1. ELECTRODEI ONI ZATI ON APPARATUS AND LOW SCALE POTENTI AL WATER TREATMENT
BACKGROUND OF I NVENTION 1. Field of Invention This invention relates to
systens and net hods of water treatnent having a | ow potential for
scale formation and, in particular, to reducing the potential for scale
10formation in systens that utilize electrically-notivated separation
apparatus. 2. Discussion of Related Art El ectrically-notivated.
separation apparatus including, but not limted to, electrodialysis as well
as el ectrodeioni zati on devi ces, have been used to treat water. 15For

exanple, Liang et al., in U S. Patent No. 6,649,037, disclose an
el ectrodei oni zati on apparatus and nethgd for purifying a fluid by renoving
t he ioni zabl e speci es. SUMVARY OF THE | NVENTI ON 20 One or nore

aspects of the invention relate to an el ectrodeioni zati on apparatus having
an anode conpaf{ FITRODEOPHZATIEN ARRPARATUS AND €I QLRI zat i on

apparatus conprises a fi [ \-=posed between the
anode conpartnent and t ﬁéﬁﬁﬁgﬁté@%ﬁmﬁﬁmgﬁiem rating conpart nment
in ionic 25 communication with the depleting conpartnment, a second

depleting conpartnent in ionic comunication with the concentrating
conpartment, and a first barrier cell in ionic comunication with and

di sposed between the first depé &k@ﬁ{ a(slgiﬁgéN%ﬂgNat | east one of the
ment .

anode conpartnent and the cathodé conpar

1. Field of Invention
This invention relates to systems and methods of water treatment having a low
potential for scale formation and, in particular, to reducing the potential for scale

10  formation in systems that utilize electrically-motivated separation apparatus.

2. Discussion of Related Art
Electrically-motivated separation apparatus including, but not limited to,
electrodialysis as well as electrodeionization devices, have been used to treat water.
15 For example, Liang et al., in U.S. Patent No. 6,649,037, disclose an
electrodeionization apparatus and method for purifying a fluid by removing the

ionizable species.

SUMMARY OF THE INVENTION
20
One or more aspects of the invention relate to an electrodeionization apparatus
having an anode compartment and a cathode compartment. The electrodeionization
apparatus comprises a first depleting compartmenf disposed between the anode
compartment and the cathode compartment, a concentrating compartment in ionic
25  communication with the depleting compartment, a second depleting compartment in
‘jonic communication with the concentrating compartment, and a first barrier cell in
" ionic communication with and disposed between the first depleting compartment and
at least one of the anode compartment and the cathode compartment.
Other aspects of the invention relate to an electrodeionization apparatus
30 comprising a depleting compartment and a first concentrating compartment in ionic

communication with the depleting compartment, and defined at least partially by an



O her aspects of the invention relate to an el ectrodei oni zati on appar at us
30 conprising a depleting conpartnent and a first concentrating conpart nent
in ionic conmunication with the depleting conpartnent, and defined at | east
partially by an - 2 - anion selective nenbrane and a cation sel egtive
menbrane. The first concentrating conpartnent typically contains, ‘at |east
partially, a first zone conprising substantially of cation exchange nedi a
that is substantially separated fromthe anion sel ective nenbrane by a
second zone conprising substantially of anion exchange nedia. 5Still other
aspects of the invention relate to an el ectrodei oni zati on appar at us
conprising a depleting conpartnent, a first concentrating conpartnent in
ionic communi cation with the depleting conpartnent, and a second
concentrating conmpartnent jn ionic conm#¥i<cation with the depleting
conpartment. The first concentrating conpartnent typically conprises nedia
with a first afiprsdgotize mgmbeane anda cdtivnselgetive ragrabrane The fiphdoncomitadingr at i ng
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conpri se aofi tesistance and the second concentrating compartment having a portion thereof
comprising media with a second effective current resistance greater than the first
effective current resistance.
5till other aspects of the invention relate to an electrodeionization apparatus
comprising a depleting compartment, and a concentrating compartment in ionic
15 communication with the depleting compartment. The concentrating compartment
typically comprises a mixture of anion exchange resin and cation exchange resin and
amounts of the anion exchange resin and caﬁon exchange resin in the mixture varies
relative to a flow path length of the concentrating compartinent.
Stil! other aspects of the invention relate to an electrodeionization apparatus
20 having at least one compartment with at least one outlet port defined by a distributor
having a plurality of apertures. The electrodeionization apparatus can comprise a first
layer of particles in the compartment bounded by ion selective membranes. The
particles can comprise media having a first effective diameter less than the smallest
dimension of the apertures. The electrodeionization apparatus further comprises a
25 second layer of particies in the compartment downstream of the first layer. The
second layer of particles typically has a second effective diameter greater than the
first effective diameter and greater than the smallest dimension of the apertures.
Still further aspects of the invention relate to electrodeionization system
comprising a source of water to be treated, a treating module comprising a depleting
306  compartment and a concentrating compartment, the treating module fluidly connected

