ARRANGEMENT OF | ON EXCHANGE MATERI AL W THI N AN ELECTRODEI ONI ZATI ON
APPARATUS FI ELD OF THE | NVENTI ON The present invention relates to an

el ectrodei oni zati on apparatus and, nore particularly, to the arrangenent

of ion exchange material within the concentrating conpartnent of an

el ectrodei oni zati on apparatus. BACKGROUND OF THE | NVENTI ON

Per f or manceof anel ect r odei oni zat i onappar at usdependsont he

rej ection/ bl ockage/ encapsul ation of inpurity ions in the ion-concentrating
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conmpartnments in an el %LEQ@R@@MIMWWAE&WS be filled with
either: (a) water, or an aqueous solution, which receives the inpurity

ions, or (b) water, or an aqueous solution, in conjunction with some
i on-conducting materials. When the ion-concentrating conmpartnent spacers

are figikesh SFrrReRvERAgHRAUCt i ve nesh, the ions fromthe ion-depleting
conpartnents directly enter the liquid phase of the ion-concentrating
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cont aiefecirodei@ordios bppaeatwsat eri al s, the inpurities that have m grated out of
the ion-depleting conpat talents will remain in their respective
i on-conductive phases until the inpurities either: (a) perform

I on- eFACKEROUND GRIHEINVERTIONM sol ution, or (b) are transferred to the
l'iquid phase, by migration, along with a correspondi ng oppositely chharged
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rejection/blockage/encapsulation of impurity ions m the ion-concentrating compartments, that
have migrated from the ion-depleting compartments through their respective ion permeable
membranes. The ion-concentrating compartments in an electrodeionization apparatus may be
filled with either: (a) water, or an aqueous solution, which receives the impurity ions, or (b)
water, or an agqueous solution, in conjunction with some ion-conducting materials. When the
ion-concentrating compartment spacers are filled with non-ionconductive mesh, the ions from
the ion-depleting compartments directly enter the liquid phase of the ion-concentrating
compartments at the membrane surface. Solution mixing, ion migration, and ion diffusion take
place to provide a homogencous liquid at a distance from the membrane surfaces. When the ion-
concenirating compartments contain ion-conductive materials, the impurities that have migrated
out of the ion-depleting compartments will remain in their respecﬁve 1on-conductive phases until
the impuritics either: (a) perform ion-exchange with another ion from solution, or (b) are
transferred fo the liquid phase, by migration, along with a corresponding oppositely charged ion

from the oppositely charged ion-exchange materiai,

For the normal salt fons, such as: Na', K', Li’, etc. and CI', B, NOs, SO, etc., migrating into
the ion-concentrating compartments, their concentration merely increases in the liquid flowing

through the ion-concentrating compartments.



For the normal salt ions, such as: Na-, K+, Li+, etc. and Cl, Br, NG3-,
SH2-, etc., mgrating into the ion-concentrating conpartnents, their
concentration nerely increases in the liquid flow ng through the

i on-concentrating conpartnents. For acidic and basic ions, the transition
of these ions into solution fromthe ion exchange material phase can cause
an aci d/ base reaction to occur, formng a neutral conpound. For exanple,
the foIIovvi ng reactions may occur: Hy(aq) OH(aq) -> H20(1) Hfr(aq) +
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example, the following reactions may occur:
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H'(aq) + OH(aq) — H,0(0)

H'(ag) + CH:;COO (ag) — CH>COOH(aq) {acetic acid formation)

H'(aq) + HCOs(aq) - H,COsfaq) — COx(ag) + HO®) (carbonic acid formation)
NH,'(aq) + OHY(aq) — NH,OH(aq) — NHi(aq) + H,0(l) (ammonia formation)

In cases where the positive and negative ions entering the solution phase form a compound with
low solubility, high local concentration levels can be developed, leading to the formation of a

precipitate. For example, the following mechanisms may be operative:
Ca¥'(ag) + COs*(aq) — CaCOa(s)

and

Mg”'(ag) + 20H(aq) — Mg(OH)(s)

Controlling the location where these scaling reactions occur is vital to both the ability of an
clectrodeionization apparatus to produce high resistivity product water and to reduce scale
formation in the ion-concentrating compartments. The effect of the configuration of the ion
exchange material in the ion-concentrating compartment on the product water tesistivity arises
from the fact that neutral species formed in the ion-concentrating compartments from acid/base
neutralization reactions are not rejected by one of the two ion-permeable membranes. The
formed neutral species, such as CO;, CH3;COOH and other weak acids, can diffuse through a low
pH cation permeable membrane, but if they come into contact with a high pH anion permeable
membrane, they arc ionized and rejected. Similarly, weak bases such as NHj are not rejected by
the anion permeable membranes and are able to diffuse through the anion permeable membranes,
but become ionized when in contact with a low pH cation permeable membrane. The rate at
which this back diffusion (e.g. CO; or CH:COOH through a cation permeable membrane, or

NH; through an anion permeable membrane) occurs is dependent on the local concentration of



In cases where the positive and negative ions entering the solution phase
forma conmpound with low solubility, high local concentration | evels can
be devel oped, leading to the formation of a precipitate For exanple, the
foll owi ng nechani sns nay be operative: Ca2H (aq) + CO821(aq) -> CaCQO3(s)
and Mg2+(aq) + 20H-(aq) -> My(OH) 2(s) Controlling the | ocation where these
scaling reactions occur is vital to both the ability of an

el ectrodei oni zati on apparatus to produce high resistivity product water
and to, reduce, scale formation in the ion-copncentrating conpartnents. The
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surface of the opposing ion perneable nenbrane. At this interface, the ion

can encounter_ either a _hydronuimion (cation perneabl e nmenbrane surface)
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i on-depl eting conpartnments through this back diffusion, ionization occurs

whi ch 15 eallgpsct e Y Beviabd WabietrddeRhhiiof dpparatus comprising an ion-concentrating
compartment partially bounded by an anion permeable membrane and also partially bounded by
a cation permeable membrane, and an ion exchange material domain disposed within the ion-
concentrating compartment, wherein the ion exchange material domain 15 contiguous with at
least a portion of an ion-concentrating compartment side surface of one of the anion permeable
membrane and the cation permeable membrane, and is spaced apart from the other one of the one
of the anion permeable membrane and the cation permeable membrane. The at least a portion of
the ion-concentrating compartment side surface of the one ef the anion permeable membrane and
the cation permeable membrane defines an operative side surface fraction of the ion-

concentrating compartment side surface of the one of the anion permeable membrane and the



SUMMARY COF THE | NVENTI ON There is provided an el ectrodei oni zati on
apparatus including an ion-concentrating conpartnent having a uni que
configuration of ion exchange material. In one aspect, there is provided
an el ectrodei oni zati on apparatus conprising an ion-concentrating
conpartments partially bounded by an ani on perneabl e nenbrane and al so
partially bounded by a cation perneabl e nenbrane, and an i on exchange

mat eri al domain di sposed within the ion-concentrating conpaitnent, wherein
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In a further aspect, there is provided an el ectrodei oni zati on appar at us
conprising an ion-concentrating conpairnent partially bounded by an anion
per neabl e menbrane and al so partially bounded by a cation perneable
menbrane, wherein the anion perneabl e nmenbrane includes an

i on-concentrating conpartnent side surface which defines an

i on-concentrating conpartnent side surface area of the anion perneable
menbrane, and wherein the cation perneabl e nmenbrane includes an

i on-concentratin oppartnment. side surface which defines an. .
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conpai rment side surface of the anion perneabl e nmenbrane, and wherein the
at least a portion of the ion-concentrating conpartmnment side surface of




surface fraction of the ion-concentrating conpattnent side surface of the
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fraction of the ion-concentrating conpartnent side surface of the cation
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conpartment side surface area of the cation perneabl e nenbrane, and
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el ect LRd YRR Ak A ABRARE Yiaterial predominant domain is spaced apart from at least a

portion of the ion-concentrating compartment side surface of the cation permeable membrane,



Figures 2 to 13 are schematic illustrations of an enbodi nent of an
I on-concentrating conpartnment of an el ectndei onization apparatus; Figures

14 to 35 are schematic illustrations of another enbodi nent of an
i on-concentrating conpatlntent of an el ectrodei onization apparatus;
Figures 36 to 43 are schematic illustrations of a further enbodi nent of an

I on-concentrating conpartnment of an el ectrodei orui zati on apparatus; Figure
44 is an expl oded view of conponents of an el ectrode oniza on apparatus;
Figure 45 is a schematic jllustration of an el ectrodejonization process;

and Figgdreiern thg atlpasi p potion ol g ien-cpncgRiTaAL COMBArtaR FIdE PrcRehtaceifint s of

a thi Abrdn h VA di LOR=CORC ! ARalt ment .
DETAI Eﬂégﬁ%lséé%eP'?fao%mce]%ﬁ%R%E%%R%D G it ARl O T CARC B onn (ATRA

(a) El eempadaesriideauifens oAfpatationpermeable membrane, and wherein the first operative side
surface fraction of the ion-concentrating compartment side surface of the cation permeable

membrane defines a first operative side surface area fraction of the ion-concentrating
compartment side surface of the cation permeable membrane which is at least 10% of the ion-
concentrating compariment side surface area of the cation permeable membrane, and wherein the
first operative side surface fraction of the ion-concentrating compartment side surface of the
cation permeable membrane, in comparison to substantially any remaining fractions of the ion-
concentrating compartment side surface of the cation permeable membrane, is closest to an outlet
of an ion-depleting compartment disposed on an opposite side of the cation permeable
membrane. In the case where the one of the anion permeable membrane and the cation
permeable membrane, having the at least a portion of the ion-concenirating compartment side
surface with which the first ion exchange material domain is contiguous, is the cation permeable
membrane, the first ion exchange material domain is a cation exchange material predominant
domain, and wherein the cation exchange material predominant domain is contiguous with at
least a portion of the ion-concentrating compartment side surface of the cation permeable
membrane, and wherein the at least a portion of the ion-concentrating compartment side surface
of the cation permeable membrane defines a second operative side surface fraction of the ion-
concentrating compartment side surface of the cation permeable membrane, and wherein the
second operative side surface fraction of the ion-concentraiing compartment side surface of the
cation permeable membrane defines a second operative side surface area fraction of the ion-
concentrating compartment side surface of the cation permeable membrane which is at least 10%
of the lon-concentrating compartment side surface area of the cation permeable membrane, and
wherein the second operative side surface fraction of the ion-concentrating compariment side
surface of the cation permeable membrane, in comparison to substantially any remaining
fractions of the ion-concentrating compartment side surface of the cation permeable membrane,
18 closest to an outlet of an ion-depleting compartment disposed on an opposite side of the cation
permeable membrane, and wherein the cation exchange material predominant domain is spaced
apart from at least a portion of the ion-concenirating compartment side surface of the anion

permeable membrane, and wherein the at ieast a portion of the ion-concenirating compartment



Referring to Figure 1, there is provided an el ectrodei oni zati on appar at us
10 including at |east one ion-concentrating conpannent 12 having ion
exchange material disposed therein. Wth respect to the

el ectrodei oni zati on apparatus 10, for exanmple, and referring to Figures 44
and 45 the el ectrodei oni zati on apparatus 10 includes an anode c, onpatt nment
30 provided with an anode 32, and a cat hode conpaltnent 34 provided with a
cat hode 35. Each of the conpartnents 30, 34 is configured to receive a
flow of electralytic materi sych as matgr or . an aqueous solutlon

125,
The ar¥ifeugocesddapitgeaned ? WEMPIAT Agfiies 4 Si9Rd eRRHIVE mislesurtapeiacierel
sour cehd Pn&bh&Giradiy &Jnﬁﬁkﬁieﬁt se@é anticabr Akhheh %@ﬁ&aﬁ@tﬂ@%aﬁeh gndRAdeir32 and

t he cathode 35 and thereby influence transport of ionic material in |iquid
medi a taneecPehorstevariifts @Icpqafrwwnhéthmmn@emtr@fngtdq@pent@gmtrsm wpolkened al

di ff ertﬁ&?%ﬁon g ra%f cﬁﬂj{l%na Reh glpelrﬁlvg%{ﬁg glri}? o E&'(,gd oﬁ ak H’n%r%n-

pernea ranes are alternat e y arrange e ano

conpatcenteatreti@Ocoamnperttohet sttt dadfdee ohpatibmpenta34nieab famr: m}-uch is at least 10%
of the ion-concentrating compartment side surface arca of the anion permeable membrane, and
wherein the second operative side surface fraction of the ion-concentrating compartment side
surface of the anion permeable membrane, in comparison to substantially any remaining
fractions of the ion-concentrating compartment side surface of the anion permeable membrane, is

closest to an outlet of an ion-depleting compartment disposed on an opposite side of the anion

permeable membrane.
BRIEF DESCRIPTION OF DRAWINGS

The method and apparatus of the preferred embodiments of the invention will now be described

with the following accompanying drawings:
Figure 1 is schematic itlustration of an electrodeionization apparatus;

Figures 2 to 13 are schematic illustrations of an embodiment of an ion-concentrating

compartment of an electrodeionization apparatus;

Figures 14 to 35 are schematic illustrations of another embodiment of an ion-concentrating

compartment of an electrodeionization apparatus;

Figures 36 to 43 are schematic illustrations of a further embodiment of an ion-concentrating

compartment of an electrodeionization apparatus;
Figure 44 is an exploded view of components of an electrodeionization apparatus;
Figure 45 is a schematic illustration of an electrodeionization process; and

Figure 46 to 51 are schematic illustrations, depicting measurements of a thickness of an ion

exchange domain in an ion-concentrating compartment.



alternating ion-depleting conpal Intents 36 and ion-concentrating
conpartnents 12. Each of the ion-depleting conpartnents 36 is bounded by
an ani on perneabl e nenbrane 18 on the anode side and by a cation perneable
menbrane 20 on the cathode side Each of the ion-concentrating conmpannents
12 is bounded by a cation perneabl e nenbrane 20 on the anode side and by
an ani on perneabl e nenbrane 18 on the cathode side. The ani on perneabl e
menbrane 18 is configured to permt preferential transport of anions into
the ion-concentrating conpartnent 12. The cation penneabl e nenbrane 20 is
conf i g‘&%&lfr@)d@ﬁﬁﬁ’ﬁl& PERRBFERREILENROBIMENTSSAE Tkt INYRE THON
concentrating conpat Intent 12. The ion-depleting conpartnent 36 is

confi quy ed HigetrRRRintAtion ppwkaifid of liquid to be treated, such as an
aqueous solution, through an inlet 363. The liquid flow 361 is purified in
the caompartnent. 36 and is discharged as . a purified liquid flow 365 through
t he mﬁn%%@m% @ﬁgigtrfﬁéa thsrs.is greidst 2a Fleptedenmyanenannaraiy lﬁa@%}m #upastionco

r ecei Vign-BorddeRithg boRpartchidin 8 haﬁhgfgﬁn@%cﬂxag@ﬁla@ﬁaadaspa@eaqwéms0' ution, which
accepts the ions that transport Trom adjacent ion-depleting c,onmpannents

36, out_ of the ion-concentrating conpartment 12. Aliquid flow 123, which
i s contEhissReddoithe slpgradeiopiation apparagisnl deCRpple eHbTETRPA FignEes ¥ The

l'i qui dipfyl1@WhGedrfdiaBERatldRS pF AR ‘E‘gcmde§§n mefcbﬂwérh&nm rovitlel S A

counter-current or cross-current _II‘EC_'[IOI’I, or other po sible flow
conf i gaedt 3bard a cathede cpmparmetia4iprepaded Withhaiatgpde¥do lighh efthpeompantmen.  As

illustya I i t 5 b l]ed from
the 11t DA W wber b A R Gl g BT RSP R ARl
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source Exenpl ar i mensi.ons o i) i.on depleti conpaj tipents, 36 and
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wher eiiffl@acd r@fspbd 6f PAAALEHRR M BghldnddleangNaP8xcfingd RStk idfhlece of
rectan ular_paralleleglped defined on two opposi ng sides by, respectively,

a cat itBhelpérinpetpnts! ghe 20 and an ani on perneabl e nenbrane 18, are,
respectively, as follows: (i) 13cmx 39cmx 0.8cm and (ii) 13cm x 39cm x

0.3cmgp BiyNot Rioh| ;}s]e%ﬁle@ma\%ﬁbsmﬁhésszg h@dWatbh Rimidte cRMAHIENt aret he

second dinmension is the length of the conpartnent, and the third di nension
i s t heltempiekrrawasestberwiendminare camestmanhpe md the cabeds copeatinem afty formhe
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the segpmdrsl ﬁ%ﬁi@@réf@reﬁﬂ@ﬁh@s?% Ryt ehioh i BERGH-EdR M tratiAF Gorh et dit 16l

di mension is the thickness of the conpaitnent which is, nore specifically,
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her ei e L-ani | e anen. U ARTDY Hgip i S
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per me &l ]i2t3ywblfCh iseeogcenirated amthgse 1ons, is discharged from the compartment 12. The liquid

flowing through the compartment 36 can flow in a co-cumrent or counter-current or cross-current



6 Xx 104 L/mn/cm psi. Exanple of suitable ion pernmeabl e menbranes include
het er ogeneous i on exchange nenbranes and honobgeneous i on perneabl e
menbranes. Suitabl e het erogeneous ion perneabl e nenbranes include, for
exanpl e, Menbranes International CM-7000STm (a cati on. per neabl e nenbr ane)
and Menbranes International AM-7001SIN (an anion perneabl e nenbrane).
Sui t abl e honbgeneous i on perneabl e nenbrane include, for exanple, GE
Infrastructure Water and Process Technol ogies (fornerly TONICS) CR67HM (a
catiogﬁgerneable menbrane) .and CE Infrastructure Water and Process

Techndli§6i¥s ¢ GHIFT RasyOlrOliPtEspondisursdienTiiatan anitisn igeidmianing Hantstane) .
As t hesoapad@eRomDalsLiineated3N ransd 94, th@ae&?&ﬁ@%ﬁﬁpﬁ%hfcﬂg%g@fed% (idn sone

enbodi nents, be dlsposed adj acent to an ion-depleting nmpaf rment 36 (it

i s unduuit b 12hadltematively. b deavplthBoe dApart benppli@DifoBdiquidrfow B6lsame
exanplies;: ' [.aC 0 ion-concentrating conpartnents 12), the
conpa#?@ﬁgﬁﬁg9@%&§%§ggﬁﬂﬁ%?&§#§% be considered to be ion-concentrating
conpaitalents. In these circunstances, the conpaitnent 30 or 34 is in
comuriixsaplamn diinedsigrseof (i) ion depleting compartments 36 and (ii) ion concentrating

compartments of an electrodeionization apparatus, wherein cach of the compartments has the
shape of a substantially rectangular parallelepiped defined on two opposing sides by,
respectively, a cation permeable membrane 20 and an anion permeable membrane 18, are,
respectively, as follows: (i) 13cm x 3%cm x 0.8¢m, and (it} 13cm x 39cm x 0.3cm, wherein the
first dimension is the width of the compartment, the second dimension is the length of the
compartment, and the third dimension is the thickness of the compartment which is, more
specifically, the distance between the membranes 18 and 20. Exemplary dimensions of electrode
compartments 30, 34 of an electrodeionization apparatus, wherein each of the compartments has
a shape of a substantialiy rectangular parallelepiped defined on two opposite by, respectively, an
ion permeable membrane (in the case of an anode compartment 30, an anion permeable
membrane 18, and in the case of a cathode compartment 34, a cation permeable membrane 20)
and an electrode, are as follows: 13cm x 3%9cm x 0.5¢cm, wherein the first dimension is the width
of the compartment, the second dimension is the length of the compartment, and the third
dimension is the thickness of the compartment which is, more specifically, the distance between

the ion permeable membrane and the electrode.

As used heretn, the termn “anion permeable membrane” means 2 membrane which is configured
to preferentially permit the transport of anions over that of cations from the ion-depleting
compartment 36 to the ion-concentrating compartment 12 during operation of the
clectrodeionization apparatus 10, and is characterized with a water permeability of less than
about 6 x 107 L/min/cm/psi.

