion chamber 803
contiguous with the first anion membrane 802,
the anodic composite bed depletion dhémber
including therein one of a mixed ion exchange
material, or a doped anion exchange material,
or a doped cation exchange material;

d. a cation membrane 804 contiguous with the
anodic composite bed depletion chamber 803;

e. a composite bed concentrate chamber 805
contiguous with the cation membrane 804, the
composite bed concentrate chamber including
therein one of a mixed ion exchange material,
or a doped anion exchange material, or a
doped cation exchange material;

f. a second anion membrane 806 contiguous with
the composite bed concentrate chamber 805;

g. an anion depletion chamber 807 contiguous
with the second anion membrane 806, the anion
depletion chamber including therein anion
exchange materials;

h. a third anion membrane 808 contiguous with

the anion depletion chamber 807; and
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a cathode chamber 809 contiguous with the
third cation membrane 808 including a cathode

therein.