to the source of water to be treated; an electrolytic module comprising an acid-



| ayer of particles in the conpartnent bounded by ion selective nenbranes.
The particles can conprise nedia having a first effective dianmeter |ess
than the snall est dinmension of the apertures. The el ectrodei oni zation
apparatus further conprises a 25 second | ayer of particles in the
conmpartment downstream of the first |layer. The second |ayer of particles
typically has a second effective dianeter greater than the first effective
di aneter and greater than the small est dinension of the apertures. Still
further aspects of the invention relate to el ectiodeionization system
conprising a source of water to be treated, a treating nodule conprising a
depl eting 30 conpartnent and a concentrating conpartnent, the treating
nodul e fluidly connected to the source of water to be treated; an

el ectrol ytic nodul e conprising an acid- -3-3 - generating conpartnent, and
a source of a brine solution fluidly connected to an inlet of the
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Aspects of the inventl an electro oni zation apparatus
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a compartment containing a mixture of anion exchange resins and cation exchange
10 resins. The cation exchange resins having an average diameter at least 1.3 times
greater than an average diameter of the anion exchange resins.

Still other aspects of the invention relate to a water treatment system
comprising a source of water to be treated, an electrodeionization device comprising a
plurality of concentrating and depleting compartments and fluidly connected to the

15  source of water to be treated, a chiller in thermal communication with the water to be
introduced into at least one concentrating compartment of the electrodeionization
device, a sensor disposed to provide a representation of a temperature of at least one
of water to be introduced into the concentrating compartment and water exiting the
concentrating compartment, and a controller configured to receive the temperature

20  representation and generate a signal that promotes cooling the water to be introduced
into the concentrating compartment.

Still other aspects of the invention relate to electrodeionization apparatus
comprising a depleting compartment at least partially defined by a cation selective
membrane and an anion s¢lective membrane, and a concentrating compartment at

25  least partially defined by the anion selective membrane and containing a first layer of
anion exchange media and a second layer of media disposed downstream of the first
layer, the second layer comprising anion exchange media and cation exchange media.

Still other aspects of the invention relate to a method of treating water in an
electrodeionization device having a depleting compartment and a concentrating

30 compartment. The method comprising measuring one of a temperature of a stream in

the concentrating compartment, a temperature of a stream to be introduced into the



Still other aspects of the invention relate to a water treatnent system
conprising a source of water to be treated, an el ectrodeioni zati on device
conprising a plurality of concentrating and depl eting conpartnents and
fluidly connected to the 15 source of water to be treated, a chiller in

t hermal communication with the water to be introduced into at |east one
concentrating conpartnent of the el ectrodeionization device, a sensor

di sposed to provide a representation of a tenperature of at |east one of
water to be introduced into the concentrating conpartnent and water exiting
the concentrating conpartment, and a controller configured to receive the
tenperature 20 representation and generate a signal that pronotes cooling
the water to be introduced into the concentrating conpartnent. Stil
ot her aspects of the invention relate to4iectrodeionization apparatus
conprising a depleting conpartnent at |east partially defined by a cation
sel ecti ve nenbereeeiraing compartment, and ladernpeyeiureefiasirprm exifne fomdheent rat i ng
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depleting compartment of the electrodeionization device, promoting transport of an
undesirable species from the depleting compartment into the concentrating
20  compartment of the electrodeionization device. The concentrating compartment can
typically contains a first layer of anion exchange media and a second layer of media
disposed downstream of the first layer and the second layer can comprise a mixture of
anion exchange media and cation exchange media.
Still other aspects of the invention relate to a method of treating water
25 comprising introducing water to be treated into a depleting compartment of an
electrodeionization device, the depleting compartment having at least one layer of ion
exchange media; and promoting transport of at least a portion of anionic species from
the water introduced into the depleting compartment from a first layer of ion
exchange media into a first concentrating compartment to produce water having a first
30 intermediate quality. The first concentrating compartment is defined, at least

partially, by an anion selective membrane and a cation selective membrane. The first