As used herein, the term “cation permeable membrane” means a membrane which is configured
to preferentialty permit the transport of cations over that of anions from the ion-depleting
compartment 36 to the ion-concentrating compartment 12 during operation of the

electrodelonization apparatus 10, and is characterized by a water permeability of less than about

10



I on-depl eting conpaitnent 36 through an ion petneabl e nenbrane 18 or 20
and thereby configured to receive ionic material fromthe ion-depleting
conpai tment 36, such that the conpartnments 30 and 34 may al so be
considered to be ion-concentrating conpartnments 12. This woul d be the case
for an anode conpartnent 30, where the anode conpaitnent is adjacent to an
I on-depl eting conpartnent 36 and separated fromthe ion-depleting conpth
intent 36 by an ani on perneabl e nmenbrane 18. Simlarly, this would al so be
the case for a cathode conpartnent 34, where the cathode conpat Intent 34
s adj Eé%tLF%méﬁﬂm%n-depleting conpartment 36 and separated fromthe ion
depl eting conpartnent 36 by a cation perneabl e nenbrane 20. Conpaitnents

30, 34EmpiEOMNuBhble iR SEmBRhS] indlude ﬁéwagaﬁes&%ﬁiesacﬂaﬂgé fhefBlagtd al
such as a plastic nmesh for spacing the respective nenbrane fromthe

r es peciihemeBeReprLigE Peaneableaneminencs| Butabls|hptceogencou s nehmerbifhmebranes
[ eSPeGhLitg: COTBARIE Viomdoibs HEARNGRI THLIORLTE 9y ALRARIRAHMI AlnhRoh O

the ion-depleting conpall nents é exanp n'exchange nateri a
is mxad Membtexehahgenstmnelr i2V1-7061S3V f (ant heonepemphise  timbiang). déwitabtd ng

conpar s 36.are filled with alternating domai 0 ation change

mat or oyt 6, Berrtenbit Judhliens iR b PRl O R B R Wl B of

i on exgbengTedmbRiicalfofRérty IONICS) CR67THMP™ (a cation permeable membrane) and GE
Infrastructure Water and Process Technologies (formerly IONICS) A103QDP™ (an anion

permeable membrane).

As the anode compartment 30 and/or the cathode compartment 34 may, in some embodiments,
be disposed adjacent to an 1on-depleting compartment 36 (it is understood that one or both of the
compartments 30, 34 can, m some examples, be disposed adjacent to ion-concentrating
compartments 12), the compartments 30 and 34 may also be considered to be ion-concentrating
compartments. In these circumstances, the compartment 30 or 34 is in communication with the
ion-depleting compartment 36 through an ion permeable membrane 18 or 20 and thereby
configured to receive ionic material from the ion-depleting compartment 36, such that the
compartments 30 and 34 may also be considered to be ion-concentrating compartments 12. This
would be the case for an anode compartment 30, where the anode compartment is adjacent to an
1on-depleting compartment 36 and separated from the ion-depleting compartment 36 by an anion
permeable membrane 18, Similarly, this would also be the case for a cathode compartment 34,
where the cathode compartment 34 is adjacent to an ion-depleting compartment 36 and separated
from the ion depleting compartment 36 by a cation permeable membrane 20. Compartments 30,
34 may contain ion exchange material, or may contain inert material such as a plastic mesh for
spacing the respective membrane from the respective electrode to allow the electroiyte to flow

through the respective compartment.

-Ion exchange material is disposed within each of the ion-depleting compartments 36. For
example, the ion exchange material is mixed ion exchange material. As a further example, the
ion depleting compartments 36 are filied with alternating domains of cation exchange material

and anion exchange material. Further suitable configurations of ion exchange material for
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di sposition within the ion depleting conpartnments 36 are described in U S
Patent No. 6,197,174. Exanples of suitable fornms of ion exchange materials
i ncl ude beads, irregular shaped particles, fibres, rods, fabrics, or
porous nonoliths. The ion exchange materials may include both natural and
synthetic materials. Wen disposed in either of an ion-concentrating
conpartnent or an ion-depleting conpartnent, the ion exchange materials
may be conpacted, as described in U S. Patent No. 6,197,174, beginning at
colum_ 5, line 61 (sec also U S. Patent No. 5,961,805 and U.S. Patent No.
6, 228, DpEFLtionditqudse 198 deplating REmagpIsis SRidEIceing Ayl SnBetertiNg- 6. I8¢ d At
material which is preferentially conductive to anionic species. In this

I €S peChxanfplts b f FBlMId Bhmé 6f ©AkLIHALE thatRiafahE6dd HeHY RXRNARES A PaARicS,
species present in the material for anionic species from surrounding
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i ncl ude, synthetic poly-styrenjc beads, cross-|inked with divinyl bhenzene,
such BEXHE PEFRPIFIAL fgﬁa}ai%bf%a{lwnwmﬁr%n Aerepnging Joyid adfacilitate

M t sub; iopbﬂhgyx%ﬁéeﬁgﬂioniﬁ?
mat eri all predom nant domain
conpartment 12 conprising ion exchange material, and includes the,

f ol | ovikhBSeEniFER B itei ceatiop| orchange domeia” means,prisaks whishop restetrsaligly

mat erighSucPd 1Bk:idhiS ApbAs. Udeed Pl e XA RER IR e '&?lﬁ:lg%r qapd sarec&vtag .
dormain 14 al so includes cation exchange materials, the véiunetrlc rati o of
ani on caglgnan getionin perias presant gatthomasriehton getianit epciigk Srom sumionndihe lidowai n 14
i s def

cHs&chdaiLigplicd HEcHi€FOy" ani on exchange
" Is a space within the ion-concentrating

anf ?ﬁﬂitate migration of the exchanged cationic species under an applied electric field.

Examples of suitable anion exchange material include synthetic poly-styrenic beads cross-linked
with divinyl benzene, such beads being functionalized with trimethylammonium or
dimethylethanolammonium groups (e.g. Mitsubishi DIAION SA10A™ or Mitshbishi DIATON
SA20A™),

Examples of suitable cation exchange material include synthetic poly-styrenic beads cross-linked
with divinyl benzene, such beads being functionalized with sulphonic acid groups {(e.g.

Mitsubishi DIATON SK-1B™}).

As used herein, the term “anion exchange material predominant domain 14” is a space within the
1on-concentrating compartment 12 comprising ion exchange material, and includes the following
characteristics: (i) the domain 14 includes anion exchange materials and may also include cation
exchange materials, and if the domain 14 aiso includes cation exchange materials, the volumetric

ratio of anion exchange materials to cation exchange materials within the domain 14 is defined

12



by y, wherein y of the domain 14 is greater than or equal to about 4:1,
and in the case where the domain 14 is contiguous with a different ion
exchange material domain (such as any of domamins 16, 22, 141 or 161 - see
bel ow), they of domain 14 is greater than or equal to double of the value
of the y of the different ion exchange domain with which the domain 14 is
contiguous, i.e.(the y of the domain 14) > 2 x (the y of the different ion
exchange material domain with which the domain 14 is contiguous) (ii) the

domain 14 conpr|s§&.g‘ | east. about 20 vol une % ani on exchange materi al
based ¥ntHEHRBY §OPTRE 14rs efratcs BRioh equpl toy hopt 4:{ rrd g s %Seﬂi’h%éhea
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may alg B8P oPANO e RHENANO SR Bl Bl 1o Afllli- 4G, SRURE ochibalRli3©

inclu es cation exchange nmaterr e ol Bt Fice ¥ n|on exchange
rrat er i{ad, $hetioverstafl Cfspeenﬂc assgee imt’eof tat domaithifibetviven diaraaib 1])21' 1L/intn/cebbined by

y, wher the_ 7 of th d in 141 reater than_or equal about 1:4,
AERNE TR Nk R R R TR B Y g e
mat er itiibkiegs etht0fhst St fabicld dMBlettfBinafthd Meckd@R@i Bnd dakticlt ididmetdrhe a@%‘ n 141
has a Elﬁnl rmm hi ckness 145 of at | east about 0.2 mllinmetres, and where

the déRR4P- 21@1 imetreso PT ERIBTRLe. e IPRaie 14 APTBPFISSR @hlgmy beHs A valgiers anion

exchange material based on the total volume of the domain 14. As a further example, the domain
14 comprises at least about 50 volume % anion exchange material based on the total volume of

the domain 14.

As used herein, the term “non-cation exchange material predominant domain 141” is a space
within the ion-concentrating compartment 12, comprising ion exchange material, and mcludes
the following characteristics: (i) the domain 141 includes anion exchange materials and may also
include cation exchange materials, and if the domain 14 aiso includes cation exchange materials,
the volumetric ratio of anion exchange materials to cation exchange materials within the domain
1411s defined by v, wherein the y of the domain 141 is greater than or equal to about 1:4, (ii) the
domain 141 comprises at least about 10 volume % anion exchange material based on the total
volume of the domain 141, (iii) the domain 141 has a minimum thickness 145 of at least about

0.2 millimetres, and where the domain 141 is contiguous with the anion exchange membrane 18,
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the thickness 145 is neasured froma point 1401 on the surface of the

ani on perneable nenbrane 18 and in a direction parallel to an axis 143
normal to the anion perneabl e nmenbrane 18 (see Figure 50), and (iv) the
domain 141 is sufficiently porous so as to be effective in permtting flow
of liquid therethrough, and, to this end, is characterized by a water
pernmeability (or, the inverse of "specific pressure | oss" of the donain)
of between about 6 x 1M7 Li/mn/cm psi and about 1.5 1/mn/cnipsi. For
exanpl e, the domain 141 has a thickness equivalent to the thickness of at

| east ‘Bndhiskposs dre igitaghswred frama paiat tAPLlonehs wffeeme!l tha enieh ercaneabist er i s
at le - 4L et [ le: '

at or | O] e B e Rl [SRISC3 HogiH ) B oo AR RSNG|
benzend, (sedhgedls dpdi(ng themomiaonddl reshfficibmtlys pbrphoss @s acibd gffeotipsin( e. g.

M t subi shi...DI Al ON. SK-.1BT Far e l.e .of the doppin 141 is at. .| east
mbout Fpreil A2n RA iR, B AME e i ChotatBnb R 1 Pt nan
domai Mo Gie inserse (ﬁb‘ﬁp‘fﬁiﬁ/«\iﬁrm@meﬂ l” bmg a@mi?mmtwﬁg aB@f mal | &l 1ovenyinid@m/psi
conpri sing ion_exchange material, an ncludes the follow ng

char acacngra_r%g’t“i he: n?crﬂ,ﬁél. SRETHAG 1R TS 9@1@%% thigerenger et s and
may  al aRkhAE bHSGe R0 bR LD ANGR 1T BIIth@ ti8cknBR B lohe bitBicH IR0 AleS:

i ncl udes ani on exchange materials, the volunmetric ratio of anion exchange

nat er i P4t 9.8 rlimyrrsekedramepeohtiiablestaonicreliengs mategishimciydg synthetitepdined by
y, Wwh - s in 36 i . 1 din
he" casarp er s AN EPnl oo, hisRBek pplb Rl atone B e
mat er iaald gonms (@.o( SMicdhbalksi RMAION SHeRIMN ot 4xar@ide, 1ldilthe domitil)41 i e [aasiof
domain,16 is less than or equal to 1/4 (i.e. one-half) of the value of the
y of fﬁgmdéfferent i on exchange material domain with which the domain 16
is contiguous, i.e.(the y of the domain 16) < 0.5 x (the y of the

di f f erAsisci Gire) aiage “o@iodrdxahange mRitdtiWptddomthaghddniten demii Nsphbe wthin
conti% oqﬁégéki the domain 16 _conprises at |east about 20 volume % cation
excha 5% 10%y alipg SORPRMEeld SPRPTIYVBE pR c3Fhenfe MR nanfeincludey yhe he

donai @oﬂ@wﬁ%%h&a&iaﬁﬂﬁw il il ORRES 14 Set@es RhtidrCETharRlR Whteihi€ afld blab MBS €S,
and where the domain 16 is contiguous with the cation exchange nateri al
20, t Hnedwdremuon exchings mmaderiaty: epd ¥ thoflotpaingg alsp indhedes gnipa cechahgd mategalsi on
per meghl &, a6 ' Lrecti r %@ dl nal to
Phe cary CaPRERCa0R Bt ihnfs Bl Fik @R Albiike bR By 18 300E00"1 6
i s suflbiisdemted pypowbersinsthe st dambie 16fif kst thueoi equpkebrabbiti g ahd éwthefeasel i qui d
E grer e% re?eiu%g g?lglglidlgptlso cc;[n’rt}!g'l?ou% Qf«qth d éﬁgrg%tr 85 tegcrlfa%geedmaqgriéﬁ d\(l)\i%%i%r(mﬁﬁtag gz%} (l)fl ty
domains 14, 22, 141, or 161), the y of domain 16 is less than or equal to % (i.e. one-half) of the
value of the y of the different ion exchange material domain with which the domain 16 is

contiguous,

ie.  (the y of the domain 16) < 0.5 x (the y of the different ion exchange material

domain with which the domain 16 is contiguous)

{ii) the domain 16 comprises at least about 20 volume % cation exchange material based on the
total volume of the domain 16, (11i) the domain 16 has a minimum thickness 181 of at least about
0.2 miliimetres, and where the domain 106 is contiguous with the cation exchange material 20,
thickness is measured from a point 183 on the surface of the cation permeable membrane 20 and
in a direction parallel to an axis 185 normal to the cation permeable membrane 20 {see Figure

47), and (iv) the domain 16 is sufficiently porous so as to be effective in permitting flow of
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"specific pressure |oss" of the domain) of between about 6 x 10-7

1 /mn/cnmpsi and about 1.5 Limn/cm psi. For exanple, the domain 16 has a
t hi ckness equivalent to the thickness of at |east one particle dianeter,
and the thickness of one particle dianeter is at |east about 0.2
mllinmetres. For exanple, the domain 16 conprises at |east about 30 vol une
% cati on exchange material based on the total volune of the domain 16. As
a further exanple, the domain 16 conprises at |east about 50 vol une %
cation. exchange material based on the total vol une of the donaln 16.

As
used HisEk therefipueh ednd WB1-adi 1§ ThaReREFRGLY et ErT RETMPAYEIHE A% Sist neRstetTn 161"
means - H?ccﬁ*eé%fehb&”td?%é Qalnﬁﬂﬁ&@s%ééd ﬁgu@@qpﬁﬁ 1 /adiBh/p gané:m{'l?' ng

i on exchange material, and 1 ncl'udes the follow ng characteristics

domai rL/m@ﬂcm/metl E@ie%camah tiw demhna}fg@sma:hehwaai sqmwétnnwhalﬂsdmemfwd éeaam on
%52?:1%? gg;%tc & VO aﬁ.l[l the thi ]Ehlé Ig%s ogn%e ar(%)‘lgljé ed?agﬁe?erlls at Igatsp gbo%? b anolﬁg% r1]1‘:;‘3”9(:"
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t ot al ¥Rt dyEet S vdiliee GOREbLA eﬁeﬁénge(ﬂxétbﬁaﬂaﬂ&d@ﬁlﬂ@ tBtalloluB@st Be EbMhiAUa)

t hi ckness 181 of at |east about 0.2 mllinetres, and where the domain 161
is conti h the cation excha r t hi ckness i's neasured
from é*%%?ﬁweri@?@ﬁ T &8 &P‘PB@%‘%FEGL Rateg tnr%#?%%nh%‘awe freBFES @ SPEFeand i n
a di r egtii® 'Ehepi%ﬁ-%bﬁ&htrétﬁl adam@%ﬁmﬂ@@ ra:eﬁlgﬁ!;m ot éaehﬁ%exﬁmemrm@abxﬁdes
menbrane 20 (see Fi %me 51 and omain 16T is sufficiently

por oughes Bligeineochseacteriviest () dhg ﬁorpeﬁ 0t tinefudes | catipro exabpepsi waterids and Inamrgh
and, t Z r .

i nver s?%o lpa‘ﬁg&gg%ﬂ ?le%c}%rggésg{ﬁdtr[ez{a gﬂsh %,Pét%m %g%g?nggqgélg%%s@é% 6 x 1
4 Le/ maﬁrmkmsvolmammﬂanﬁmldmmge mmtgyas. to Fenorexaiipige, mettheﬂsjwrthmn 161

has a t ckne equi val.ent kness at | east one artl

i st SO P S e R o rndfe e Ponan S Roses FRR or % BRbPUEEE L o2
mlli ri[ﬁ)ﬂheﬁomﬁﬁri@)&&ﬂﬁphﬁ:s at la@st WBbWITO o lutne BlchorDxchatize Mt@bacbta;e@en the
naterlalsto anlon exchanenaterlals within (or, "the.y éthe domai n

161 | ot valege of fissiemam 101, Al dacetoman dbh hay mavpiEwm ‘hﬁﬁk)'%%%} 8b &k Rginge

MR e iBbyt ARTBhMirAdies TBANShelct iherdcAfaiit eI fiQlcb @B wid) tRe SOIERI BrclidndeS @
space within the corrpart ment 12, conprising ion exchang@ mat eri al, and

i ncl udeateriah @05 Bridkaeisniy Tedsawrad thoms stnain: 183) 9n thgesugfermiph e xafipe |v9me@b1&m on
exchange, yYal.Sh Al uﬁ@gu&%% ?&aﬁéﬁ%@%ﬂgﬁs”%ﬁ&hﬁi HOEEEH Be ‘2?% e&&ﬁ‘?é ol €
rati o of anion exchange material to cation EXC ange naterl a thin the
donmi riOZ(Bea Elgd@f ﬁﬂedndbywy therdemeinnt dlhe g;afﬁi@emﬂsrepmimasma{?ﬂ) bs effettiveein about

1-4 and_ a 1 rrprl es at. ast about 10 .volunme %
ani on PERRR R 88 sbid heis b AR € By 1 BB B Aol

al so Q@Uﬂﬂ’eh@@:ﬁse@f ‘dpeéisit padaaut 1659 ofahedmmdie AbeOReeshasgd orfayati/ah/phiased
on t he vol rreof t.he domain (iii).the donmain 22 has,a mni mum

t hi ckA® §‘{"2‘§11 SR st P b B z*ﬁ?ndpmﬁa%emle%as Pt tEalent Bchgss 221
i's meaguhRek i AR RRl Ml JialRid: %dqﬁmlmaé dloas e&&mteqzheﬂlét&eﬂ’s aPfeafthe

ani on perneabl e nembrane 18 or cation perneabl e menbrane 20 and in a

di r ecepot Opamdjimetres. Fonpxamls the Solumeirisl ratie ok ratisarexelfangh sataialsrio peiotreabl e
rrenbr Il ijgure 48, where, for
this | grtg%"tg exaﬁ{.ﬂ](gp ﬁﬁg%%g‘iﬁ |§g{1§f§%ﬁ%§§(§ﬁ€alm s 225 normal to
t he catl on per meabl e rrenbr ane 20, and the point 223 is taken as the point
223 orst wdd@rml,ntt@ztean ogeized tien thehapag ingaterjsb dowalyl 82" herenanigh209f, thand
(1v) %(%1 SAgmain 22 is sufficiently porous so as to be effective in

perm tting Tlow of liquid theretlu-ough, and, to this end, is
characterized by a water perneability (or, the i nverse of "specific
pressure | os44) ofdotmhm Ybmai vpacf whkbnvbe tombatmerd 12, tOmFriditgriow exthpgie and

about 1.5 L/n] Qe/:rfama%ﬁlinch?c{es the following characteristics: (1) the domain 22 includes anion
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(b) a domain 22 is a space within the conpartnment 12, conprising ion
anphoteric material conductive to both anionic and cationic species,
wherei n such domain 22 has a mninumthickness of at |east about 0.2
mllinmetres, wherein the mninmumthickness 2201 is neasured from a point
2203 on the domain 22 closest to the anion perneabl e nenbrane 18 or cation
per meabl e nenbrane 20 and in a direction parallel to an axis 2205 nor nal
to either of the anion perneabl e nmenbrane 18 or the cation perneable

menbrane 20 (see Figure.49, where, for this illustrated exanple, the axis
2205 15t akeroG6u LA SUSCRGE RIS PR RO B b A eae. 20,
and the poi ntad@Dchsngk MRl fo daliBn PRINAA LA Rithie the QB 225 GbasRst to
the cation perneabl e nenbrane 20), and (i1y) the domain 22 is sufficiently

porous so as Rovbehapindbe irwd thaderesini ot is fgtreepwbert 1:4 god @beuidr bt(r disgh,
and, to this Sdﬁ‘?ai? ne c8ﬁgﬁ&§faﬂ+§f%qﬁy#oavo‘i\@£§% Bﬁé@&?&@é&(m&% baldd%on
ssure of the d of be

i nverse of "specific pr 0SS omal n tween about 6 Xx
10- 7 L/ m n/ cnthpgoetalavidurad ofithelddnaid 2P mhd mlspsiompribesrat dseanphiost 1@ivolwere ©f part
N 22 hav