15Still other aspects of the invention relate to a nethod of treating water
in an el ectrodei oni zati on device having a depleting conpartnent and a
concentrating conpartnent. The method conprises introducing water to be
treated into the depleting conpartnment of the el ectrodeionization device,
pronoting transport of an undesirable species fromthe depleting
conpartnent into the concentrating 20 conpartnent of the

el ectrodei oni zati on device. The concentrating conpartnment can typically
contains a first layer of anion exchange nedia and a second | ayer of nedia
di sposed downstream of the first |layer and the second | ayer can conprise a
m xture of ani on exchange nedi a and cati on exchange nedia. Still other
aspects of the invention relate to a nmethod of treating water 25 conpri sing
introducing water to be treated into a depl eting conpartnent of an

el ectrodei oni zati on device, the depleting conpartnment having at |east one
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conpartment 1 g1 aBi€ation with the first depleting compartment and a second concentrating
compartment fluidly connected to downstream of the first concentrating compartment.
Other aspects of the invention relate electrodeionization apparatus comprising
20  a plurality of depleting compartments configured to have liquid flowing therein along
parallel flow paths, and a plurality of concentrating compartments in ionic
communication with at least one depleting compartment, wherein at least portion of

the concentrating compartments are arranged serially.
25 BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are not intended to be drawn to scale. In the
drawings, each identical or nearly identical component that is illustrated in various
figures is represented by a like numeral. For purposes of clarity, not every component

30  may be labeled in every d‘rawing.

In the drawings:



comuni cation with the first depleting conpartnent and a second
concentrating conpartnent fluidly connected to downstream of the first
concentrating conpartnent. Qther aspects of the invention relate

el ectrodei oni zati on apparatus conprising 20 a plurality of depleting
conmpartments configured to have liquid flowng therein along parallel flow
paths, and a plurality of concentrating conpartnents in ionic conmunication
with at | east one depleting conpartnent, wherein at |east portion of the
concentrating conpartnents are arranged serially. 25BRI EF DESCRI PTI ON OF
THE DRAW NGS The acconpanyi ng drawi ngs are not intended to be drawn
to scale. In the drawi ngs, each identical or nearly identical conponent
that is illustrated in various figures is represented by a |ike nuneral.
For purposes of clarity, not every conpoeent 30 nmay be | abeled in every
drawing. In the drawings: - 6 - FIG | is a schematic illustration
of a portion of anFlé&. édStmmltemeﬂiﬂiilastraﬁnnaﬁpamaitous»fmodmttoslbingizaionl east one

bat her cell i ar E&n; Lnvention;
FIG 2is as emqézll |cgﬁ{|BFF\lu rg?segﬁe%n%grlflg%ﬁw an e?rtectroéel oni zation 5
appar at us havemlgpdﬂayletﬁeﬂhbwgnmn media in at | east one concentrating
compartment - ther eofyd), b ;0¢ CALAMCAullidn 0PF poHioHRE fn BBRRHERRDS00f { e

|nvent|on Is a schenmatic ustration of aportlon of an
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compart ment hﬁi‘éfeﬂgmza‘é&ﬁﬁa&fs m%@ofﬁo%%déﬁﬂé}ﬁs Wtﬁ@m@&ﬁzoﬂr nor e
enbodi nents of the invention; toFIG 4 is a schematic illustration of a

portion of a treatWnf isysthenticillystrasenghe eoiep Bf shdegiodaspigatianodi nent s of

the i nventi oNapparatus conpliSing at lefst SnSEIABERMatifg bdthpitohet hAnPonds Fahddion of an
el ectrodei oni zati on apparatus havin { Iea one conpartnment nodified to
& AEBoBT g

reduce the efIPdCFqrganceadihan %S‘E’ CHYFRIO® distribution in
ot her canpart ment SFIG) 4a<£ suhemaieiimbtidiion d€a portion of a treatment system in

accordance with one or more embodiments of the invention;