(a) or part (b). defines a do I a_m nj,mum t higskpe ui val ent
Lo the bl ckribig® Sendid: BuERBRa st ilg Yool b el P BAFfo Bt o
one particle 20 asehahiniBuratthiceast 2abasft atOleZst bbbt G thiddmettds, wéetetn e
understood that a " tion" of a mxed jon exchange material domain 22

i ncludes the _mes(%ﬁgi BCPRTSH 08 HPOIEE 5%%% ° awg@x?gﬂrfé?fa%% iog!gledorrgi n
22", as descrihadrahemts mdifirae dRid QREAL FernSatld enBrad@0i08 106 d@eflosed ion
exchange material domain 22 is adjacent to at |east one further portion of

the sane mi xeRpralishieatiangdd nemsl fouatithes aaths apmn pereenbleyaembrgae A weéhe on
exchange mat eL.i: olelpec i : i . i e
under st ood tﬁgkggpnlxe&gF%%mgﬁg%gé%§§W%?§?ggﬁg§%ﬁgﬁﬁs%%&ﬁgéiﬁgﬁ%k£ﬁmb

cont enpor aneoaxsd 325d5 ygers schn axisié normatve the'csixacmstheabdawiembiage 2@ padds on
how such spaces .defined, Fur i.t 1s understood.hat.two or re of
the def i ned- irtes dSRkPhEChear! P pn it defpsthPE P00 shE ok Womieo iy

| east a portimembkned®haef (ithide da@amr22nRseffeientih @otdas sd adtosRadRstivd @
co-located in the  in eriﬁjlion and that,, in such circumst,a;i:g%a when at

| east a port | BSARBARG Hew af hawid; Brreleeushntd: da it pad Inecnn2 dr4Fosed

W thin the i nfeehe@eitt QB i Bivatke bEBHecific IRELIRN0RP of R Mintes) dfotkrREghange
material domain 22 is_also said to be disposed within each of the two or

more defi ned ahgwicex 10 Thanipismipst anskabosht-5 A/mip/canpsir@mi ni ng fractions”, as

the termis used herein in relation to ion-concentrating conpai talent
side surf aces) b StobfhEREI R0 Lol Rahie tHe\Rmpakbnl TR8hpAlihe Rin AfYhoGRI Ni Ng
materizal conductive to both anionic and cationic species, wherein such domain 22 has
a minimum thickness of at least about (.2 millimetres, wherein the minimum
thickness 2201 is measured from a point 2203 on the domain 22 closest to the anion
permeable membrane 18 or cation permeable membrane 20 and in a direction parallel
to an axis 2205 normal to cither of the anion permeable membrane 18 or the cation
permeable membrane 20 (see Figure 49, where, for this illustrated example, the axis
22035 is taken as an axis 2205 normal to the cation permeable membrane 20, and the
point 2203 is taken as the point 2203 on the domain 22 closest to the cation
permeable membrane 20), and (iv) the domain 22 is sufficiently porous so as to be
effective in permitting flow of hiquid therethrough, and, to this end, is characterized
by a water permeability (or, the inverse of “specific pressure loss” of the domain) of

between about 6 x 107 L/min/cm/psi and about 1.5 L/min/cm/psi.
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(b) all of any remaining fractions, wherein "remaining fractions" neans
those fractions of an ion-concentrating conpailnent side surface (of an
ani on perneabl e nenbrane or a cation perneabl e nenbrane) other than the
operative side surface fraction. Wiere the operative side surface fraction
I's defined by the entire ion-concentrating conpat intent side surface of
an ani on perneabl e nenbrane or a cation perneable nenbrane, there is no
"remai ning fractions". Spacers 38, 40 are interposed between the
alternating anion angpcatlon per meabl e menbranes 18, 20 so as to maintain

spaci NP FEERBENCBISP G5 PRG (BhPoprrafid déﬁé{l%% dgeaRe b he e ARIRHEE fiBckees  and
there uRrraQH! ﬁ')ethQ Qﬁaéieksabﬁﬂtt Rast Zne PErtiMet Nat B8P &RY e hidBUR A RSB frofticld aui d

flow. anpl es of
diameter is at least about 0.2 millimetres.
It is to be understood that a “portion” of a mixed ion exchange material domain 22 includes the
same characteristics of a “mixed ion exchange material domain 22”, as described above, and a
difference 1s that a portion of a mixed ion exchange material domain 22 is adjacent to at least one

further portion of the same mixed ion exchange material domain 22, such that the mixed ion

exchange material domain 22 comprises these portions.

It is also to be understood that a mixed ion exchange material domain 22 may be
contemporancously disposed in one or more “spaces”, and this depends on how such spaces are
defined. Further, it is understood that two or more of the defined spaces can intersect to form an
intersection such that at least a portion of each of the two or more of the defined spaces are co-
located in the intersection, and that, in such circumnstances, when at ieast a portion of the mixed
ion exchange material domain 22 is disposed within the intersection, the at least a portion of the
mixed ion exchange material domain 22 is also said to be disposed within each of the two or

more defined spaces.

The term “substantially any remaining fractions”, as the term is used herein in relation to ion-

concentrating compartment side surfaces, is intended to mean either:
(a) almost all of any remaining fractions, or
(b) all of any remaining fractions,

wherein “remaining fractions” means those fractions of an ion-concentrating compartment side
surface (of an anion permeablc membranc or a cation permeable membrane) other than the
operative side surface fraction. Where the operative side surface fraction is defined by the entire
. lon-concentrating compartment side surface of an anion permeable membrane or a cation

permeabie membrane, there is no “remaining fractions™.

Spacers 38, 40 are interposed between the alternating anion and cation permeable membranes 18,

20 so as to maintain spacing between opposing anton and cation permeable membranes 18, 20



sui tabl e spacers 38, 40 for the el ectrodeionization apparatus 10 are
described in U S. Patent No. 6,929,765 and U. S. Patent Publication No. US
2004/ 0104166 Al . These exanpl es of spacers illustrate spacers with a nesh,
wherein the nesh is provided to nmaintain spacing between opposing

menbr anes, or an opposi ng nenbrane and an end franme assenbly, of the

i on-concentrating conpaanents of the el ectrodeionization apparatus 10, and
thereby facilitate provision of a fluid flowpath within the

i on-concentrati ng, conpartnents. i s understood that ion-concentrating

|
Conm e R BT A0S P BN By 3k FD Y &N HOU: eradiens ERYTPIESl 1 o

spacergityi Epa@_&*§ hg, Apfot bR diQRoBNENNRS aﬂ?&r@tﬁj; 2 adf debiribeli REU S, Patent No.
i on-concentrating conpannments facilitate the provision of a flowpath in

t he con?sh toaeandd). SHBstER Pubdicationhie., U GA0YBHEE ¢ dt iThgsccommates todlsparess whose
constr; Lan_i S er. I recluded fromith cope
of t helﬂlgstrﬁ'l\?%n ]Jla(@)%.k glc%?g%’ﬁg I“}%l,eygé% ?%cg%%gh z%ﬁ%’gfd tsed ﬁﬁcrﬁ%}g%%sséig% sﬁevt\}? ?e% or

Wi t houtppesime siembRefker o mg dppoding umepshradd anid a4 Tnd t fivena padmbin df ctht Hode

t .30, 34 i d t term.nal ds of th tus, 10 Each
B T S R e R B
by a nespsedt of e fRieabwede weEithin tHA0B caseaiting dhpadthentdNE iAukRERRIE thie

menbrane which is pressed against the respective el ectrode end frane
as s e PR copFentpfing FeMpTEFF COPHBINR PR HCIes anateripd Hloppot eeesswily feplieneabl e

menbr apR%rslRith GREhOR RR' ¥R alkBar¥E ThEANE Svidlh tRANYnASReLAGE HRRCEIRs38, 40

and end frame assenblies 42, 44 are forced together to create a
subst defilitatel the prayisipnt ¢fggh flowpathnig éresnmparmentt aipring ofid thyd, ionwergeniatingn of

an el i.oni.zat.i ' I: in U S. tent. No, 6,193, 869.
At or nar POy WAl RRAEE Bl St e aor ekl Bln et pepodd
mai nt aif tedneatiph. ecteorgeth enitdbie speamsincidaspayeas aithioe withegs ragsd/ or tie rods.

(b) First Enbodi nrent O ED! par at us Havi ng An Ion Concentrating

Ap
Conpar, nt. aining. 1.0 change teri.al _In one e i ment, .
For or s SERI el JE IRl B cor R oot i8S g an
el ect nededad Bhdsadfl thh afgapaisat QU SEAD dosmppamental0l 94 baumnebeskchiye Abwpdh defined
and al so parti ounded a cation perneable

per neabl e menbr ane |

menbr g’ﬁ‘é"f‘%:aﬂ prrded Bygh TSREWAR G %ﬂ?ﬁ‘e?{dagara% ﬂ%t‘*FW%’_s@pr"&v Pk TEWECHCs posed
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material domain is contiguous with at |east a portion of an

i on- cORERNY Hei fparatisntfhi gach erft the apéons permgatde gperghtancsf 18 tratie ipernggblereabl e

mermbr angnpk8hedN, LHE SRE0A REE&E%@! 80 and end frame assemblies 42, 44 are forced
together to create a substantially fluid tight arrangement. An example of the construction of an
electrodeionization apparatus is provided in U.S. Patent No. 6,193,869, Alternatively,
components in an electrodeionization apparatus can be maintained coupled together by means of

a hydraulic press and/or tie rods.

()  First Embodiment Of EDI Apparatas Having An fon Concentrating Compartment

Containing fon Exchange Material

In one embodiment, and referring to Figures 2 to 13, the ion-concentrating compartment 12 of an
clectrodeionization apparatus 10 1s partially bounded by an anion permeable membrane 18 and
also partially bounded by a cafion pemmeable membrane 20. A first ion exchange material
domain 1s provided and disposed within the ion-concentrating compartment 12. The first ion

exchange material domain is contiguous with at least a portion of an ion-concentrating
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menbrane 20. The first ion exchange material domain is spaced apart from
the other one of the one of the anion perneable nenbrane and the cation
per neabl e menbrane. Referring to Figure 2, where the one of the anion

per meabl e nenbrane 18 and the cation perneabl e nmenbrane 20, having the at
| east a portion of an ion-concentrating conpai tnment side surface with
which the first ion exchange material domain is contiguous, is an anion
per neabl e menbrane 18, the first ion exchange material is an anion
exchan%e mat eri al predom nant domain 14 Referring to Figure 3, where the
one of CPREMRERIGHIErRAI 08¢ pEthsraais Peameahls herrbrang lfbﬁldpfg? REIOR RETRRRRIST ane
20, hayimigahd 18y afhd £86in 2xdahid AeAhl @halPRspRBE Abh 6 SRR o HeEN!
side surface with which the first 1on exchange material domain iIs

cont i guews the anion reampable pembraad ped therebiiemesr@eable embiangtRéfeming ke Rignige

mat er 1 2LndR/ME Bnd St e GRbh YRS ASRANGGLIR! B Ll mRLEANTAAUMIOIBAnd 90, FOr
exanpl é, a second ion exchange nmaterial donmlin i's al’so provi ded ah
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i on- caRYERT SAPRN LAY GO COPoLt i} A BNGY PETHERE IS B WeHESone of
the anindexnfeafategia BN asien @RehahPE ntddrial PraasinfRADHEMATE Nar aReferrRef @1 ri ng
to Figure 2, where the one of the anion perneabl e nenbrane 18 and the

cat i orf 9EF b abieEe than9Pa0é e miphy peigerlie hemiranes {8 fngoihe  @Howperpeable

| on- CoRGARAAH, AV RAL 1IBAt Sdris SHLE Q&ﬁcdﬂcéﬂ?raﬁﬁ%} Eéﬁnéel}&é(n't Rk shi@fbe
exchange material domain is contiguous, is an anion perneable nmenbrane 18,
t he se&d8navhicinthex Earige orehaogs ahateiatadomdin is cnptiguens,on exetiemgermabler i al
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exchange material predom nant domain 14T iIncludes an anion exchange
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predominant domain 16 in its entirety. As a further example, the non-anion exchange material

predominant domain 161 includes a mixed ion exchange material domain. 22, or the domain 161
18 a mixed 1on exchange material domain 22 in its entirety. As yet a further example, the domain
161 1s contiguous with the domain 14. Referring to Figure 3, where the one of the anion
permeable membrane 18 and the cation permeable membrane 20, having the at least a portion of
an ion-concentrating compartment side surface with which the first ion exchange material
domain is contignous, i$ a caiion permeabie membrane 20, the second ion exchange material
domain 15 a non-cation exchange material predominant domain 141. For example, the non-cation

exchange material predomunant domain 141 includes an anion exchange material predominant
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Wth respect to the ion-concentrating conpaitinent 12 partially bounded by
an ani on perneabl e nenbrane 18 and al so partially bounded by a cation

per neabl e menbrane 20, for exanple, and referring to Figure 4, an anion
exchange material predom nant domain 14 and a cation exchange nmateri al
predom nant domain 16 are provided and di sposed within the

i on-concentrating conpaanent 12. The ani on exchange naterial predom nant
dormain 14 is contiguous with at |east a portion of the surface 26 of the
menbranpe 18, and_ i s, spac apart fromthe nenbrane 20, The cation exchange
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for exhepdragindéd referring to Figure 5, an anion exchange materi al
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| east 3 portion of the m xed ion exchange material domain 22 is disposed
wi t hi Nt |east one of the respective first and second spaces. For
exanple, the domain 22 is contiguous with each of the domains 14 and 16.
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and t kentGabiowitper issabbertior 6D tha Rerfacki® dihd Rasbrage P Ehd RRpaed bpet Sbele
surface 26ﬁ§r 28 of the one of the anion perneabl e nmenbrane 18 and the
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the i QfaeRNGEME! @libM HeRAIBR! IeRBEans | e dsitlel ACRLEHAY £idS nsgimet haweneqRl the
ani on perneabl e menbrane 18 and the cation perneabl e nenbrane 20. The

oper atdpipaing}4jands thef membiapa i oRbcotatichecxchnge armtatd pradpminasbdparionénis si de
surfa : j e=elsl he
R N T i e o L e
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cation perneabl e nenbrane 20. For exanple, with respect to the relative
size of the operative side surface area fraction of the ion-concentrating
cornpai [mein side surface 26 or 28 giethe one of the anion perneable
menbrane 18 and the cation perneable nbrane 20, the operative side
surface area fraction of the ion-concentrating conpat intent side surface
26 or 28 of the one of the anion perneabl e nenbrane 18 and the cation

per neabl e menbrane 20 is at |east 50% of the ion-concentrating conpartnment
side surface area of the one of the anion perneabl e nmenbrane 18 and the
cation perneabl e nenbrane 20. As a further exanple, with respect to the
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substantially the entire ion-concentrating conpartnent side surface area
of the one of the anion perneable nenbrane 18 and the cation perneable
menbrane 20. For exanple, and referring to Figures 8 and 9, with respect
to the spatial disposition of the operative side surface fraction of the
i on-concentrating conp& intent side surface 26 or 28 of the one of the
ani on perneabl e nenbrane 18 and the cation perneabl e nenbrane 20, the
operative side surface fraction of the ion-concentrating conpai tinent
side surface 26 or 28 of the one of the anion perneabl e nenbrane 18 and
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cation perneabl e nenbrane 20, for exanple, and referring to Figure 10,
each 6f khenmpf §i Peemeeapiceblaentmbnes 18 aahdbe petiopaparoeable mepdbine 2eisbr ane
20 includes a respective ion-concentrating conpaitnment side surface 26,
28, wherein each surface 26, 28 has respective surface area, and an

ani on exchange material predom nant main 14 is provided and di sposed

wi thin the ion-concentrating conpartnent, and a cation exchange materi al

predom nant domain 16 is provided and di sposed within the
i on-concentrating



conpai tal ent. The ani on exchange material predom nant domain 14 is
contiguous with at |east a portion of the ion-concentrating conpai Lnent
side surface 26 of the anion perneable nenbrane 18, and is spaced apart
fromthe cation perneable nenbrane 20. The at | east a portion of the side
surface 26 of the anion perneable nenbrane 18 defines an operative side
surface Ilaction of the ion-concentrating conpailntent side surface 26 of
t he ani on perneabl e nenbrane 18. The operative side surface fraction of

t he ion-conpﬁgtrathg_conpartnent side surface 26 of the anion perneable

menbr aHestandalipthe falreaignspReaI TG OPmariaght sidcsugiesmates aEthe gfe of therpaion
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menbrane 18 which is at |east 10% of the i1on-concentrating conpal tnent

si de SugwreckansrSaibirche taticopetpéivpesios ofgirbmartva gde Rafacefrashonef thei t h
respegh, tohekNfahs! Aldndfnih? §affsutS 9IRS A5 VR &L %S &%Cﬁnié‘x{ ﬁ;%r&éa%‘fét 'on
of the 1on-concentrating conpai tnent side surface 26 of the anron
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sur f aggerdtir@® 18 and the cation permeable membrane 20, in comparison to substantially any

remaining fractions of the ion-concentrating compartment side surface 26 or 28 of the one of the
~ anion permeable membrane 18 and the cation permeable membrane 20, is closest to an outlet 367
of an ion-depleting compartment 36 disposed on an opposite side of the one of the anion
permeable membrane 18 and the cation permeable membrane 20. Referring to Figures 6 and 8,
where the at least a portion of the ion-concentrating compartment side surface 26 or 28 of the
one of the anion permeable membrane 18 and the cation permeable membrane 20 with which the
first ion exchange materiai domain is contiguous is of an anion permeable membrane 18, the first
ion exchange material domain is an anion exchange material predominant domain 14. Referring
to Figures 7 and 9, where the at least a portion of the ion-concentrating compartment side surface
26 or 28 of the one of the anion permeable membrane 18 and the cation permeable membrane 20
with which the first ion exchange material domain is contiguous is of a cation permeable
membrane 20, the first ion exchange material domain is a cation exchange material predominant

domain 16.

For example, a second ion exchange material domain is provided and disposed within the ion-
concentrating compartment 12 and is contiguous with substantially the entire ion-concentrating
compartment side surface of the other one of the one of the anion permeable membrane and the
cation permeable membrane. Referring to Figures 6 and 8, where the at least a portion of the ion-
concentrating compartment side surface 26 or 28 of the one of the anion permeable membrane 18
and the cation permeable membrane 20 with which the firgt ion exchange material domain is
contiguous is of an anion permeable membrane 18, the second ion exchange material domain is 2
non-anion exchange material predominant domain 161. For example, the non-anton exchange
material predominant domam 161 includes a cation exchange material predominant domain 16,
or the domain 161 is a cation exchange material predominant domain 16 in its entirety, As a

further example, the domairn 161 includes a mixed ion exchange material domain 22, or the



of the anion perneable nenbrane 18. As a further exanple, with respect to
the relative size of the operative side surface area fraction of the

i on-concentrating conp& i ntent side surface 26 of the ani on perneabl e
menbrane 18, the operative side surface area fraction of the

i on-concentrating conpannment side surface 26 of the anion perneable
menbrane 18 is substantially the entire ion-concentrating conpat intent
side surface area of the anion perneable nenbrane 18. The cation exchange
mat eri al predom nant, domain 16 i s _contigugus with at |east a portiagn of
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i on-concentrating conpattinent 12, and a m xed ion exchange materi al
dormain 22 is provided and di sposed within the ion-concentrating
conpai ti nent 12. The ani on exchange terial predom nant domain 14 is
contiguous with at |least a portion of the ion-concentrating conapaitnent
side surface 26 of the anion perneable nenbrane 18, and is spaced apart
fromthe cation perneabl e nenbrane 20. The di sposition of the anion
exchange material predom nant domain 14 relative to the cation perneable
menbrane 20 defines a respective first space between the domain 14 and the



of the ion-concentrating conp& ntent side surface 28 of the cation

per meabl e nenbrane 20, the operative side surface area fraction of the

i on-concentrating conpai['tient side surface 28 of the cation perneable
menbrane 20 is substantially the entire ion-concentrating conpaitnent side
surface area of the cation perneabl e nmenbrane 20. For exanple, and
referring to Figure 13, with respect to the spatial disposition of the
operative side surface fraction of the ion-concentrating conpartnent side
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Mat er ic%tlnparmlent side surface 28 of the cation permeable membrane 20 which is at least 10% of the
ion-concentrating compartment side surface area of the cation permeabie membrane 20. For
example, with respect to the relative size of the operative side surface arca fraction of the ion-
concentrating compartment side surface 28 of the cation permeable membrane 20, the operative
side surface area fraction of the ion-concentrating compartment side surface 28 of the cation
permeable membrane 20 is at least 50% of the ion-concentrating compartment side surface area
of the cation permeable membrane 20. As a further example, with respect to the relative size of
the operative side surface area fraction of the ion-concentrating compartment side surface 28 of
the cation permeable membrane 20, the operative side surface area fraction of the ion-
concentrating compartment side surface 28 of the cation permeable membrane 20 is substantially
the entire 1on-concentrating compartment side surface area of the cation permeable membrane
20. For example, and referring to Figure 11, with respect to the spatial disposition of the
operative side surface fraction of the ion-concentrating compartment side surface 26 of the anion
permeable membrane 18, the operative side surface fraction of the iom-concentrating
compartment side surface 26 of the anion permeable membrane 18, in comparison to
substantially any remaining fractions of the ion-concentrating compartment side surface 26 of the
anion permeable membrane 18, is closest to an outlet 367 of an ion-depleting compartment 36

disposed on an opposite side of the anion permeable membrane 18. With respect to the spatial

disposifion of the operative side surface fraction of the ion-concentrating compartment side

24



I n anot her enbodi nent, and referring to Figures 14 to 34, the

i on-concentrating conpai.linent 12 of an el ectrodei oni zati on apparatus 10
is partially bounded by a first ion perneable nenbrane and al so partially
bounded by a separator elenment 24. The first ion perneable nenbrane is one
of an ani on perneabl e nmenbrane 18 and a cati on perneabl e nenbrane 20. A
first ion exchange material domain is disposed within the
ion-concentrating conpartnent 12 and is contiguous with at |east a portion

of an iog trating conpart e surface of the firs
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i ncludes an ani on_exchange materi al predom nant domain 14, or the domain
141 | SPHAN T SUEAEth &iH EaRADT thY 195rOMETATRERS cQraRRgTIent idg prrfage 2@ Af theet v .
For exanRlpermiblc-&RSRRCT évﬁmh%aaea@ﬁ@wft@ BARBceAatink RB D SRAL AR

el enent |s substantial ly inperneable, such as where the separator elenent
24 i s saihace|agstaf Hrpeanionspeameabia W@mb@ﬁarﬁél EOT apjamploy estp swspedt to thheelstopaizst or

el emeRk il b 6P AL ALl AR D oS SR AR RE LIRRRL £ FEADLARG, Jpher &

t he second 'l on perne menbrane 1S t other o € one o the ani on
perneabhm:amananemm&:amdﬁwae ﬂauhenmpmmmeaMEamMEmbm&mdﬁ&ﬁmroﬁnhéhms

enbodi nent, the ion e terial 14 gr 16.iS uir to be
pacel RRATTE EaTPETeY B A HTOE S iBnEhion Pt PR s G SiAnp e,
and r ef el iofQot@nirhigig @miArtmohiesige bileics QpRr GHLBE afbe FefticaBi thém@anang on
perneggle menbrane 18, an ion concentrat%gg conpai. tinent_ 12 is_provided
and | SpaREe) F9mBlsy HHk desByet 4 ePBH Y BEHBRBE @PFratNs siifeuTiacefEe fractions o
partially bounded by a cation perneabl e nenbrane 20. A cation exchange
mat eri al predom nant dormain 16 is dlﬁposed wi thin the ion-concentrating
conpartment 12 and is contiguous witti at |east a portion of an

i on-concentrating conpaiintent side surface of the cation perneable
menbrane 20. A mi xed ion exchange material domain 22 is disposed within
t he ion-concentrating conpaiintent




12. The disposition of the domain 16 relative to ani on perneabl e nenbrane
18 defines a respective space between the domain 16 and the nenbrane 18.
At | east a portion of the m xed 1ion exchange material domain 22 is

di sposed within the respective space. Al so, the domain 22 is contiguous
with the domain 16. Notably, the domain 16 is also contiguous with a
portion 18a of the anion perneable nenbrane 18. Wth respect to the

i on-concentrating conpailntent 12 partially bounded by an ani on perneabl e

menbr a 18 and al so partially hounded separ at or enent 24 nd
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of the ion-concentrating compartment side surface area of the cation permeable membrane 20.
As a further example, with respect to the relative size of the operative side surface area fraction
of the ion-concentrating compartment side surface 28 of the cation permeable membrane 20, the
operative side surface arca fraction of the ion-concentrating compartment side surface 28 of the
cation permeable membrane 20 is substantially the entire ion-concentrating compartment side
surface area of the cation permeable membrane 26. For cxample, and referring to Figure 13,
with respect to the spatial disposition of the operative side surface fraction of the ion-
concentrating compartment side surface 26 of the anion permeable membrane 18, the operative
side surface fraction of the ion-concentrating compartment side surface 26 of the anion
permeable membrane 18, in comparison to substantially any remaining fractions of the ion-
concentrating compartment side surface 26 of the anion permeable membrane 18, is closest to an
outlet 367 of an ion-depleting compartment 36 disposed on an opposiic side of the anion

permeable membrane 18, With respect to the spatial disposition of the operative side surface
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Wth respect to the ion-concentrating conpailntent 12 partially bounded by
an ani on perneabl e nenbrane 18 and al so partially bounded by a cation

per neabl e menbrane 20, for exanple, and referring to Figures 18 and 19, a
first ion exchange material domain 14 or 16 is disposed within the

i on-concentrating conpartnent 12 and is also contiguous with at |east a
portion of an ion-concentrating conpaitnent side surface of one of the

ani on perneabl e nenbrane 18 and the cation perneabl e nenbrane 20. Were

t he on ft ani on perneable nenbrane 18 apnd the cation perneable
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the other one of the one of the anion perneable nenbrane 18 and the cation
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exchange material domain 14 or 16 and the other one of the one of

menbr anes {@mAgtment (opsaining Igp Kxghange Mafgrial on of the nixed ion exchange
material domain 22 is disposed within the respective space. For exanple,
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Wth respect to.thellon-concent{atlnq conpai I rent 12 partial 'y bounded by
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of an anion permeable membrane 18 and a cation permeable membrane 20. A first ion exchange
material domain is disposed within the jon-concentrating compartment 12 and is contiguous with
at least a portion of an ionnconcen&aﬁug compartment side surface of the first ion permeable
membrane 18 or 20. Where the first ion permeable membrane, having the at ieast a portion of an
lon-concentrating compartment side surface with which the first ion exchange material domain is
contiguous, is an anion permeable membrane 18 (see Figure 14), the first ion exchange material
domain 1s an anion exchange material predominant domain 14. Where the first ion permeable
membrane, having the at least a portion of an ion-concenirating compartment side surface with
which the first 1on exchange material domain is contiguous, is a cation permeable membrane 20
(see Figure 15), the first jon exchange materia! domain is a cation exchange material
predominant domain 16. A second ion exchange material domain is also disposed within the
ion-concentrating compartment 12. The disposition of the first ion exchange material domain 14
or 16 relative to the separator element 24 defines a respective space between the first ion
exchange material domain 14 or 16 and the separator element 24, wherein at least a portion of
the second ion exchange material domain is disposed within the respective space. For example,
the second ion exchange material domain is contiguous with the first ion exchange material

domain. As a further example, where the separator element 24 is a second ion permeable
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i on-concentrating conpartnent 12, a cation exchange material predom nant
domain 16 is disposed within the ion-concentrating conpatintent 12, and a
m xed i on exchange material domain 22 is disposed within the

i on-concentrating conpai &ient 12. The ani on exchange material predom nant
domain 14 is disposed contiguous with at |east a portion of an

i on-concentrating conpai anent side surface of the anion perneable
menbrane 18. The cation exchange material predom nant dormain 16 is
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membrane is the other one of the ome of the amion permeable membrane 18 and the cation

permeable membrane 20.

In this embodiment, the first ion exchange material 14 or 16 is not required o be spaced apart
from the separator clement 24. In this respect, for exaraple, and referring to Figure 20, where the
separator element 24 is an anion permeable membrane 18, an ion concentrating compartment 12
is provided and is partially bounded by an anion permeable membrane 18 and is also partially
bounded by a cation permeable membrane 20. A cation exchange material predominant domain
16 1s disposed within the ion-concentrating compartment 12 and is contiguous with at least a
portion of an 1on-concentrating compartment side surface of the cation permeabie membrane 20.
A mixed ion exchange material domain 22 is disposed within the ion-concentrating compartment
12. The disposition of the domain 16 relative to anion permeable membrane 18 defines a

respective space between the domain 16 and the membrane 18, At least a portion of the mixed
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i on-concentrating conpailntent side surface 26 or 28 of the ion perneable
menbrane 18 or 20. The operative side surface fraction of the

i on-concentrating conpailntent side surface 26 or 28 of the ion perneable
menbrane 18 or 20 defines an operative side surface area fraction of the

i on-concentrating conpal tnent side surface 26 or 28 of the ion perneable
menbrane 18 or 20 which is at |east 10% of the ion-concentrating conpat
unent side surface area of the ion perneable nenbrane 18 or 20. For
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t he ani.on per.neabl e nmenbrane 18 the cation per.neabl e nbrane 2Q, the
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t he omecdomiahe demiian ¢ esisebbeharidiraie 2anttihdics eabheaive PPadeBdtveedTaRDr ane.
Referring.to Figures 22 and 24, .in the case ere the first ion exchange
mat er idﬁfl%&olr?a‘?‘ﬁi 18 e%ﬁf%%mw Hﬂaﬁ&sémtp@mogmﬁﬁ%@&ﬁdﬁ%%%ﬁ%ﬁ matggal ¢ he
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predom nant domain 161. For exanple, the domain 161 inciudes a m xed ion
excharfgeigyaieyith thegipmain 1@ For gramiMe this mpdyrbe1tBa casg fyf the sdbpdesamesihenige

mat er hal . {feMB.RidFodd & £9LLEEIY35 AS a further exanple, the domain 141
i ncl udes a cation exchange material predom nant domain 16, or the domain

161 is a cation exchange naterial domain 16 inits entirety. Referring to
Fi gur é¥itlp@spastitopths igncanhentiatise covhparananihé2 partistly bemded by am geionptendable

dOMmai By mbrane 18 and also partially bounded by a cation permeable membrane 20, for example, and
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is a cation exchange material predom nant domain 16, the second ion
exchange material domain is a non-cation exchange material predom nant
dormain 141. For exanple, the domain 141 includes a m xed i on exchange
material domain 22, or the domain 141 is a m xed ion exchange materi al
domain in its entirety. As a further exanple, the domain 141 includes an
ani on exchange material predom nant domain 14, or the domain 141 is an
ani on exchange material predom nant domain in its entirety. For exanple,
with respect tg the separator elenent 24, the separator elenment 24 is

subst dRtTEN Y HiEpes Heast & 2 digerome chprgcaniin@al depainarior 181efEpscowips an

el ect rdeor( &RBerfilaOy @&%&%ﬁ&t 29hnd BSa1d ESHbBTs WHATPLA: a?oﬁﬁnr(ﬁ%QGﬁ— to
the separator elenment 24, the separator elenent 24 is a second ion
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i on-concentrating conpartnent 12, wherein_the disposition of the anion
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ani on S ARUE b 2 cal Tkt bk B0 kbl Dok AR, SECREM AR ERRREN, "ol o
sur f acieni2f def danom gxchasger haeez| gr@mmindne demaint e Aniionl iox ehdinge: matsali al

predonm.nant domain 14 di sposed W thin the jon-concentrati conpartnent 12
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of the ion-concentrating conpar Orient side surface 26 of the anion

per medSTECRENBFRAENS 8 S e ssabion pp@rcabicvecsbiges Slrdehes ¢ Fapedtiyn sphcet he
| on- CoRpeRA AL NG ©R WRENHEE MarHal Qofidhf 2% 2% Ald IASAD QR RERIEARI &
menbrane 18. The operative side surface fraction of the ion-concentrating
conparepetnanes ld and dp felewein 6t Bhst et ofithperreddon exciergsmeaterial owlaihiBes an

S S R e e e

of t heon owhagrdenkmaltdiargéconpart nent si de surface area of the anion
per meabl e nenbrane 18. For exanple, with respect to the relative size of

the o ive,side.surfac rea fracti of .the.ion-concentratin

conpar WEhbE: BLAE FPiReSaRbE onbAEhd - Bar il ap B E RE FE o peridhrple

oper atnienebraieds Budrdl ol dolided thyaincatibn hendable -re@te &t 20a fdr RGargeBRaEt Ment
side surface 26 of_the anion perneable nenbrane 18 is at_ |east 50% of the
on- cSHeERErar e %%WPW@%@ PEEeTEER gL i‘é%ﬁp&:ﬁ%@%% e
nenbr agecokBentAsing dowiphRBENE XA @tionV dxBhdn@8 REGErid! Oprbdifnib &t Addn¥sh Siezg Of

t he operative side surface area fraction of the ion-concentrating conpat

| at entdisgpisd withindbe iopscepcentrsing rogwapaene &bl @dne mikethionl gchutgs wplerialt i ve
si de syntac cling 1 NE - 007500 L0 CORRArt Fﬁqn '
surface 26 %}%Q{%%pg{??on p%rtgrgeéi ‘gOdﬁe a%%ﬁg&%gﬁ&slkﬂgulbét Zrﬁf@i a y&%cﬁlaé[pggnti re
i on- comtet patdomgnand peinnehtis disgesed ugchaigeowareith ef Idakea goitem permeabl| e
menbrane 18 .. For ex le...and yeferring.to Figu 27. - Wth.r ect.to the
opat| SstEapbXiorhRIRnE NeB Shuhd  Heorb® shrdbE Fiathedeos Ty Gheon

I on- cerdangd mbiefigl predominant domain 16 is disposed contiguous with at least a portion of an

lon-concentrating compartment side surface of the cation permeable membrane 20. The
disposition of the anion exchange material predominant domain 14 relative to the cation

permeable membrane 20 defines a respective first space between the domain 14 and the
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conpai tal ent side surface 26 of the anion perneable nenbrane 18, the
operative side surface fraction of the ion-concentrating conpattnent side
surface 26 of the anion perneable nenbrane 18, in conparison to
substantially any remai ning fractions of the ion-concentrating
conpat | atent side surface 26 of the anion perneable nenbrane 18, is
closest to an outlet 367 of an ion-depleting conpartnent 36 di sposed on an
opposite side of the anion perneabl e nenbrane 18. For -exanple, the donain

22 is contigugus with the domain 14. For exanple, this nmay be the case for
the arftgeP %ﬁi Hitelte %ﬁzosmgrfﬁ i cele gxshanes TsicRl BicderBinant dompEh Loespect
L0 t h&elafifls ROMEGRIMISAGatIO FRAB-IRNE dedinB blrbdolify PQURREH LY bawed iRN

per neabl e menbr ane and al so partially bounded by a separator el enent
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di sposhé doming? shent@atouowite xaedhaofgie: domiadrsi ldl angriédom nant donain 16 rel ative
to the el ectrode 25 defines a respective space between the domain 16 and

t he el r 25. A .M Lon.excha terial .domai,n 22 i.s di sposed
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side surface 28 of the cation permeabl e efrnes a perative
si de spackdcevcen rtiirerion txdhlaeged roaterid domatnrldtari§ aco Hpaepdrebertmsit 3¢, swr f ace
fract roncat PheRs BRECERRSR FRRRG" Bufipss CARR RSP Esrdbe Smaiene

fraction o g ronsconcentrating
cat i ori2pehdreaht Rasrermoriionenf 2k @edridnes cathanRatdélial doshitds sy fig@BcdiviRBin

fraction of the ion-concentrati conpar tnent _side surface 28 of the
cati oM ESREHEF SPHEnTIRG AR 2O TIHPENTPEORPS 1328 20 (RS R don-concentratig

| ON- CeBmPRAhaH: ishig wPERALE BBNR KalEle aSHkhaceredlr AR Af MdIguf é‘iéhﬁﬂ%e%ét@ﬁﬁm e
menbrane 20. For exanple, with respect to the relative size of the
oper atippains}4er 5 fisaessd gyigun thegenicareepiratingecomparteshic Bhisr @nignpus riiatit ment

si de sukf @g&ﬁ%@opfheti&ﬁc E%@ﬂmg%ﬁgﬁ%&t RRERLANE 20y 28RS 1PGh %EMe%bl%i de
surface area fraction of the ion-concentrating conpartnent side surface 28
of t henegaringn! 8pw2ftedbt et iveyibmarien2( thesiomicotagnipating@ompértmhére side surface 26

ion-c t.ing_compat_tni ent.si face area of. the cation meabl e
ooy Shet bR B FRIPR m e S itk S5 0REARs s T GRn B LB
t he oper-aincseraing eomperfraae st earfida@stdr@3 «fthd fod petfieadbnaemnbiaad 1$gr 20.

conpart ment side surface 28 of the cation perneabl e menbrape , the
oper at'i’§ SPEPYE suisryrfpes "g%&an P%@Ef?nd?“?nﬁ?nﬂiaﬂ poppartment side Sutfaco 56 or 28 of

the ion permeable membrane 18 or 20 defines an operative side surface area fraction of the ion-
concentrating compartment side surface 26 or 28 of the ion permeable membrane 18 or 20 which
18 at least 10% of the ion-concentrating compartment side surface area of the ion permeable
membrane 18 or 20. For example, with respect to the relative size of the operative side surface
area fraction of the ion-concentrating compartment side surface 26 or 28 of the ion permeable
membrane 18 or 20, the operative side surface area fraction of the ion-concentrating
compartment side surface 26 or 28 of the ion permeable membrane 18 or 20 is at least 50% of
the 1on-concentrating compartment side surface area of the ion permeable membrane 18 or 20.

As a further example, with respect to the relative size of the operative side surface area fraction
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concentrating conparlntent side surface 28 of the cation perneable
menbrane 20 is substantially the entire ion-concentrating conpail ntent
side surface area of the cation perneabl e nenbrane 20. For exanple, and
referring to Figure 29, with respect to the spatial disposition of the
operative side surface fraction of the ion-concentrating conpartnent side
surface 28 of the cation perneable nenbrane 20, the operative side surface
fraction of the ion-concentrating conpartnent si de surface 28 of the

cation perneabl e nmepbrane 20, in. co on ubstantially any renalnlng
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conmpartment side surface area of the one of the ani on perneabl e nenbrane
18 and the cation perneabl e nenbrane 20. For exanple, and referring to
Figures 32 and 33, with respect to t spatial disposition of the
operative side surface fraction of t i on-concentrating conpartnent side
surface 26 or 28 of the one of the anion perneable nmenbrane 18 and the
cati on perneabl e nenbrane 20, the operative side surface fraction of the

i on-concentrating conpatinent side surface 26 or 28 of the one of the

ani on pernmeabl e nenbrane 18 and the cation perneabl e nmenbrane 20, in
conparison to substantially any remaining fractions of the




of the one of the anion perneable nenbrane 18 and the cation perneable
menbrane 20, is closest to an outlet 367 of an ion-depleting conpaitnent
36 di sposed on an opposite side of the one of the anion perneabl e nmenbrane
18 and the cation perneabl e nenbrane 20. Referring to Figures 30 and 32,
where the one of the anion perneabl e nenbrane 18 and the cation perneable
menbrane 20, having the at |east a portion of the ion concentrating

conpai tment side surface 26 or 28 with which the first ion exchange
material domain is contjguously dispose is an ani on permnmeabl e nmenbrane
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conp& tnent side surface 28 of the cation perneabl e nenbrane 20 defines an
operative side surface area fraction_ of the ion-concentrating conpartnent
side surface 28 of the cation pernea%?e menbrane 20 which is at |east 10%
of the ion-concentrating conpartnent side surface area of the cation

per meabl e nenbrane 20. For exanple, with respect to the relative size of
the operative side surface area fraction of the ion-concentrating
conpartment side surface 28 of the cation perneabl e nenbrane 20, the
operative side surface area fraction of the ion-concentrating conpaitnent




outl et 367 of an ion-depleting conpaitnent 36 di sposed on an opposite side
of the ani on perneabl e nenbrane 18. For exanple, with respect to the
spatial disposition of the operative side surface fraction of the

i on-concentrating conpartnent side surface 28 of the cation perneable
menbr ane 20, the operative side surface fraction of the ion-concentrating
conpartnent side surface 28 of the cation perneable nenbrane 20, in
conmparison to substantially any renaining fractions of the
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si de dér hawesparison to substantially any remaining fractions of the ion-concentrating compartment

side surface 26 of the anion permeable membrane 18, is closest to an outlet 367 of an ion-
depleting compartment 36 disposed on an opposite side of the anion permeable membrane 18.
For example, the domain 22 is contiguous with the domain 14. For example, this may be the case

for the anode compartment 30, where the electrode is an anode 32.