FIG. 5 is a schematic illustration of a portion of an electrodeionization
apparatus having at least one compartment modified to reduce the effective resistance
or improve the current distribution in other compartments in accordance with one or

15  more embodiments of the invention;

FIG. 6 is a schematic illustration of a portion of an electrodeionization
apparatus having a increased effective flow velocity in at least one concentrating
compartment thereof in accordance with one or more embodiments of the invention;

- FIGS. 7A and 7B is a schematic illustration of a portion of an
20  electrodeionization apparatus comprising a compartment containing resin beads of
differing sizes in accordance with one or more embodiments of the invention; and

FIG. 8 is a graph showing the relationship between an Langelier Saturation
Index value of a water stream relative to the temperature of the water stream;

FIGS. 9A and 9B are schematic illustrations of concentrating and depleting

25  compartment cell pairs in an electrodeionization device wherein FIG. 9A shows
compartments thereof comprising layers of media and FIG. 9B shows compartments
thereof comprising layers and zones of media in accordance with one or more
embodiments of the invention; and

FIG. 10 is a graph showing the performance of electrodeionization apparatus

30  in accordance with one or more embodiments of the invention.



15 nore enbodi nents of the invention; FIG 6 is a schematic illustration of
a portion of an el ectrodeionization apparatus having a increased effective
flow velocity in at |east one concentrating conpartment thereof in
accordance with one or nore enbodi nents of the invention; FIGS. 7A and 7B
Is a schematic illustration of a portion of an 20 el ectrodei oni zati on
apparatus conprising a conpartnent containing resin beads of differing
sizes in accordance with one or nore enbodi nents of the invention; and

FIG 8 is a graph showing the relationship between an Langelier Saturation
I ndex value of a water streamrelative to the tenperature of the water
stream FIGS. 9A and 9B are schematic illustrations of concentrating and
depleting 25 conpartnent cell pairs in an el ectrodei oni zati on device
wherein FIG 9A shows conpartnents thereaf- conprising | ayers of nedia and
FIG 9B shows conpartnents thereof conprising |ayers and zones of nedia in
accordance wth one or nore enbdETWED DESCRIPTIONenti on; and

FIG 10 is a graph show ng the performance of el ectrodeionization apparatus
30 in accordance with one or nore enbodi nents of the invention. - 7 -
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practiced in other electrically-driven or motivated separation apparatus that can

facilitate treatment of a fluid having at least one undesirable species. Particularly
pertinent aspects of the invention can involve electrodeionization apparatus utilized to
treat or remove at least one dissolved species from a water stream or a body of water.

1s  Thus, the various aspects of the invention can advantageously provide
electrodeionization apparatuses that are configured or operated to treat water having
high scale potential.

An aspect of the invention can be implemented in the exemplary embodiment

presented in FIG. 1 which schematically shows a portion of an electrodeionization

20  apparatus 100. The electrodeionization apparatus typically comprises'at least one
concentrating compartment 112 and at least one depleting compartment 114, which
constitute a cell pair 115, and disposed in ionic communication with each other and,
preferably, between and with an anode compartment 120 and a cathode compartment
122. In an advantageous embodiment of the invention, the electrodeionization

25  apparatus can further comprise at least one barrier cell 130 that can trap migrating
species. For example, the electrodeionization apparatus 100 can have barrier or
neutral cetls 130 and 132 disposed adjacent anode compartment 120 and cathode
compartment 122, Barrier cells typically provide a buifer for an electrode
compariment to separate or prevent species from forming localized scale.