With. respect to the ion-concentrating compartment 12 partially bounded by a cation permeable
membrane 20 and also partially bounded by a separator element 24, and where the separator
clement 24 is an electrode 25, for exampie, and referring to Figure 28, a cation exchange
material predominant domain 16 is disposed within the ion-concentrating compartment 12,
wherein the disposition of the cation exchange material predominant domain 16 relative to the
clectrode 25 defines a respective space between the domain 16 and the electrode 25. A mixed ion
exchange material domain 22 is disposed within the ion-concentrating compartment 12, wherein
at least a portion of the mixed ion exchange material domain 22 is also disposed within the
respective space.  The cation permeable membrane 20 includes an ion-concentrating
compartment side surface 28 defining a surface arca, and the cation exchange material
predominant domain 16 disposed within the ion-concentrating compartment 12 is contigucus
with at least a portion of the ion-concentrating compartment side surface 28 of the cation
permeable membrane 20. The at least a portion of the ion-concentrating compartment side
surface 28 of the cation permeable membrane 20 defines an operative side surface fraction of the

ion-concentrating compartment side surface 28 of the cation permeable membrane 20. The
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26 or 28 of one of the anion perneabl e nmenbrane 18 and the cation

per meabl e nenbrane 20. The at | east a portion of the side surface 26 or 28
of the one of the anion perneabl e nenbrane 18 and the cation perneable
menbrane 20 defines an operative side surface fraction of the
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18 and the cation permeable membrane 20 defines a respective space between the first ion
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18 and the cation perneabl e nmenbrane 20. For exanple, with respect to the
rel ative size of the operative surface fraction of the ion-concentrating
conpartnment side surface 26 or 28 of the other one of the one of the anion
per neabl e menbrane 18 and the cation perneabl e nenbrane 20, the operative
side surface area fraction of the ion-concentrating conpartnment side
surface 26 or 28 of the other one of the one of the anion perneable
menbrane 18 and the cation perneable nenbrane 20 is at | east 50% of the

ion-concentrating conpt tnent side surface area of the other one of the
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side surface 26 of the anion perneable nenbrane 18, in conparison to
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side surface 26 of the anion perneab % menbr ane 18, is closest to an

outl et 367 of an ion-depleting conpartnent 36 di sposed on an opposite side
of the ani on perneabl e nenbrane 18. The first ion exchange material domain
(i.e. the anion exchange material predom nant domain 14) is al so spaced
apart fromat |east a portion of the ion-concentrating conpartnent side
surface 28 of the cation perneabl e menbrane 20. The at |east a portion of



surface area fraction of the ion-concentrating conpannent side surface 28
of the cation perneabl e nenbrane 20, the second operative side surface
area fraction of the ion-concentrating conpaitnment side surface 28 of the
cation perneabl e menbrane 20 is substantially the entire ion-concentrating
conpartment side surface area of the cation perneabl e nenbrane 20. The
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i on-concentrating conpaarnent side surface area of the cation perneable
menbrane. The operative side surface_fraction of the ion-concentrating
conpartment side surface 28 of the cHtion per neabl e menbrane 20, in
conparison to substantially any remaining fractions of the

i on-concentrating conpattnent side surface 28 of the cation perneable
menbrane 20, is closest to an outlet 367 of an ion-depleting comnpail nent
36 di sposed on an opposite side of the cation perneabl e nenbrane 20. The
cation exchange material predom nant domain 16 is al so spaced apart from



exchange material predom nant domain 16 is also contiguous with a portion
26b of the ion-concentrating conpaitnent side surface 26 of the anion

per neabl e menbrane 18 which is relatively '"enote fromthe outlet 367 of an
i on-depl eting conpartnment 36 di sposed on an opposite side of the anion

per neabl e nenbrane 18. For exanple, the el ectrodeionization apparatus
further conprises a second ion exchange material domain di sposed within
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exchange material domain 22 is further di'sposed wthin

i on- c seegeblcamemrage Afarhichris o AeasTHOYdp§ plass idnreonceptratitg compartmeng rside
surface area of the cation permeable membrane 26. For example, with respect to the relative size
of the operative side surface area fraction of the ion-concentrating compartment side surface 28
of the cation permeable membrane 20, the operative side surface area fraction of the ion-
concentrating compartment side surface 28 of the cation permeable membrane 20 is at least 50%
of the ion-concentrating compartment side surface area of the cation permeable membrane 20.
As a further example, with respect to the relative size of the operative side surface area fraction
of the 1on-concentrating compartment side surface 28 of the cation permeable membrane 20, the
operative side surface area fraction of the ion-concentrating compartment side surface 28 of the
cation permeable membrane 20 is substantially the entire ion-concentrating compartment side
surface area of the cation permeable membrane 20. For example, and referring to Figure 35,
with respect to the spatial disposition of the operative side surface fraction of the ion-
concentrating compartment side surface 26 of the anion permeable membrane 18, the operative
side surface fraction of the ion-concentrating compartment side surface 26 of the anion

permeable membrane 18, in comparison to substantially any remaining fractions of the ion-
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exchange material domain 14 or 16 relative to the respective other one of
the one of the anion perneable nenbrane 18 and the cation perneabl e
menbrane 20 defines a respective space between the first ion exchange
material domain 14 or 16 and the respective other one of the one of the
menbranes 18 or 20. At |east a portion of the m xed ion exchange materi al
domain 22 is disposed within the respective space. For exanple, the domain
22 is contiguous with the first ion exchange material domain 14 or 16. As
a further exanpl e, gure 40, there is provided an
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menbrane 20. As a further exanple, with respect to the relative size of

t he operative side surface area fraction of the ion-concentrating

conpai tment side surface 28 of the cation perneabl e nenbrane 20, the




exchange material domain 22 is disposed within the ion-concentrating
conpartnent. The disposition of the anion exchange material predom nant
dormain 14 relative to the cation perneable nmenbrane 20 defines a
respective first space between the domain 14 and the cation perneabl e
menbrane 20. The di sposition of the cation exchange material predom nant
domain 16 relative to the anion perneable nenbran, 18 defines a respective
second space betmeen the domain 16 and the anion perneable menbrane 18. At
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concentratmc compartment side surface 26 or 28 of the other one of the one of the anion
permeable membrane 18 and the cation permeable membrane 20 defines an operative side
surface areca fraction of the ion-concentrating compartment side surface 26 or 28 of the other one

of the one of the anion permeable membrane 18 and the cation permeable membrane 20 which is
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(e)Operation In operation, an electric potential difference is applied
bet ween the anode 32 and the cathode 36. Current passes through the

i on-depl eting conpartnments 36 and the ion-concentrating conp& intents 12,
providing for transport of ions and water-splitting in the ion-depleting
conpaftinents 36. Anions and cations are transported fromion-depleting
conpai tnents 36, across ion perneable nenbranes 18, 20, to adjacent

i on-concentrating conpaftnents 12 (and, in sone cases, adjacent electrode
conpart nent 0,.34), resulting in ion depletion of Iiquid being fl|owed
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membrane 20, is closest fo an outiet 367 of an ion-depleting compartment 36 disposed on an
opposite side of the other one of the one of the anion permeable membrane 18 and the cation

permeabie membrane 20.

Referring to Figure 36, i the case where the one of the anion permeable membrane 18 and the
cation permeable membrane 20, having the at least a portion of the ion-concentrating
compartment side surface with which the first ion exchange material domain is contiguous, is the
anion permeable membrane 18, the first ion exchange material domain is an anion exchange
material predominant domain 14. The first ion exchange material domain (i.e. the anion
exchange material predominant domain 14) is contignous with at least a portion of the ion-
concentrating compartment side surface 26 of the anion permeable membrane 18, The at least a

portion of the side surface 26 of the anion permeable membrane 18 defines a first operative side
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where the linear velocity of liquid flow ng through the ion-concentrating
conpaiintent 12 is higher (relative to the linear velocity of liquid

fl ow ng adjacent to the cation perneable nenbrane 20). Simlarly, it is
bel i eved that the anion exchange material predom nant domain 14 conti guous
wi th the ani on perneabl e nmenbrane 18 contributes to the reduction in the
back diffusion of weak basic substances, such as amoni a and nitrogen
containing weak organic bases (such as aniline, butylarnine, hydrazine,
ethyla ydroxylam ne).. In conjunction with the instance of the

and
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mat eri al such_as either of the daomains 14 or 16. Accordingly,
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foll ommgommdnmmcbmpammmamﬁue&m 16 pEdanplodspermeable membrane 18, the first
operative side surface area fraction of the ion-concentrating compartment side surface 26 of the
anion permeable membrane 18 is substantialiy the entire ion-concentrating compartment side
surface area of the anion permeable membrane 18. The first operative side surface fraction of
the ion-concentrating compartment side surface 26 of the anion permeable membrane 18, in
comparison to substantially any remaining fractions of the ion-concenirating compartment side
surface 26 of the arion permeable membrane 18, is closest to an outlet 367 of an ion-depleting
compartment 36 disposed on an opposite side of the anion permeable membrane 18. The first
ion exchange material domain (i.e. the anion exchange material predominant domain 14) is also
spaced apart from at Jeast a portion of the ion-concentraiing compartment side surface 28 of the
cation permeable membrane 20. The at least a portion of the ion-concentrating compartment side
surface 28 of the cation permeable 20 defines a first operative side surface fraction of the ion-
concentrating compartment side surface 28 of the cation permeable membrane 20. The first
operative side surface fraction of the ion-concentrating compartment side surface 28 of the cation
permeable membrane 20 defines a first operative side surface area fraction of the ion-
concentrating compartment side surface 28 of the cation permeable membrane 20 which is at
least 10% of the ion-concentrating compartment side surface area of the ion-concentrating
compartment side surface 28 of the cation permeable membrane 20. For example, with respect
to the relative size of the first operative side surface area fraction of the ion-concentrating

compartment side surface 28 of the cation permeable membrane 20, the first operative side
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El ectrodei oni zati on processes have been carried out to conpare: (i) the
performance of an el ectrodei oni zati on appar atus whose ion-concentrating
conpai talent is filled only with m xed ion exchange material, with (ii)

t he perfnmance of an el ectrodei oni zati on apparatus whose ion-concentrating
conpartment includes a cation exchange material domain contiguous with the
cati on perneabl e nenbrane and a m xed i on exchange materi al domain

di sposed between the cation exchange naterial donmain and the anion

per neabl e menbrane. Exanple No. 1 A first el ectrodeignization apparatus
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Referring to Figure 37, in the case where the one of the anion permeable membrane 18 and the

cation permeable membranc 20, having the at least a poriion of the ion-concentrating
compartment side surface with which the first ion exchange material domain is contiguous, is
the cation permeable membrane 20, the first ion exchange material domain is a cation exchange
material predominant domain 16. The first ion exchange material domain (i.e. the cation
exchange material predominant domain 16) is contiguous with at least a portion of the ion-
concentrating compartment side surface 28 of the cation permeable membrane 20. The at least a
portion of the side surface 28 of the cation permeable membrane 20 defines a second operative
side surface fraction of the ion-concentrating compariment side surface 28 of the cation
permeable membrane 20. The second operative side surface fraction of the ion-concentrating
compartment side surface 28 of the cation permeable membrane 20 defines a second operative
side surface area fraction of the ion-concentrating compartment side surface 28 of the cation
permeable membrane 20 which is at least 10% of the ion-concentrating compartment side
surface area of the cation permeable membrane 20. For example, with respect to the relative size
of the second operative side surface area fraction of the jon-concentrating compartment side
surface 28 of the cation permeable membrane 20, the second operative side surface area fraction
of the ion-concentrating compartment side surface 28 of the cation permeable membrane 20 is at
least 50% of the ion-concentrating compartment side surface area of the cation permeable

membrane 20. As a further example, with respect to the relative size of the second operative side
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m xture of M tsubishi D Al ON 8K-1BTmresin beads (cation exchange
material) and M tsubishi DI Al ON SA10CATM resi n beads (ani on exchange
material) in a volumetric ratio of 1:1. The m xed ion exchange nateri al
domain within each of the ion-depleting conpatnents conforns to the shape
of the ion-depleting conpai talents, such that the thickness of the m xed
i on exchange material domain is 0.8cm Each of the ion-concentrating
conpailntents is filled with ion-exchange materials so as to formtwo
di stinct_domain o,fBL%n exchange materials. In particular, each of the
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example, with respect to the relative size of the second operative side surface area fraction of the
ion-concentrating compartment side surface 26 of the anion permeable membrane 18, the second
operative side surface area fraction of the ion-concentrating compartment side surface 26 of the
anion permeable membrane 18 is substantially the entire ion-concentrating compartment side
surface area of the anion permeable membrane 18. The second operative side surface fraction of
the ion-concentrating compartment side surface 26 of the anion permeable membrane 18, in
comparison to substantially any remaining fractions of the ion-concentrating compartment side

surface 26 of the anion permeable membrane 18, is closest to an outlet 367 of an ion-depleting
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At steady state, the resistivity of the product water discharging fromthe
outl-et of the ion-depleting conpartnents has been neasured to be 17.7 Mohm
cm Conparative Exanple No.1l A conparative exanple has been carried out
usi ng substantially the same el ectrodei oni zati on apparatus described in
Exanpl e No. 1, under substantially the same operating conditions, with the
exception that each of the ion-concentrating conpartnents is filled with

m xed i on exchange material only (i.e. a mxture of Mtsubishi SIC 1Blm

resin beads (cation eéchange mat erj al.) and M tsubj shi SA10Armresin beads
(ani orF B e e OPRTO A PP 915 e P RETrRF B meraipane 18
In this embodiment, the first ion exchange material domain 14 or 16 is not required to be spaced
apart from the ion-concentrating compartment side surface of the other one of the one of the
anion permeable membrane 18 and the cation permeable membrane 20. In this respect, for
example, and referring to Figure 43, an ion concentrating compartment 12 is provided and is
partially bounded by an anion permeable membrane 18 and is also partially bounded by a cation
permeable membrane 20. The first ion exchange material domain is a cation exchange material
predominant domain 16 disposed within the ion-concentrating compartment 12. The cation
cxchange predominant domain material 16 is contiguous with an operative side surface fraction
28z of an ion-concentrating compartment side surface 28 of the cation permeable membrane 20,
wherein the operative side surface fraction of the ion-concentrating compartment side surface 28
defines an operative side surface area fraction of the ion-concentrating compartment side surface
28 of the cation permeable membrane 20 which is at least 10% of the ion-concentrating
compartment side surface area of the cation permeable membrane. The operative side surface
fraction of the ion-concentrating compartment side surface 28 of the cation permeable membrane
20, in comparison to substantially any remaining fractions of the ion-concentrating compartment
side surface 28 of the cation permeable membrane 20, is closest to an outlet 367 of ap ion-
depleting compartment 36 disposed on an opposite side of the cation permeable membrane 20.
The cation exchange material predominant domain 16 is also spaced apart from at ieast a portion
26a of the ion-concentrating compartment side surface 26 of the anion permeable membrane 18,
wherein the at jeast a portion defines an operative side surface fraction of the ion-concentrating
compartment side surface of the anion permeabie membrane 18. The operative side surface
fraction of the ion-concentrating compartment side surface 26 of the anion permeable membrane
18 defines an operative side surface area fraction of the ion-concentrating compartment side
surface 26 of the anion permeable membrane 18 which is at least 10% of the ion-concentrating
compartment side surface area of the ion-concentrating compartment side surface 26 of the anion
permeable membrane 18. The operative side surface fraction of the jon-concentrating
compartment side surface 26 of the anion permeable membrane 18, in comparison to
substantially any remaining fractions of the ion-concentrating compartment side surface 26 of the
anion permeable membrane 18, is closest to an cuiiet 367 of ar ion-depleting compartment 36

disposed on an opposite side of the anion permeable membrane 18. Notably, the cation
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At steady state, the resistivity of the product water discharging fromthe
outlet of the ion-depleting conpaiintents, under these conditions, has
been neasured to be 12 Mohmcm It will be understood, of course, that

nodi fications can be nmade in the enbodi ments of the invention described
herein wi thout departing fromthe scope and purview of the invention as
defined by the appended clains. THE EMBODI MENTS OF THE | NVENTI ON I N VHI CH
AN EXCLUSI VE PROPERTY OR PRI VI LEGE | S CLAI MED ARE DEFI NED AS FOLLOAS: 1. An
el ectrodei oni zat | pparatys conprijsing: an ion-concentrating conpartnent

par {1 APF YOGt BIFCRHLLAI BAEEr oA fRAYEY eV iEha rary #dr of Bekon-
boundegn b mitiabdRphrRRnMRAR! &irfIBDE 8TChe aMdINApdrine Mie IMIBXENENGGidRIer i al

domai n disposed within the ion-concentrating conpartnment, wherein the
first relghvdx ahaelgdioratthe icatietddfrhion ansion-daplitieo osmparttenia 36| dsmsedaopant i on

of an 'ﬁgﬁ@gﬁg%@h&@&hg%?ﬁ&ggﬁ%£ggg£n§jQe surface of one of the anion
€ nme

per nmea rane an e cation perneable nenbrane, and is spaced apart
fromthe other one of the one of the anion perneabl e nenbrane and the
cati orf op Sxavsibitke ¢teqttyrisinmization apparatus further comprises a second ion exchange material

domain disposed within the ion-concentrating compartment 12. The second ion exchange
material domain is contiguous with the at least a portion of the ion-concentrating compartment
side surface of the other one of the one of the anion permeable membrane 18 and the cation
permeablie membrane 20 (i.c. that portion from which the first ion exchange material dormain is
spaced apart). For example, the second ion exchange material dornain 1s also contiguous with the

first ion exchange material domain.

In the case where the first ion exchange material domain is an anion exchange material
predominant domain 14 (see Figure 36), the second ion exchange material domain is a non-anion
exchange material predominant domain 161. For example, the second ion exchange material
domain includes a mixed ion exchange material domain 22, or the second icn exchange material
domain is a mixed ion exchange material domain 22 in its entirety. As a further example, the
second ion exchange material domain includes a cation exchange material predominant domain
16, or the second ion exchange material domain is a cation exchange material predominant

domain 16 in its entirety.

In the case where the first ion exchange material domain is 2 cation exchange material
predominant domain 16 (see Figure 37), the second ion exchange material domain is a non-
cation exchange material predominant domain 141. For example, the second ion exchange
material domain includes a mixed ion exchange material domain 22, or the second ion exchange
material domain 1s a mixed ion exchange material domain in its entirety. As a further example,
the second i1on exchange material domain includes an anion exchange material predominant
domain 14, or the seccond ion exchange material domain is an anion material predominant

domain 14 1n its entirety.

For example, and refernng to Figures 38 and 39, a mixed ion exchange material domain 22 is

further disposed within the ion-concentrating compartment 12. The disposition of the first ion
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wherein the at |east a portion of the ion-concentrating conpaitinent side
surface of the one of the anion perneabl e nenbrane and the cation

per neabl e menbrane defines an operative side surface fraction of the

I on-concentrating conpartnent side surface of the one of the anion

per neabl e nenbrane and the cation perneabl e nmenbrane; such that, in the
case where the one of the anion perneable nmenbrane and the cation

per neabl e menbrane, having the at |east a portion of an ion-concentrating

conpartnent side syrface wt i.ch the first iqgn exchange material domain
o e o BG ST ol 4 JBTHBHEA ko Mo AP OMREOH §ate oun Ob e iige
Mat er i kmCHHER nRndbFand N 88dHdOthe ©XEHR PERndIBIChbmbrald 0QRERAN r&PBRIVE;spaRd 1N
the case where the one of the ani on petuteabi e nmenbrane and the cation

per nedisfeccidhhiizghon exehanggmatsaaldomain 34 ol pyid the respictian othehensodemencat i ng
conpatdeppnt,.shAfeSH §aee Mkl %b@ﬁ%m LBl hiksd ioh%%cl%}ﬁ%@ﬂﬁgﬁaﬂ EPotn%Hh 3 jdomai n
is contiguous, 1I's a cation perneable nenbrane, the rst 1on exchange
mat er i A$poskoiraitin ihs respectivieonacextdramgepienthe domkin 32 edomitigaonts vdtinthe Arst RinThe
electgggg&ogi%%%gﬁgmgagﬁgggﬂ§ as claimed in claim1l, further conprising a
m xed 70N gxghange Materi 4l “domai n di sposed within the ion-concentrating
conpai tal ent, wherein the

As a further example, and referring to Figure 40, there is provided an electrodeionization

apparatus 10 including an ion concentrating compartment 12 which is partially bounded by an
anion permeable membrane 18 and also partially bounded by a cation permeable membrane 20.
The anion permeable membrane 18 includes an ton-concentrating compartment side surface 26
which defines a surface area, and the cation permeable membrane 20 includes an ion-
concentrating compartment side surface 28 which defines a surface area. An anion exchange
material predominant domain 14 is disposed within the compartment 12 and is contiguous with
at least a portion of the ion-concentrating compartment side surface of the anion permeable
membrane. The at least a portion of the ion-concentrating compartment side surface 26 of the
anion permeable membrane 18 defines an operative side surface fraction of the ion-concentrating
compartment side surface 26 of the anion permeable membrane 18. The operative side surface
fraction of the ion-concentrating compariment side surface 26 of the anion permeable membrane
18 defines an operative side surface area fraction of the ion-concentrating compartment side
surface 26 of the anion permeable membrane 18 which is at least 10% of the ion-concentrating
compartment side surface area of the ion-concentrating compartment side surface 26 of the anion
permeable membrane 18. For example, with respect to the relative size of the operative side
surface arca fraction of the ion-concentrating compartment side surface 26 of the anion
permeable membrane 18, the operative side surface area fraction of the ion-concentrating
compartment side surface 26 of the anion permeable membrane 18 is at least 50% of the ion-
concentrating compartment side surface area of the anion permeable membrane 18, As a further
example, with respect to the relative size of the operative side surface area fraction of the ion-
concentrating compartment side surface 26 of the anion permeable membrane 18, the operative
side surface area fraction of the ion-concentrating compartment side surface 26 of the anion
permeable membrane 18 is substantially the entire ion-concentrating compartment side surface

arca of the anion permeable membrane 18. The operative side surface fraction of the ion-
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di sposition of the first ion exchange material domain relative to the

ot her one of the one of the anion perneabl e nenbrane and the cation

per neabl e menbrane defines a respective space between the first ion
exchange material domain and the-other one of the one of the anion

per neabl e nenbrane and the cation perneabl e nmenbrane, and wherein at | east
a portion of the m xed ion exchange material domain is disposed within the
respective space. 3. The el ectrodeionization apparatus as clainmed in

claim1l1, wherein the one of the ani on perneabl e nmenbrane and the cation
per meaNEETTRIRE SORPATIRSYS P f@cnto pleths prign permeabls TS 8o B COBHEEMEY at i ng

conparg, FRkkantib B ariUefnd o vmchoquﬂe {i&ohédnihtit CRPARRRAGE I BEHEE] B pOmRI N

i's contiguous, 'is’ an ani on perneabl e nmenbrane, such that the flrst |on
exchartge amgn @cmwlablp megsebrins i inelpsest eanmaniges aeafomi igh-depletignionapattmgotmai n.