30  Electrodeionization apparatus typically generate hydroxide ions which can raise the

pH at localized regions, especially at the points or surfaces conducive to electrolytic



facilitate treatnment of a fluid having at |east one undesirabl e species.
Particularly pertinent aspects of the invention can involve

el ectrodei oni zati on apparatus utilized to treat or renove at |east one

di ssol ved species froma water streamor a body of water. 15 Thus, the

vari ous aspects of the invention can advantageously provide

el ectrodei oni zati on apparatuses that are configured or operated to treat
wat er having high scale potential. An aspect of the invention can be
i npl enented in the exenplary enbodi ment presented in FIG 1 which
schematically shows a portion of an el ectrodeionization 20 apparatus 100.
The el ectrodei oni zati on apparatus typically conprises at |east one
concentrating conpartnent 112 and at | east one depleting conpartnment 114,
which constitute a cell pair 115, and dishosed in ionic comunication with
each other and, preferably, between and with an anode conpartnent 120 and a
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inhibiting or_.at |east.reducing the potential for scale fornmation.. As
exenpl ar i Ly | FiFthet PrRvaism h Crade spRagh B9 P eah o mRamonty Aol b can

- conpri se bat hbdmeetd! 138Qan badispaad edjhdent cgwotratatiasg edmpatsnt b1 One or
precipitatable co ent uch as 9V fr.OF H;}ﬂlgg . OHS, that
contri butes t6n°§%£a$gg offn%et%fgﬁaﬁpl cgﬁ?e &gﬁ%gdgrﬁ no e;f'% Oﬁgglg?%g cells 130
can be defi nedienhtankd46C. Prethisinadnings, ftyyexamplen ormpakntoifiapeccimtatablene 10 140A
~ that per mfs @xg%oq:&l?,oﬁc I,ségﬂ* ,Oéa.h%e%ﬂﬁ@iteﬂ%ro%yﬁan trgd_{léé’ﬁ'iﬁtg a'c&fﬂh%uﬁéd?g the
further mgration of catlonic species Into an adj acent conparthent. As

il lustrated, hatiegleeslizeérdgion8®f bigh pbb seihassleedodegjomparimenioi?@ethet at i ng
conpartnment 112, OB 24k DALiEd Shefbi S can also further be
partially defi écéﬁggesgﬁcat i_@rﬁl%{?al e%’?ilve%r?gnbr_ane 140C. In this manner, for
exanpl e, a conponeRthepembodiments of thgfnygntion candpyglvr brgicrsginthatsepaiote.  can be

i nhi bi ted froguRal bOwkdtiy BEREE dr af et PorEABRAL 02 sudtfas] ha nbPEald#Rd regi ons
of high pH, such as el ectrode conpartnent 120, that typically result from

hydr oxi de 28 peéHisd Sifgnctilits B Prasiniiete 5o dif i iavid i theeonceppalipr iugan
i nvol ve bat hegndigh los whiiala p3E@iahaé ccafiibuchlas Okange flsinya high pHe6l a neltralpH| east

lonizable, s p?nc Ielgéfodgi%glgat?c:‘sd ap?)g}amrs],o S';[iliclzal ig%)}plecciilli;[f Qemoved while in its ionized state,

at high pH. One or more barrier cells 132 can be disposed fo ionically isolate an

anode compartment 122 of electrodeionization apparatus 100, wherein hydrogen ions
25  are generated and consequently can have low or neutral pH liquid flowing therein.

After silica migrates from depleting compartment 114 into concentrating

compartment 112 through anion selective membrane 140A, it is trapped by barrier

cell 132 containing high pH liquid flowing therein and inhibited from further

migration into the low or neutral pH compartment with neutral or near neutral pH, and
30 thereby reduce the likelihood of polymerizing into silica scale. Cell 132, like cell

130, can be defined, at least partially, by cation selective membrane 140C and anion



20silica, Si02. Silica can precipitate fromthe bulk liquid if the
concentration is high enough or where a pH change occurs, such as change
froma high pHto a neutral pH 1In el ectrodeionization apparatus, silica is
typically renoved while in its ionized state, at high pH One or nore

bat her cells 132 can be disposed to ionically isolate an anode conpart nent
122 of el ectrodeioni zati on apparatus 100, wherein hydrogen ions 25 are
generated and consequently can have |ow or neutral pH liquid flow ng
therein. After silica mgrates fromdepleting conpartment 114 into
concentrating conpartnent 112 through anion sel ective nenbrane 140A, it is
trapped by barrier cell 132 containing high pHIliquid fl-om ng therein and
inhibited fromfurther mgration into the | ow or neutral pH conpartnent
with neutral or near neutral pH, and 30t+fereby reduce the likelihood of
polymerizing into silica scale. Cell 132, like cell 130, can be defined, at
| east parti al $gjgetibg meaibrang 140A ¢ Britie cotb Higrean ghus 46T tricaperii-orecipitagble