36 disposed on an opposite side of the anion permeable membrane 18. A cation exchange
material predominant domain 16 is alse disposed within the compartment 12 and is contiguous
with at least a portion of the ion-concentrating compartment side surface 28 of the cation
permeable membrane 20. Amn operative side surface fraction of the ion-concenirating
compartment side surface 28 of the cation permeable membrane 20 is defined by the at least a
portion of the ion-concentrating compartment surface 28 of the cation permeable membrane 20.
The operative side surface fraction of the ion-concentrating compartment side surface 28 of the
cation permeable membrane 20 defines an operative side surface area fraction of the ion-
concentrating compartment side surface 28 of the cation permeable membrane 20 which is at
ieast 10% of the ion-concentrating compartment side surface area of the cation permeable
membrane 20. For example, with respect to the relative size of the operative side surface area
fraction of the ion-concentrating compartment side surface 28 of the cation permeable membrane
20, the operative side surface area fraction of the ion-concentrating compartment side surface 28
of the cation permeable membrane 20 is at least 50% of the ion-concentrating compartment side
surface area of the cation permeable membrane 20. As a further example, with respect to the
relative size of the operative side surface area fraction of the ion-concentrating compartment side
surface 28 of the cation permeable membrane 20, the operative side surface area fraction of the
ion-concentrating compartment side surface 28 of the cation permeable membrane 20 is
substantially the entire ion-concentrating compartment side surface area of the cation permeable
membrane 20. The operative side surface fraction of the ion-concentrating compartment side
surface 28 of the cation permeable membrane 20, in comparison to substantially any remaining
fractions of the ion-concentrating compartment side surface 28 of the cation permeable
membrane 20, is closest to an outlet 367 of an ion-depleting compartment 36 disposed on an
opposite side of the cation permeable membrane 20. For example, the domain 14 is contiguous

- with the domain 16.

For example, as a variation of the Figure 40 embodiment, and referring to Figure 41, a mixed ion
exchange material domain 22 is disposed within the ion-concentrating compartment. The

disposition of the anion exchange material predominant domain 4 relative to the cation
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4. The el ectrodei onfration apparatus as clainmed in claim3, further
conprising a m xed ion exchange material donmain disposed wthin the

i on-concentrating conpartnment, wherein the disposition of the anion
exchange material predom nant domain relative to the cation perneabl e
menbrane defines a respective space between the anion exchange materi al
predom nant domai n and the cation perneabl e nenbrane, and wherein at | east
a portion of the m xed ion exchange nmaterial donmain is disposed within the
respective space. 5, The el ectrodei onization apparatus as clainmed in

cl ai mPSTMFARITREPORBHE? e 2aroyse i Bniek eian b Ae: ©F idamair Kot tha ftticgormai n
di sposRAndibichhEnbhfe DONTHONGRRLLATF Y GOABPRALIBH matbhar GhdbnliRet GAfbAN |
exchange material predom nant domain is contiguous with at [east a portion
of t hebirehtivoiechnerigr pergnaeblypagmbrers 1 &Siafmes o réspextivo bedone spaae betwepe theeabl e
menbr ng: I aparief ani el ng nbr.ane nd
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sur f aceatedfal timaio 22iie dispesedwathlireatrieasbomne thefdspresvafirsopet @bondespacedeF@ur f ace

fraction of the.ign-concentrating co |l.ntent side. surface of the cation
per e dSME e Fiied of Bttt BT GRRI A 5 ST SHOUpB S0t s Soriatdd | n
cl ai mapd 16urther conprising a m xed ion exchange materi al domain di sposed
wi thin the ion-concentrating conpartnment, wherein the disposition of the
ani on _exchange nmgterial predom nant domain. relative to the cation

Der nedft S G A EME S BT dap BETS ) STk o ciestodsiaT Rl PR 18n
exchang@udiid ehi Rh QInRSRHARNondRIMRIR A0 Cwkile i§ afakeilyPESFREP!S SR HRoANe,
and wherein the disposition of the cation exchange material predonm nant
donai PeFRiaicipEnkrang Heanthileh ppdae beindedrbrigrearien pemiepds mgmbemp &8t iThe

SecOndy SAEAABH bR A LOS AGNENREIREE bbitharh A GRL ARk J9WRIA and

the anio
defines a surface area, and the cation permeable membrane 20 includes an ion-concentrating

compartment side surface 28 which defines a surface area. An anion exchange material
predominant domain 14 is disposed within the compartinent 12 and is conmtiguous with
substantially the entire ion-concentrating compartment side surface arca of the anion permeabie
membrane 18. As a necessary incident, the ion-concentrating compartment side surface 26 of the
anion permeable membrane 18 with which the domain 14 is contiguous, in comparison to
substantially any remaining fractions of the ion-concentrating compartment side surface 26 of the
anion permeable membrane 18, is closest to an outlet 367 of an ion-depleting compartment 36
disposed on an opposite side of the anion permeable membrane 18. A cation exchange material
predominant domain 16 is disposed within the compartment 12 and is contiguous with
substantially the entire ion-concentrating compartment side surface area of the cation permeable
membrane 20. As a necessary incident, the ion-concentrating compartment side surface 28 of the
cation permeable membrane 20 with which the domain 16 is contiguous, in comparison to
substantially any remaining fractions of the ion-concentrating compartment side surface 28 of the
cation permeable membrane 20, is closest to an outiet 367 of an ion-depieting compartment 36
disposed on an opposite side of the cation permeable membrane 20. A mixed ion exchange
material domain 22 ig disposed within the compartment 12 and between each of the anion
exchange material predominant domain 14 and the cation exchange material predominant
domain 16. The domain 22 is also contiguous with cach of the domains 14 and 16, and extends

across the length of the compartment 12 (from the inlet end to the outlet end). The ion-
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per neabl e nenbrane, and wherein at |east a portion of the m xed ion
exchange material domain is disposed within at | east one of the respective
first and second spaces. 7. The el ectrodeioni zati on apparatus as cl ai ned
in claiml, wherein the one of the anion perneabl e nenbrane and the cation
per neabl e nmenbrane, having the at |east a portion of an ion-concentrating
conpai nnent side surface with which the first ion exchange material domain
is contiguous, is a cation perneable nmenbrane, such that the first ion
exchange material domain is a cation exchange mat eri al predom nant domai n.

8. ThECBTBERIMSIENIRIRent B dspinks ol e subantinlve gectanselpn prpticlempad: With 2

CONPr itficRitks@oMrt0ThOIbSXE NARGE, MRLAEalUs dpRulo Q'n%ﬁ%&@s Vckddh heleRre
ion-concentrating conpartnent, wherein the disposition of the cation

exchartgaamaier ilde Jomagoad rhantz Biskaesn 18| oft dboet 0.3 millemeirdso acrpesr e @bties
menbr aig, ﬂfflé ”%eado‘iﬁ“a(%f[)?%tﬂaé’% FRAG& PBY "kﬁ%ﬁbaﬁ%6%ﬁﬂluﬂ@m gx mﬁé& e { grial
e ne , a

predonlna donal € ani on per nea erein “ east
a por tciomamoIz il thigvexped:, ﬂ&rtheicn:dmngeachmf drei damatheridiand i1 § idkgypesetininidn N t he

res pec(t LV VoSG ‘particle diameters, where the ion exchange material is provided in the form of

particles), and the thickness of the domain 22 is maximized.
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9. The el ectrodei oni zation apparatus as clainmed in claim1, wherein the

I on-concentrating conpé&t al ent side surface of the anion perneabl e nenbrane
defines an ion-concentrating conp& nent side surface area of the anion

per neabl e menbrane, and wherein the ion- concentrating conpaitnent side
surface of the cation perneabl e nenbrane defines an ion-concentrating side
surface area of the cation perneabl e nenbrane, and wherein the operative
side surface fraction of the ion-concentrating conpartnent side surface of
t he one of the anion perneable nenbrane and the cation perneabl e nenbrane
def i ndl&) an QR§EREYT ve side surface area fraction of the ion-concentrating
conpartnent side surface of the one of the anion perneabl e nenbrane and

the cahicpBraRe!, HR RS PRrBAAMRTMILENHs hgplRl bbieast thd QX6 Rf32tAA8 the cathode 36.
i on-concentrating conp& talent side surface area of the one of the anion

per medbieeniepasican drapdh tthe ieatdepiatiper srmsitecnsnBe apsl  the glonThecentrating

el ectr .ol zat 4,0 L | ' LI : ther. ¢ £.Sing a
i xod onARbAE 123 ARRRE 2t alor B IRE b Rk Thiting 1h BE ok 10
conpardompatinenih Steimidtheandi sppiosd viconamspotidie frbir Bin-depletiex chrapgenemet 6. al
domain relative E@lthe gther O%f of ;Lhe one of %@g ani on e%ngg?l .

menbr a5 AiSd B ST B BRP i an &0 AURBTARE QR PRES& oFRapacR %“%a‘«?e

bet weamchasds) dddcehiaetrodd angparimingy 31347 avRitihgan dord dpleioh @f liqtid wingt he

one of_the anion
flowed through the ion-depleting compartments 36. As a result, liguid being flowed through the

ion-depleting compartments 36 is deionized to produce the purified liquid flow 365, while liquid
being flowed through the ion-concentrating compartments 12 becomes more concentrated in
ionic species to produce the concentrated effluent 123. In the example illustrated in Figure 45,

the liguid flows through the compartment 12, 36 are counter-current relative to one another.

It 1s believed that the cation exchange material predominant domain 16 contiguous with the
cation permeable membrane 20 contributes to the reduction in the uncharged weak acid
concentration at the membrane surface and thus a reduction in the back diffusion of uncharged
weak acid species. In particular, by providing a cation exchange material predominant domain
16 contiguous with the cation permeable membrane 20, the fendency for uncharged wealk acid
species (such as CO, or CHaCOOH) to transport from the ion-concentrating compartment 12 and
to the ion-depleting compartment 36 by diffusion through a cation permeable membrane 20,
resuiting in ionization of the uncharged weak acid species in the ion-depleting compartment 36
with a concomitant reduction in quality of product water discharging from the ion-depleting
compartment 36, is reduced. It is believed that the presence of the cation exchange material
predominant domain 16 contribuies to this reduction in back diffusion by enabling either or both
of the following mechanisms: (i) increasing the diffusion length for weak acids to transport to the
cation permeable membrane 20 from within the ion-concentrating compartment 12 {and
thereafter permeate through the cation permeable membrane 20 and into the ion-depleting
compartment 36), and (i1} decreasing the local concentration of weak acids in the vicinity of the
surface of the cation permeable membrane 20 by moving the anion exchange material/cation
exchange material interface away from the cation permeable membrane 20 so that weak acids

produced at this interface are produced further remotely from the cation permeable membrane 20



per neabl e menbrane and the cation perneabl e nmenbrane, and wherein at | east
a portion of the m xed ion exchange material domain is disposed within the
respective space. 11. The el ectrodeioni zati on apparatus as clained in
claim9, wherein the one of the anion perneabl e nmenbrane and the cation
per neabl e nmenbrane, having the at |east a portion of an ion-concentrating
conpai tnment side surface with which the first ion exchange material domain
i s contiguous, is an anion perneabl e nenbrane, such that the first ion
exchange material domamin_is an ani on exchange material predom nanf domain,
wher ei‘}%hefgg‘eolb‘é?ﬁ‘%f’?]@@% PELTad oraRe firauah B 1-COHENTEHE CORBARE Fai on&

conpargiiRptitie pUikagsaPiveldfy A P SlRRAD |28j P& 0E B @8bd PREn@BIe
operative side surface area fraction of the i1on-concentrating conpallntent
si de gJuembrere Y. t he ani on perneabl e nenbrane which is at | east 10% of the

I on-concentrating conpai (|l atent side surface area of the anion perneable
Menbr afigiiarly, it is believed that the anion exchange material predominant domain 14 contiguous

with the anion permeable membrane 18 contributes to the reduction in the back diffusion of
weak basic substances, such as ammonia and nitrogen containing weak organic bases (such as

aniline, butylamine, hydrazine, ethylamine, and hydroxylamine).

In conjunction with the instance of the cafion exchange material predominant domain 16
contiguous with the cation permeable membrane 20, and/or the instance of the anion exchange
material predominant domain 14 contiguous with the anion permeable membrane 18, the mixed
ion exchange material domain 22 is provided to mitigate hardness scale formation within the 1on-
concentrating compartment 12. Increasing the number of interfaces between anion exchange
material and cation exchange material within the ion-concentrating compartment 12 reduces the
instances of local concentrations of hardness and scale forming anions. The number of such
interfaces is optimized in a mixed ion exchange material domain 22, as opposed to a primarily
single phase ion exchange material domain, such as either of the domains 14 or 16. Accordingly,
providing mixed ion exchange material domain 22 in addition to one or both of the above-
described domains 14, 16, mitigates hardness scale formation which may otherwise pervade if
only one or both of the above-described domains 14, 16 is provided in the ion-concentrating

compartments 12 without a mixed ion exchange domain 22.

Embodiments of the present invention will be described in further detail with reference to the

following non-himitative examples.
() Examples

Electrodeionization processes have been carried out to compare: (i) the performance of an
electrodeionization apparatus whose 1on-concentrating compartment 1s filled only with mixed ion
exchange material, with (ii) the performance of an electrodeionization apparatus whose ion-
concentrating compartment includes a cation exchange material domain contiguous with the

cation permeable membrane and a mixed 1on exchange material domain disposed between the
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12. The el ectrodei oni zati on apparatus as clainmed in claim11, further
conprising at |east one m xed ion exchange material domain di sposed within
the ion-concentrating conpai intent, wherein the disposition of the anion
exchange material predom nant domain relative to the cation peineabl e
menbrane defines a respective space between the anion exchange materi al
predom nant domai n and the cation perneabl e nenbrane, and wherein at | east
a portion of the m xed ion exchange nmaterial donmain is disposed within the
respective space. 13. The el ectrodeionization apparatus as clained in

cl ai mORHOD §XGRANgE et Eqradin gnhibe ariPR ReEeNa e #eer i al pr edoni nant donai n
di sposed within the ion-concentrating conpartnent, wherein the cation
exchanggmgrires.ijal predoni nant domain is contiguous with at |east a portion
of the Ton-concentrating conpaiintent side surface of the cation perneable
menbrane_and i s spaced apart fromthe ani on perneabl e nenbrane, and

wher ei‘h Titfleclgirqdgigaization, gppargius Gps bRE PEYICEN Laieding jaR (208 frFaPPRERE S| de
sur f acgn@hidghth &Rfde WRdREEIRAR! SrRAREANSHERTh D @ScadlbaoPes %ﬁdrMﬁ:g $rdgicaur f ace
fraction of the ion-concentrating conpannment Side surface of the cation
per medisirecaisrpeabrancs ang, catige pemeceblequahbmncsaare ghcrapiohr arrangedbeteieen thed i n

cl ai Myl 34e QG EHMehNGr@P AL LR S| Q&nuﬁ A ey ffﬁﬁ%' Aferiltink NGon-depleting

i on-concentrating conmpartnent side s ace of the cation perneabl e

menbr anepekheme sndann-opereatrating ®hgertsents, aoeh thaeheteriae tatdrof afxtdeh €16) ion-

' on- Cocgggeg%rgtam}gl c%%p%%‘r%tajnataetg&l of fifteen (15) ion-depleting compartments. Each of the

ion-depleting compartments 36 is bounded by an anion permeable membrane 18 on the anode

side and by a cation permeable membrane 20 on the cathode side. Each of the 1on-concentrating
compartments 12 1s bounded by a cation permeable membrane 20 on the anode side and by an
anion permeable membrane 18 on the cathode side. Each of the ion-concentrating compartments
and the ion-depleting compartments has the shape of a substantially rectangular paralielepiped.
The dimension of each of the ion-concentrating compartments is 13cm x 3%cm x §.2cm (width x
length x thickness). The dimension of each of the ion-depleting compartments is 13cm x 3%cm x
0.8cm (width x length x thickness).

Each of the ion-depleting compartments is filled with mixed ion exchange material which is a
mixture of Mitsubishi DIAION SK-1B™ resin beads (cation exchange material) and Mitsubishi
DIAION SA10A™ resin beads {anion exchange material) in a volumeiric ratio of 1:1. The
mixed ton exchange material domain within each of the ion-depieting compartments conforms to
the shape of the ion-depleting compartments, such that the thickness of the muxed ion exchange

material domain is 0.8¢cm.

Each of the ion-concentrating compartments is filled with ion-exchange materials so as to form
two distinct domains of ion exchange materials. In particular, each of the ion-concentrating
compartments includes a cation exchange material domain and a mixed 1on exchange material
domain. The cation exchange material predominant domain of the ion-concentrating
compartment contains Mitsubishi DIAION SK-1B™ resin beads (cation exchange material)
which have been sieved to remove larger resin beads such that the size range of the cation

exchange material resin bead diameters used in the cation exchange material predominant

53



side surface of the cation perneable nenbrane which is at | east 10% of the
I on-concentrating conpartnent side surface area of the cation perneable
menbrane. 15. The el ectodei oni zation apparatus as clained in claim 13,
further conprising a m xed ion exchange material domain di sposed wthin
the ion-concentrating conpartnment, wherein the disposition of the anion
exchange material predom nant domain relative to the cation perneabl e
menbrane defines a respective first space between the ani on exchange

mat eri al predom nant domain and the cation Eerneable menbr ane, and wherein

the didopBs: pi 8 BR-coRenEaitorrBRERMmY e Hatle? A PBriedbiPRant he gHEFhion
r el at i kendn@e hiGrADidHaiR OF IRARKE oHERREANCHETHBRE St ERPRGLL 'S SeEA space

between the cation exchange material predom nant domain and the anion
per meamiterigreviielanes rantiroies Mditsubishi IDIAONSKABL | aesinfbeadse(catiote dxoharge
excha : b &ly: | By i ahr Wi, 1 hi St of respective
Firot Sg ek gl MfRTBL DrfoR SHIOR e B OBt BL B e
i n cl aichn®stricviraticeiofi T:he The w@fiod heclkanpo mpedareddntain e nthe aioe-camantritegcat i on

per neabl e menmhran havi ng the at least a pprtion of an ipn-concentrating
P e ORBATIT GRSk et Honhitt SHEERCY Thafhehe parm B AR T Sphase
I S COnbh@HPRUS withSsudstamiall9 Nthp @hfiRaih SofiiaReconsiaethehh fdrfdcB & f fthd SdtidnON

exchange material domain is a cation exchange material predom nant donai n,

wher eifRdElcopePaNGe Theaisul fofc exhrager mafetial demain; UntheoReCARGeRIHHG
conpal dHpRkmsht 4€dcted A fie ShapkRF 2GRbdMaRFFIRARIIE FIRITRIBHRI 98] 1sMEHo

in the entire space between the cation exchange material domain and the anion permeable

membrane. The thickness of the cation exchange material domain is 0.08cm. The thickness of

the mixed ion exchange material domain is 0.12cm.

The feed flow to each of the ion-depleting compartments, the ion-concentrating compartments,
and the electrode compartments has the same composition. Such feed flow is substantially
ultrapure water (municipal water which has been pretreated by reverse osmosis) containing
dissolved HCO;™ at a concentration of 15.9 ppm after sodium bicarbonate injection. Product
water discharges from cach of the ion-depleting compartments at a rate of about 0.4167 gpm.
Water discharges from each of the ion-concentrating compartments at a rate of about 0.0235
gpm. Water discharges from the combined clectrode compartments at a rate of about 0.25 gpm.
Recovery is measured to be 90%. Upon establishing the flows through each of the ion-depleting
compartments and the ion-concentrating compartments, an electric current of 3 coulombs/second
has been impressed through the external circuit connected to the device, and thus effecting

electrodeionization of the aqueous feed flowing through the ion-depleting compartments.

At steady state, the resistivity of the product water discharging from the outlet of the ion-

depleting compartments has been measured to be 17.7 Mohm.cm.

Comparative Example No. 1

A comparative example has been carried out using substantially the same electrodeionization
apparatus described in Example No. 1, under substantially the same operating conditions, with

the exception that each of the ion-concentrating compartments is filled with mixed ion exchange
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operative side surface area fraction of the ion-concentrating conpaitnent
side surface of the cation perneable nenbrane which is at |east 10% of the
i on-concentrating conpartnent side surface area of the cation perneabl e
menbrane. 17. The el ecdei oni zati on apparatus as clained in claiml16,
further conprising a m xed ion exchange material domain disposed within
the ion-concentrating conpartnent, wherein the disposition of the cation
exchange material predom nant donmain relative to the anion perneable
menbrane defines a respective space be en the cation exchange nateri al

pr edorfgiginl ok e Bidure o8 MifubshipdtiBabresithkeds (Gadon exrilangeapeiprplhend east

a porty : A ed, i cAer=Yalol I : i 0 k d within the
respeggﬁegﬁébggg? 18gn#%gsgﬁgctrogg#%kﬁﬁggpéﬁQgg%gfgﬁﬁ%hgggg ai med in
claim 16, further conprising an ani on exchange naterial predon nant domain
di sposiddsteddyhstaict the rensiivifynaethe raedusy vatmrphschaging, fomdheionticthed &aiion ,
excha i dang N j Lt st a portion
of thgﬁﬁ%ﬁ&%gﬁﬁgﬁFgéﬁingeQ@%%HgﬁﬁgﬁF&Q?‘é%§5F8§§§EB$%€?%ﬁ%%¥§ﬁ'perneab|e
menbrane and is spaced apart fromthe cation pernmeabl e nenbrane, and

wher eilh wilhdeamdewstoot, of pursel ¢t ofiodifetipencanobre sate at thegerslondpraerttnehthesi de
surfac . ]l r %ggg fines ratiye.si surface
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per mealefiaedignthe apyended claims.



19. The el eci odei oni zation apparatus as clained in claim 18, further
conprising a m xed ion exchange material donmain disposed wthin the
i on-concentrating conpartnent, wherein the disposition of the anion
exchange material predom nant domain relative to the cation perneabl e
menbrane defines a respective first space between the ani on exchange
mat eri al predom nant domain and the cation perneabl e nenbrane, and wherein
t he disposition of the cation exchange material predom nant domain

ective second space

relatiy he _ani on perneabl e nmenbrane defines a res

bet e HEHObARTEHLRs R EEE R N ORI bR AN denGT R vk HRFERTS

per meahk PHRITDEATEIS @ATVIRSS RRE PEFINGAS WAr@RLOWS: of the mi xed ion ,
exchange material domain is disposed within at | east one of the respective

first and second spaces. 20. The el ectrodei oni zati on apparatus as clai ned
in cl ai-m 9 A Hels{oRiFEIo 3EPHRUY OBIHIGS ur f ace fraction of the
i on-concentrating conpai anent side surface of the one of the anion

per meaklign OBHERA PR g B8pdiBert hitRANy B@ﬁrﬂi@@h%%nﬁ_ﬁi@ﬁ haiEable I RUTRRY dn3 Qifsot O
substantially any remaining fractions of the ion-concentrating conpaitnent
si de Sarfelybowidet by 2 spfionglerperdlempbshrepeeitabl e nenbrane and the cation
per meabl e nenbrane, is closest to an outlet of an ion-depleting

conpait RAtiofli SBRHeH i@l QRRAS! di§osdddeifh HReiRNSnehubii® 20LeRREE Teabl e
menbrane and the cation perneable nmenbrane. 21. The el ectrodel oni zation
appar avheseinsheciig wag=¢hangs miatariRDdorain isheantigemsrvigdi Hdeast aiprewnidandsehange
mat er i | ' W3 i.e0-.C ' ' - wherein
B O L AT
ot her perecabie hérebrame and istdpeccaripen fpear the akiice oneobthanes ahthe tahen pataaahie

perneablq%genbhz€e gefines @ rezﬁgctive space between the first ion
exchal§& TP ate @ERRPA™SAYU® MHE 6% er one of the one of the anion

per neabl e menbrane and the cation perneabl e nenbrane, and wherein at | east
a por twiateinthetadh Rastiapetion@f texichabgenimingrdoalpathaamisiicistrfsieop dashe f tzi n t he

respective spa & 22. The Iectrodeioni% tion appar al us as claimed in
cl ai maen h RRPYef ihpacatioggpermeable membrane detines an operative side
surface fraction of the ion-concentrating compartment side surface of the one of the anion

permeable membrane and the cation permeable membrane;
such that,

in the case where the one of the anion permeable membrane and the cation permeable membrane,
having the at least a portion of an ion-concentrating compartment side surface with which the
first 1on exchange material domain is contiguous, is an anion permeable membrane, the first ion

exchange material domain is an anion exchange material predominant domain,

and in the case where the one of the amon permeable membrane and the cation permeable
membrane, having the at least a portion of an ion-concentrating compartment side surface with
which the first ion exchange material domain is contiguous, 1s a cation permeable membrane, the

first ion exchange material domain is a cation exchange material predominant domain.

2. The electrodeionization apparatus as claimed i claim 1, further comprising a mixed ion
exchange material domain disposed within the ion-concentrating compartment, wherein the
disposition of the first ion exchange material domain relative to the other one of the one of the

anion permeable membrane and the cation permeable membrane defines a respective space
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surface fraction of the ion-concentrating conpaitnent side surface of the
ani on perneabl e nenbrane, in conparison to substantially any remaining
fractions of the ion-concentrating conpaitnent side surface of the anion
per meabl e menbrane, is closest to an outlet of an ion- depleting .
conpadnent di sposed on an opposite side of the anion perneabl e nenbrane.
23. The el ectrodei oni zati on apparatus as clainmed in claim22, further
conprising a mxed ion exchange material domain disposed within the

i on-concentrating conpai talent, wherein the disposition of anion exchange

mat er i VPR HIFaIon crehaRER matery idpmainganch thecatberopnepel s apiceointhatiigve
def i NgRrAedbRSRABGHIaNE aRPARE %at%tly@ﬁ@m@&eamaa@ a%amf@@aﬂ@és@sgaﬂmﬁr&%m nant

domai n and the cation perneable menbrane, and whereln at st a portion
of t henpekiog qune&mh@né@memld&mowdmmmﬁ@rﬁpmswcw thin the
respective space 24. The el ectrodei oni zati on apparatus as clained in

claimg2, ﬂ’h &&&H&Jﬁ%% gﬁaﬁg% ik N8 Mﬁ&éﬁ'm&%&@%?{%@aa% domai n
d within t

di sSpose e | on-con ntrat I Nng conpal I nt’ent wher el n e catlion
exchamgemenbtcemembrape eutb ticrration domeablc inengwane, Juous thai 4 beasita bertist oﬁth:mor tion

of theg ntrati Q Late I.d rface of the ca .

per meaBIIll 8&0%8 “&L% S ARG en?éggé oS5 Wlfl?lbﬁﬁ ?ﬁ% 1%‘?‘8%“]%8%5’8% NS ane,
and V\henegumut he amhmbﬁgsﬁneablﬁ@ﬂidmmwﬁudhhﬁatlt@&"lﬁfst)ﬂ)@l&ﬂbﬂ[aagd& fgtegialptake snt ent
side surface of the cation perneabl e menbrane defines an operative side
sur f ac® PRISFFBReORCHE Aredoriel dP# it i ng conpart ment side surface of the

cation perneable menbrane. 25. The el ectrodei oni zation apparatus as
cl ai med i n Thk alettr@dbionMAEbE kppakdies ARAdiatel 1€ cigind®, further comprising a mixed ion

exchange material domain disposed within the ion-concentrating compartment, wherein the
disposition of the anion exchange material predominant domain relative to the cation permeable
membrane defines a respective space between the anion exchange material predominant domain
and the cation permeable membrane, and wherein at least a portion of the mixed ion exchange

material domain is disposed within the respective space.

5. The electrodeionization apparatus as claimed in claim 3, further comprising a cation
exchange material predominant domain disposed within the ion-concentrating compartment,
wherein the cation exchange material predominant domain is contiguous with at least a portion
of the ion-concentrating compartment side surface of the cation permeable membrane and is
spaced apart from the anion permeable membrane, and wherein the at ieast a portion of the ion-
concentrating compartment side surface of the cation permeable membrane defines an operative
side surface fraction of the ion-concentrating compartment side surface of the cation permeable

membrane,

6. The electrodeionization apparatus as claimed in claim 5, further comprising a mixed ion
cxchange material domain disposed within the ion-concentrating compartment, wherein the
disposition of the anion exchange material predominant domain relative to the cation permeable
membrane defines a respective first space between the anion exchange material predominant
domain and the cation permeable membrane, and wherein the disposition of the cation exchange
material predominant domain relative to the anion permeable membrane defines a respective

second space between the cation exchange material predominant domain and the anion
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surface fraction of the ion-concentrating conpaitnent side surface of the
cati on perneabl e nenbrane defines an operative side surface area fraction
of the ion-concentrating conpartnent side surface of the cation perneable
menbrane which is at |east 10% of the ion-concentrating conpartnent side
surface area of the cation perneabl e nenbrane. 26. The

el ectrodei oni zati on apparatus as clained in claim?25, wherein the
operative side surface fraction of the ion-concentrating conpatanent side

surface of the cation perneabl e nenbrane, in conparison to substantjally
any r EEPFROIFGI$TPRERS GRS WhFretHE 9t RBHER AL tha PRy 1ok mrkengereeria dg@adyr f ace

of theg e@f}ase@wnﬁ{nra@%a&t%n@sm@@é(}gecuivé ﬁ@tgﬁc?gcoﬁcpsgi soutlet of an ion-

depl eting conparintent di sposed on an opposite de of the cation

per meabl e nenbrane. ) _ ) ) ,
7. The electrodeionization apparatus as clammed in claim 1, wherein the one of the anion

permeable membrane and the cation permeable membrane, having the at least a portion of an
ion-concenirating compartment side surface with which the first ion exchange material domain is
contiguous, is a cation permeable membrane, such that the first ion exchange material domain is

a cation exchange material predominant dornaix.

8. The electrodeionization apparatus as claimed in claim 7, further comprising a mixed ion
exchange material domain disposed within the ion-concentrating compariment, wherein the
disposition of the cation exchange material predominant domain relative to the anion permeable
membrane defines a respective space between the cation exchange material predominant domain
and the anion permeable membrane, and wherein at least a portion of the mixed ion exchange

material domain is disposed within the respective space.

9. The electrodeionization apparatus as claimed in claim 1, wherein the ion-concentrating
compartment side surface of the anion permeable membrane defines an ion-concentrating
compartment side surface area of the anion permeable membrane, and wherein the ion-
concentrating compartment side surface of the cation permeable membrane defines an ion-
concentrating side surface area of the cation permeable membrane, and wherein the operative
side surface fraction of the ion-concentrating compartment side surface of the one of the anion
permeable membrane and the cation permeable membrane defines an operative side surface area
fraction of the 1on-concentrating compartment side surface of the one of the anion permeable
membrane and the cation permeable membrane which is at least 10% of the ion-concentrating
compartment side surface area of the one of the anion permeable membrane and the cation

permeable membrane.

10.  The electrodeionization apparatus as claimed in claim 9, further comprising a mixed ion
exchange material domain disposed within the ion-concentrating compartment, wherein the
disposition of the first ion exchange material domain relative to the other one of the one of the
anion permeable membrane and the cation permeable membrane defines a respective space

between the first ion exchange material domain and the other one of the one of the anion
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27. The el ectrodei oni zati on apparatus as clainmed in claim24, further
conprising a m xed ion exchange material donmain disposed wthin the

i on-concentrating conpartnent, wherein the disposition of the anion
exchange material predom nant domain relative to the cation perneabl e
menbrane defines a respective first space between the ani on exchange

mat eri al predom nant domain and the cation perneabl e nenbrane, and wherein
t he disposition of the cation exchange material predom nant domain

relative to the anion perneabl e nmenbrane defines a respective secqnd space
bet we g RHEI RPN REHAR G& WeRBRFRI© HFOOTRT At IGHRFne4thd PPRE™ &hHbn

per Meakiked 158 FRERNE: mABHa\WdRI8I 18 dBbode8 AgthiAhPRIshd Al Qfacd.Ne m xed ion _
exchange material domain is disposed within at | east one of the respective
first and second spaces. 28. The el ectrodei gni zation agfaratus as. cl ai ned
in cl dilm 18he whsireddrrirEcn FapHEiTY 85 SiRedsir HaEe’.fWRETR ¢he re phibe anion

| ON- CORAROLIAhEMBra RO TP &L PEARaBM ARG nhilfy Gt étqgaspg ORRAAIE an
menbrane, in conparison to substantially any remaining fractions of the

i on- coprCeenceritdting coropgrnangside swiage wilrwladethe firs ks axghdngp mpterpeddntagn is

menbr - 21 0S f i on- t] . o
i spoaaiisioly 8830 b Shng kO ARELS DR EORRAL A s
el ect randwicnrexzizing® maspipbpratisieinast donaiinyedherdin theapmai8s sifleisirfeee freciprefsi ng a
m xed j on exchange material domain dis ed within e ion-concentrating
Conparht MRSt PR SHBSPES, DlORe R daITeh FoReRARgS CHas al
pr edorgpBatiie digaBinfaceiral fiQidhCoft fie idNt@ite RAKAE FbBariBesaliesugRtd BEthead
respecti ve space between the cation exchaqge mat eri al predom nant domain

r

and t RBIOBmeHR: membrage YaueY Bk, teathd 0 f iomtonICEEing CRBPEBENt ¢fdet he
m xed |, gh.ex&hange iRt eqhalhda88iha,.d s di sposed within the respective
space. 30. The el ectrodeionization apparatus as clained in claim 28,
further coqprising an_ani on _ _ ) o

12. he electrodetonization apparatus as claimed in claim 11, further comprising at least one

mixed ion exchange material domam disposed within the ion-concentrating compartment,
wherein the disposition of the anion exchange material predominant domain relative to the cation
permeable membrane defines a respeciive space between the anion exchange material
predominant domain and the cation permeable membrane, and wherein at least a portion of the

mixed ion exchange material domain is disposed within the respective space.

13.  The electrodeionization apparatus as claimed in claim 11, further comprising a cation
exchange material predominant domain disposed within the ion-concentrating compartment,
wherein the cation exchange rnaterial predominant domain is contiguous with at least a portion
of the ion-concentrating compartment side surface of the cation permeable membrane and is
spaced apart from the anion permeable membrane, and wherein the at least a portion of the ion-
concentrating compartment side surface of the cation permeable membrane defines an operative
side surface fraction of the ion-concentrating compartment side surface of the cation permeable

membrane.

14.  The electrodeionization apparatus as claimed in claim 13, wherein the operative side
surface fraction of the ion-concentrating compartment side surface of the cation permeable

membrane defines an operative side surface area fraction of the ion-concentrating compartment
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exchange material predom nant domain di sposed within the ion-concentrating
conpar Intent, wherein the anion exchange material predom nant domain is
contiguous with at |east a portion of the ion-concentrating conpaitnent
side surface of the anion perneabl e nenbrane and is spaced apart fromthe
cation perneabl e nenbrane, and wherein the at |east a portion of the

I on-concentrating conpartnent side surface of the anion perneabl e nenbrane
defines an operative side surface fraction of the ion-concentrating conpar
Inten%ggide surface of the anion perneabl e nmenbrane. 31. The

el ect riffeiubiars ok the satigpesrmede membrage feach i 4 legstd o of WireipricAngeRBating

oper atdo¥Padinde sildlsh@e ot iliof pdrhRabiORABAGENt rati ng conpai m ent side
surface of the anion perneable nen%rane defines an operative side surface

area fraction of the ion-concentrating conp& ntent side surface of the
ani on Per nedB eleciedemigstonpprar tissas slaimedsy claimob3o furthpecomguiseg icered 1 ng
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conpat_ t ent erein the disposition of .the .anion exchanage materi al
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the cAPHEH! SXENAMYE! AEPRPIEININE LabiA HHPR PEBIETIR T AFIeV LGS fHESPART 6N
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di s pOS&aisylstdvinidlat 1cG@Bhe B e Uspldlfe HER RECLLYR Hhis! and second spaces.

16.  The electrodeionization apparatus as claimed in claim 9, wherein the one of the anion
permeable membrane and the cation permeable membrane, having the at least a portion of an
ion-concentrating compartment side surface with which the first ion exchange material phase is
contiguous, is a cation permeable membrane, such that the first ion exchange material domain is
a cation exchange material predominant domain, wherein the operative side surface fraction of
the ion-concentrating compartment side surface of the cation permeable membrane defines an
operative side surface area fraction of the ion-concentrating compartment side surface of the
cation permeable membrane which 1s at least 10% of the ion-concentrating compartment side

surface area of the cation permeable membrane.

17.  The eiectrodetonization apparatus as claimed in claim 16, further comprising a mixed ion
exchange material domain disposed within the ion-concentrating compartment, wherein the
disposition of the cation exchange material predominant domain relative to the anion permeable
membrane defines a respective space between the cation exchange material predominant domain
and the anion permeable membrane, and wherein at least a portion of the mixed ion exchange

material domain is disposed within the respective space.

18.  The electrodeionization apparatus as claimed in claim 16, further comprising an anion
exchange material predominant domain disposed within the ion-concentrating compartment,

wherein the anion exchange material predominant domain is contiguous with at feast a portion of
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33. An el ectrode ionization apparatus conprising: an ion-concentrating
conpartnent partially bounded by a first ion peuneabl e nenbrane and al so
partially bounded by a separator el ement, wherein the first ion perneable
menbrane i s one of an ani on perneabl e membrane and a cati on per meabl e
menbrane; a first ion exchange material domain dlsposed within the

I on-concentrating conpartnent, wherein the first ion exchange materi al
domain is contiguous with at least a portion of an ion-concentrating
conpanhnent side surface of the first ion perneable nenbrane, and wherein

the at'hf ©Fs0NENHBHRY WIGITERS dORTIREhRISHE FBIPT RGTEBMP A1TIvEE anfl dfespaeRdr ace
of t heyhitrsdm AN REWBRRLSHIOBIRIARE, Rl ISR IhORe AL é’goﬁioﬁeofsﬂ% figge

fracti on of the ion-concentrating conpalhnent side surface of the first
i on peroneabhiennenmiment adndsiafasecbind anm nexodrhivgocmbreey definesl emaperatiiesposed
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16.  The electrodeionization apparatus as claimed in claim 18, further comprising a mixed ion

exchange material domain disposed within the ion-concentrating compartment, wherein the
disposition of the anion exchange material predominant domain relative to the cation permeable
membrane defines a respective first space between the anion exchange material predominant
domain and the cation permeable membrane, and wherein the disposition of the cation exchange
material predominant domain relative to the amion permeable membrane defines a respective
second space between the cation exchange material predominant domain and the anion
permeable membrane, and wherein at least a portion of the mixed ion exchange material domain

is disposed within at least one of the respective first and second spaces.

20.  The electrodeionization apparatus as claimed in claim 9, wherein the operative side
surface fraction of the ion-concentrating compartment side surface of the one of the anion
permeable membrane and the cation permeable membrane, in comparison to substantially any
remaining fractions of the ion-concentrating compartment side surface of the one of the anion
permeable membrane and the cation permeable membrane, is closest to an outlet of an ion-
depleting compartment disposed on an opposite side of the one of the anion permeable

membrane and the cation permeable membrane,

21.  The electrodeionization apparatus as claimed in claim 20, further comprising a mixed ion
exchange material domain disposed within the ion-concentrating compartment, wherein the
disposition of the first ion exchange material domain relative to the other one of the one of the
anion permeable membrane and the cation permeable membrane defines a respective space
between the first ion exchange material domain and the other one of the one of the anion
permeabie membrane and the cation permeable membrane, and wherein at least a portion of the

mixed ion exchange material domain is disposed within the respective space.
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el ement, and wherein at |east a portion of the second ion exchange
material domain is disposed within the first space; such that, where the
first ion perneabl e nmenbrane, having the at |east a portion of the

i on-concentrating conpai tnment side surface with which the first ion
exchange material domain is contiguous, is an anion perneabl e nmenbrane,
the first ion exchange material domain is an ani on exchange materi al
predom nant domai n and the second ion exchange nmaterial domain is a

non- ani on exchange naterjal predom nant donmain; and where the first ion
per neadst e ERTSHRICIPHEAIRY PREME 3 cddmed Gl o rherere theoPRestive et at i ng
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is contiguous, is a cation pernmeable nenbrane, the first ion exchange
mat er im¢mbiermiin dosiparisat foosebsiestiallygenyeanesining fctoendinthet icdenedentrating t he
second, | Lal 0. -cat i ch ter.] al

o1 odor AORr SRR AR, BF b2 an AR TR e, BeROlnloh iSO e,
cl ai mdsBletimhemepannichedigeeaheh arosppexicisadege tnpdndon mrmekbhaieémbrancont | guous
with the first ion exchange material domain 35. The el ectrodeionization

apparajus g9, %ie%tir(%goniizrz]ﬂigxll g‘;i)p@ra 2 as%a%g& i ctle% 23??11?"{11%11 c%'ifnp%jsglrgr%%ixcd ion
exchange material domain disposed within the ion-concentrating compartment, wherein the
disposition of anion exchange material predominant domain relative to the cation permeable
membrane defines a respective space between the anion exchange material predominant domain
and the cation permeable membrane, and wherein at least a portion of the mixed ion exchange

material domain is disposed within the respective space.

24.  The electrodeionization apparatus as claimed in claim 22, further comprising a cation
exchange material predominant domain disposed within the ion-concentrating compartment,
wherein the cation exchange material predominant domain is contiguous with at least a portion
of the ion-concentrating compartment side surface of the cation permeable membrane and is
spaced apart from the anion permeable membrane, and wherein the at least a portion of the ion-
concentrating compartment side surface of the cation permeable membrane defines an operative
side surface fraction of the ion-concentrating compartment side surface of the cation permeable

membrane,

25.  The electrodeionization apparatus as claimed in claim 24, wherein the operative side
surface fraction of the ion-concentrating compartment side surface of the cation permeable
membrane defines an operative side surface area fraction of the ion-concentrating compartment
side surface of the cation permeable membrane which is at least 10% of the ion-concentrating

compartment side surface area of the cation permeable membrane.

26.  The electrodeionization apparatus as claimed in claim 25, wherein the operative side
surface fraction of the ion-concentrating compartment side surface of the cation permeable
membrane, in comparison to substantially any remaining fractions of the ion-concentrating
compartment side surface of the cation permeable membrane, is closest to an outlet of an ion-

depleting compartment disposed on an opposite side of the cation permeabie membrane.
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I's a second ion perneabl e nenbrane, and the second ion perneabl e nmenbrane
Is the other one of the one of the anion perneabl e nenbrane and the cation
per neabl e menbrane, and the at |east a portion of the ion-concentrating
conpartment side surface of the first ion perneabl e nenbrane defines an
operative side surface fraction. 36. The el ectrodei oni zati on apparatus as
claimed in claim 35, wherein the first ion perneable nenbrane, having the
at least a portion of the ion-concentrating conpartnent side surface with
whi ch the ion exchange material domain is contiguous, is an anion

pei meablt e rKiskeaRedeinizRHOR ARRATAIEAS| CHAES BIHANBIC BT IFT (omTSHE arimixed ™ ani on
exchangenyat §hisahal moﬁgﬂmﬁ?agedd@mh Nhangh- &J}ﬁeﬁﬁaﬁg %hfi&@n&é%] IR BLer | al
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el ect rddshosispn 2hthe @moawp@mag@ma@gabpraimdant dowkiai 286 tofthe tdion p:rnmblea ng a
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t he i alonaimaenhe eettiong:eﬁmaibm thérhignae, sndjﬁrh&ﬂmfthmélspjsxﬂdne)fml&t da€itn exchange
material predominant domain relative to the anion permeable membrane defines a respective
second space between the cafion exchange material predominant domain and the anion
permeable membrane, and wherein at least a portion of the mixed ion exchange material domain

15 disposed within at least one of the respective first and second spaces.

28.  The electrodeionization apparatus as claimed in claim 16, wherein the operative side
surface fraction of the ion-concentrating compartment side surface of the cation permeable
membrane, in comparison to substantially any remaining fractions of the ion-concentrating
compartment side surface of the cation permeable membrane, is closest ic an outlet of an ion-

depleting compartment disposed on an opposite side of the cation permeable membrane.

29.  The electrodeionization apparatus as claimed in claim 28, further comprising a mixed ion
exchange material domain disposed within the ion-concentrating compartment, wherein the
disposition of the cation exchange material predominant domain relative to the anion permeable
membrane defines a respective space between the cation exchange material predominant domain
and the anion permeable membrane, and wherein at least a portion of the mixed ion exchange

material domain is disposed within the respective space.

30.  The electrodeionization apparatus as claimed in claim 28, further comprising an anion
cxchange material predominant domain disposed within the ion-concentrating compartment,
wherem the anion exchange material predominant domain is contiguous with at least a portion of
the 1on-concentrating compartment side surface of the anion permeable membrane and is spaced
apart from the cation permeable membrane, and wherein the at least a portion of the ion-
concentrating compartment side surface of the anion permeable membrane defines an operative
side surface fraction of the ion-concentrating compartment side surface of the anion permeable

membrane.
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per meabl e menbrane, wherein the at |east a portion of the

I on-concentrating conpailntent side surface of the cation perneable
menbrane defines an operative side surface fraction of the

i on-concentrating conpat anent side surface of the cation perneable
menbr ane, and wherein the disposition of the cation exchange materi al
predom nant domain relative to the ani on perneabl e nmenbrane defines a
second space, and wherein the non-ani on exchange naterial predom nant
domain is a_mxed ion exchange material domain and at | east a portion of

the mi¥ed i'8 LFERATGE-HRE APHPUSFAIHIPS BiCSHBsTel T ealPTERESIGne of
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clainmed in claim35, wherein the first ion perneable nenbrane, having the
at | easembraprodafinghanppparifive sids- woRerites Hesting of shpntorperntraingecospeafiaent Wi t h
whi ch & he_ 4 ' C ' N0 i us, | i on
por oAbt b E b I b B AARR IRl sARTRIh: 15 AR ot By el

cat i orcoeypetamngeideaindzdealcapriditomiaagrimehbianambmde.t he second i on exchange
material is a non-cation exchange material predom nant domain. 39. The

el ect rpdei ani i on.-a ratus _as. cl ai. - in..clai 5 wherein the,.
Cpor ni e OMEERLCRAPRALELAT, R AIES e Ol B BetiBe Gl mldaion
f r act i sxohanfe toeeriab ioa@itc disposat | wighit Ghe ddrt-cmietntaitide GphmeentOkvhbie tHier st
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compatTReEHPn 8f s 2aiop cxchengs mategp! prpdomipant domain tglafipeiohe cafionmerpRable

membrane defines a respective first space between the anion exchange material predominant
domain and the cation permeable membrane, and wherein the disposition of the cation exchange
material predominant domain relative to the anion permeable membrane defines a respective
second space between the cation exchange material predominant domain and the anion
permeable membrane, and wherein at least a portion of the mixed ion exchange material domain

18 disposed within at least one of the respective first and second spaces.
33.  An electrodeionization apparatus comprising:

an ion-copcentrating compartment partially bounded by a first ion permeable membrane and also
pariially bounded by a separator element, wherein the first ion permeable membrane is one of an

anion permeable membrane and a cation permeable membrane;

a first ion exchange material domain disposed within the ion-concentrating compartment,
wherem the first ion exchange material domain is configuous with at least a portion of an ion-
concentrating compartment side surface of the first 1on permeable membrane, and wherein the at
least a portion of the ion-concentrating compartment side surface of the first ion permeable
membrane defines an operative side surface fraction of the ion-concentrating compartment side

surface of the first ion permeable membrane; and

a second ion exchange material domain disposed within the ion-concentrating compartment,
wherein the disposition of the first ion exchange material domain relative to the separator

element defines a first space between the first ion exchange material domain and the separator
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40. The el ectrodei oni zation apparatus as clained in claim39, wherein the
operative side surface fraction of the ion-concentrating conpadnent side
surface of the first ion perneabl e nenbrane, in conparison to
substantially any remaining fractions of the ion-concentrating conpart nent
side surface of the first ion perneable nmenbrane, is closest to an outl et
of an ion-depleting conpattal ent di sposed on an opposite side of the first
i on perneabl e nmenbrane. 41. An el ec.,todeionization apparatus conprising:
an ion-concentrating conpaituient partially bounded by an ani on_perneabl e
menbr FiEnhding Ve Tehft ipat pypoRslRidhE Hpond WRErIRFRPESHB| domiehisrdispesed

wher eiilif @caRiQpadeer meabl e membrane incl udes an.ion-concentrating
conpartnment side surface which defines an ion-concentrating conpattal ent
side surface area of the anion perneabl e nenbrane, and wherein the cation

such that,

where the first ion permeable membrane, having the at least a portion of the ion-concentrating
compartment side surface with which the first ion exchange material domain is contiguous, is an
anion permeable membrane, the first ion exchange material domain is an anion exchange
material predominant domain and the second ion exchange material domain is a non-anion

exchange material predominant dotmain;

and where the first ion permeabie membrane, having the at least a portion of the ion-
concentratmg compartment side surface with which the first ion exchange material domain is
contiguous, 18 a cation permeable membrane, the first ion exchange material domain is a cation
exchange material predominant domain and the second ion exchange material domain is a non-

cation exchange material predominant domain.

34, The electrodeionization apparatus as claimed in claim 33, wherein the second ion

exchange material domain is contiguous with the first ion exchange material domain.

35.  The electrodeionization apparatus as claimed in claim 33, wherein the separator element
is a second ion permeable membrane, and the second ion permeable membrane is the other one
of the one of the anion permeable membrane and the cation permeable membrane, and the at
least a portion of the ion-concentrating compartment side surface of the first ion permeable

membrane defines an operative side surface fraction.

36.  The electrodeionization apparatus as clatmed wn claim 35, wherein the first ion permeable
membrane, having the at least a portion of the ion-concentrating compartment side surface with
which the ion exchange material domain is contiguous, is an anton permeable membrane, such
that the ion exchange material domain is an anion exchange material predominant domain and

the second ion exchange material is a non-anion exchange material predominant domain.

37.  The electrodeionization apparatus as claimed in claim 36, further comprising a cation

exchange material predominant domain disposed within the ion-concentrating compartment and
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per neabl e nmenbrane includes an ion-concentrating conpat huent side surface
whi ch defines an ion-concentrating conpartnent side surface area of the
cation perneabl e nmenbrane, a first ion exchange material domain within the
i on-concentrating conpatlLatent, wherein the first ion exchange materi al
domain is contiguous with at | east a portion of the ion-concentrating
conpartnent side surface of one of the anion perneabl e nenbrane and the
cation perneabl e nenbrane, wherein the at |east a portion of the

i on-concentrating conpart pent. si.de surface of the one of the anion
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partially bounded by a cation permeable membrane, wherein the anion permeable membrane

includes an ion-concentrating compartment side surface which defines an ion-concentrating

compartment side surface area of the anion permeable membrane, and wherein the cation
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such that, in the case where the one of the anion perneabl e nenbrane and
the cation perneabl e nenbrane, having the at |east a portion of the

i on-concentrating conpaanent side surface with which the first ion
exchange material domain is contiguous, is the anion perneabl e nenbrane,
the first ion exchange material domain is an ani on exchange materi al
predom nant domai n, and wherein the ani on exchange material predom nant
dormain is contiguous with at | east a portion of the ion-concentrating
conpal t ment . si de, surface of the anion _perneabl e nmenbrane, and wherein the
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other one of the one of the anion permeabiec membrane and the cation permeable membrane, and

wherein the operative side surface fraction of the ion-concentrating compartment side surface of

the other one of the one of the anion permeable membrane and the cation permeable membrane

defines an operative side surface area fraction of the ion-concentrating compartment side surface

of the other one of the one of the amon permeable membrane and the cation permeable

membrane which 1s at least 10% of the ion-concentrating compartment side surface area of the

67 -



| east a portion of the ion-concentrating conpailntent side surface of the
cati on perneabl e nenbrane defines a second operative side surface fraction
of the ion-concentrating conpaitnent side surface of the cation perneable
menbrane, and wherein the second operative side surface fraction of the

i on-concentrating conpartnent side surface of the cation perneable

menbr ane defines a second operative side surface area fraction of the

i on-concentrating conpaitnent side surface of the cation perneable

menbrane which is at_|east 10% of the ion-caoncentrating conpartnent side
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compr 1 BTTBTE g SER B S RHES AR, T GrSRATIE BEUBBLETh ThrTl Chior
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i's di 3RA3E% Wk %b@raﬁ&esiﬁgﬁﬁ’?&g'a\fga ARAfS: of the 1on-concentrating compartment side
surface of the anion permeable membrane which is at least 10% of the ion-concentrating
compartment side surface area of the anion permeable membrane, and wherein the first operative
side surface fraction of the ion-concentrating compartment side surface of the anion permeabie
membrane, in comparison to substantially any remaining fractions of the ion-concentrating
compartment side surface of the anion permeable membrane, is closest to an outlet of an ion-
depleting compartment disposed on an opposite side of the anion permeable membrane, and
wherein the anion exchange material predominant domain is spaced apart from at least a portion
of the ion-concentrating compartment side surface of the cation permeable membrane, and
wherein the at least a portion of the lon-concentrating compartment side surface of the cation

permeable membrane defines a first operative side surface fraction of the ion-concentrating
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43. The el ectrodei oni zati on apparatus as clainmed in claim4l, wherein the

one of the anion perneabl e nenbrane and the cation perneabl e nenbrane,

having the at |east a portion of the ion-concentrating conpal anent side

surface with which the first ion exchange material domain is contiguous,
is the anion perneable menbrane; such that the first ion exchange
material domain is an ani on exchange material predom nant donmain, and

wherein the ani on exchange materi al

at
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membrane; and

1n the case where the one of the anion permeable membrane and the cation permeable membrane,
having the at least a portion of the lon-concentrating compariment side surface with which the
first ion exchange material domain is contiguous, is the cation permeable membrane, the first ion
exchange material domain is a cation exchange material predominant domain, and wherein the
cation exchange material predominant domain is contiguous with at least a portion of the ion-
concentrating compartment side surface of the cation permeable membrane, and wherein the at
least a portion of the ion-concentrating compartment side surface of the cation permeable
membrane defines a second operative side surface fraction of the ion-concentrating compartment
side surface of the cation permeable membrane, and wherein the second operative side surface
fraction of the ion-concentrating compartment side surface of the cation permeable membrane
defines a second operative side surface area fraction of the ion-concentrating compartment side
surface of the cation permeable membrane which is at least 10% of the ion-concentrating
compartment side surface area of the cation permeable membrane, and wherein the second
operative side surface fraction of the ion-concentrating compartment side surface of the cation
permeable membrane, in comparison to substantially any remaining fractions of the ion-
concentrating compartment gide surface of the cation permeable membrane, is closest to an outlet
of an ilon-depleting compartment disposed on an -opposite side of the cation permeable
membrane, and wherein the cation exchange material predominant domain is spaced apart from
at least a portion of the ion-concentrating compartment side surface of the anion permeable
membrane, and wherein the at least a portion of the ion-concentrating cornpartment side surface

of the anion permeable membrane defines a sccond operative side surface fraction of the ion-

69



of an ion-depleting conpatintent disposed on an opposite side of the anion
per meabl e nenbrane, and wherein the ani on exchange material predom nant
dormain is spaced apart fromat |east a portion of the ion-concentrating
conpat fluent side surface of the cation perneabl e nenbrane, and wherein
the at |least a portion of the ion-concentrating conpartnent side surface
of the cation perneable nenbrane defines a first operative side surface
fraction of the ion-concentrating cornpai anent side surface of the cation
per neabl e nmenbrane, and wherein the first operative side surface fraction
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per neabtecablemhrainencdef i nes a respective space between the ani on exchange
mat eri al predom nant domain and the cation perneabl e nenbrane, and wherein
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menbr af@n permeable membrane and the cation permeable membrane defines a respective space
between the first ion exchange material domain and the other one of the one of the anion
permeable membrane and the cation permeable membrane, and wherein at least a portion of the

mixed ion exchange material domain is disposed within the respective space.

43.  The electrodeionization apparatus as claimed i claim 41, wherein the one of the anion
permeable membrane and the cation permeable membrane, having the at least a portion of the
1on-concentrating compartment side surface with which the first ion exchange material domain is

contiguous, is the anion permeable membrane;

such that the first ion exchange material domain is an anion exchange material predominant
domain, and wherein the anion exchange material predominant domain is contiguous with at
least a portion of the ion-concentrating compartment side surface of the anion permeable
membrane, and wherein the at least a portion of the ion-concentrating compartment side surface
of the anion permeable membrane defines 2 first operative side surface fraction of the ion-
concentrating compartment side surface of the anion permeable membrane, and wherein the first
operative side surface fraction of the ion-concentrating compartment side surface of the anion

permeable membrane defines a first operative side surface area fraction of the ion-concentrating
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46. The el ectrodei oni zation apparatus as clained in claim45, wherein the
at least a portion of the ion-concentrating conpail nent side surface of
the cation perneabl e nenbrane defines a second operative side surface
fraction of the ion-concentrating conpartnent side surface of the cation
per neabl e nmenbrane, and wherein the second operative side surface fraction
of the ion-concentrating conpaiintent side surface of the cation perneable
menbrane defines a second operative side surface area fraction of the

ion-concentrating conpartnent side surface of the cation perneable
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ion e %@W@@WWP@eﬁéﬁi sqifpce area of the cation permeable membrane, and wherein the
first operative side surface fraction of the ion-concentrating compartment side surface of the

cation permeable membrane, in comparison to substantialty any remaining fractions of the ion-
concentrating compartment side surface of the cation permeable membrane, is closest to an outlet
of ‘an ion-depleting compartment disposed on an opposite side of the cation permeable

membrane.

44, The electrodeionization apparatus as claimed in claim 43, further comprising a mixed ion
exchange material domain disposed within the ion-concentrating compartment, wherein the
disposition of the anion exchange material predominant domain relative to the cation permeable
membrane defines a respective space between the anion exchange material predominant domain
and the cation permeable membrane, and wherein at least a portion of the mixed ion exchange

material domain is disposed within the respective spacc.

45, The electrodeionization apparatus as claimed in claim 43, further comprising a non-anion
exchange material predominant domain configuous with at least a portion of the ion-

concenirating compartment side surface of the cation permeable membrane.
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contiguous, is the cation perneable nenbrane, the first ion exchange
material domain is a cation exchange material predom nant donmain, and
wherein the cation exchange naterial predom nant domain is contiguous with
at least a portion of the ion-concentrating conpaitnment side surface of

t he cation perneabl e nenbrane, and wherein the at |east a portion of the

i on-concentrating conpartnent side surface of the cation perneable
menbrane defines a second operative side surface fraction of the
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per meabl e nmenbr ar 49. The el ectroadel oni zation apparatus as clained in
cl ai mdgBnesfarespieeiivesernpdispiardebvarh dedafionexchange material predominant domain and
the amon permeable membrane, and wherein at least a portion of the mixed ion exchange

material domain is disposed within at least one of the respective first and second spaces.

48.  The electrodeionization apparatus as claimed in claim 41, wherein the one of the anion
permeable membrane and the cation permeable membrane, having the at least a portion of the
ion-concentrating compartment side surface with which the first ion exchange material domain is
contiguous, 1s the cation permeable membrane, the first ion exchange material domain is a cation
exchange material predominant domain, and wherein the cation exchange material predominant
domain is contiguous with at least a portion of the ion-concentrating compartment side surface of
the cation permeable membrane, and wherein the at least a portion of the ion-concentrating
compartment side surface of the cation permeable membrane defines a second operative side

surface fraction of the iom-concentrating compartment side surface of the cation permeable
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exchange material domain di sposed within the ion-concentrating conpai
tment, wherein the disposition of the cation exchange material predom nant
dormain relative to the anion perneabl e nenbrane defines a respective space
bet ween the cation exchange material predom nant donmain and the anion

per neabl e nenbrane, and wherein at |east a portion of the m xed ion
exchange material domain is disposed within the respective space. 50.
The el ectrodei oni zation apparatus as clained in claim48, further
conprising a non-cation _exchange material predaom nant_ donai n conti guous
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el ectrodei oni zati on apparatus as clainmed in claim42, wherein the m xed

i on  predominant domain is spaced apart from at least a portion of the ion-concentrating compartment
side surface of the anion permeable membrane, and wherein the at least a portion of the ion-
concentrating compartment side surface of the anion permeable membrane defines a second
operative side surface fraction of the ion-concentrating compartment side surface of the anion
permeable membrane, and wherein the second operative side surface fraction of the ion-
concentrating compartment side surface of the anion permeable membrane defines a second
operative side surface area fraction of the ion-concentrating compartment side surface of the
anion permeable membrane which is at least 10% of the ion-concentrating compartment side
surface area of the anion permeable membrane, and wherein the second operative side surface
fraction of the ion-concentrating compartment side surface of the anion permeable membrane, in
comparison to substantially any remaining fractions of the ion-concentrating compartment side
surface of the anion permeable membrane, is closest to an outlet of an ion-depleting

compartment disposed on an opposite side of the anion permeable membrane.

49.  The electrodeionization apparatus as claimed in claim 48, further comprising a mixed ion
exchange material domain disposed within the ilon-concentrating compartment, wherein the
disposition of the cation exchange material predominant domain relative to the anion permeable
membrane defines a respective space between the cation exchange material predominant domain
and the anion permeable membrane, and wherein at icast a portion of the mixed ion exchange

material domain 18 disposed within the respective space.
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exchange material domain is contiguous with the first ion exchange

mat eri al domain. 53. The el ectrodei onization apparatus as clained in
claim2, wherein the m xed ion exchange material domain is contiguous with
the first ion exchange material domain.

50.  The electrodeionization apparatus as claimed in claim 48, further comprising a non-cation
exchange material predominant domain contiguous with at least a portion of the ion-

concentrating compartment side surface of the anion permeable membrane.

51.  The electrodeionization apparatus as claimed in claim 50, further comprising a mixed ion
exchange material domain disposed within the ion-concentrating compartment, wherein the
disposition of the cation exchange material predominant domain relative to the anion permeable
membrane defines a respective first space between the cation exchange material predominant
domain and the anion permeable membrane, and wherein the disposition of the non-cation
exchange material predominant domain relative to the cation permeable membrane defines a
respective second space between the non-cation exchange material predominant domain and the
cation permeable membrane, and wherein at least a portion of the mixed jon exchange material

domain is disposed within at least one of the respective first and second spaces.

52. The electrodeionization apparatus as claimed in claim 42, wherein the mixed ion

exchange material domain is contiguous with the first ion exchange material domain.

53. The electrodeionization apparatus as claimed in claim 2, wherein the mixed ion exchange

material domain is contiguous with the first ion exchange material domain.
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