sel ective ne akégﬁv
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or nore of the rier | s can further conprise 5inert nedia or other
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di stribution duri ng for exanpl e, operation of {_jhe appar at .y Li kewi se, one
¥ ArHHYE- c‘dﬁﬁ‘ée

or nore of ther iynheistitbutipn HU‘% SFEPRIFLPerafipy o & QRBRPS, and
the el ect r odengaigrané maérﬂxaﬁagc&ﬁpur&wms ﬂfedleﬂaﬁlﬁg mﬁﬁam{ehgg, thé xt ure of

ani on and cation 10 exchan medi a, ﬂ$ ? ﬂﬁﬁ?‘ ure of.an on.a qq cation
exchange nedi S¢FFP ﬁ@mé’%‘m ?’ﬁ‘t"l"ﬂfj‘mci’) &P %aéﬁ‘fﬁmé‘f%cﬁ“f"&i’él Edti¥ar t ment s
can furthes recihasgesnalia. rlgdmt entixtate dfynibaend cattmhlenglahgmscpmm thef
precipitatable species awa n1th electlve [ i ds
accunul ation 8¢ g‘h I5R came ce“esarid ﬂae oy %ﬁﬁt&%lgﬂﬁ-ﬁ)e &fe S%%P & egi ons
of conpart menpstemial hy ﬁacdxtatgigermmet mprwnxiawbleapcmMymmeaﬁlectwe I n
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| east parti al P’y 'S su oxI dati on
resi st ant subsammenms«?gtércsrofempgheentwmbIseglehylgﬂﬂtgmtwm@hangnked i on
exchange resip.sguch as commercially available cation resins, can be used

in the anode corrpart ment in which
In some embodiments of the invention, the anode compartment can contain, at

least partially, media that is substantially comprised of oxidation resistant substrate.
Thus, for example, durable, highly cross linked ion exchange resin, such as
commercially available cation resins, can be used in the anode compartment in which

20  an oxidizing environment may be present. Further, cation exchange resin when
utilized in the anode compartment can prevent or inhibit transport of chloride ions to
the anode surface where such species may be converted to oxidizing chlorine.

The apparatus of the invention can treat water having hardness of greater than

1 mg/L as CaCO; or silica content of greater than 1 mg/L, or both. Thus, the

25  apparatus and techniques of the invention are not confined to conventional operating
limits and, when used in a treatment system, can obviate at least one unit operation
intended to soften the water to be treated or remove silica. This advantageously can
reduce capital and operating costs while improving the treatment system’s reliability
and évailability as well as capacity. For example, the treatment systems of the

30 invention, comprising one or more electrodeionization devices described herein, can

treat water without a two-pass reverse osmosis (RO) subsystem, while providing



20 an oxidizing environnment nmay be present. Further, cation exchange resin
when utilized in the anode conpartnment can prevent or inhibit transport of
chloride ions to the anode surface where such species nay be converted to
oxi di zing chl ori ne. The apparatus of the invention can treat water
havi ng hardness of greater than 1 ng/L as CaCO3 or silica content of
greater than 1 ng/L, or both. Thus, the 25 apparatus and techni ques of the
invention are not confined to conventional operating limts and, when used
in a treatment system can obviate at |east one unit operation intended to
soften the water to be treated or renove silica. This advantageously can
reduce capital and operating costs while inproving the treatnent systems
reliability and availability as well as capacity. For exanple, the
treatment systens of the 30 invention, COHPrising one or nore

el ectrodei oni zat i n: de ices descri E e n, can treat water w thout a
two- pass revel8E B8 g SEROT cé’ﬂ"r?ﬂfg X W’?F P SY§57 thatintilipes 2 tyorpass B o

havi ng t he sadeviarto cmmmroabédacqﬂalcoﬁqenﬁﬂuﬁ: o haidaess chaingoldpoA&fis #rd WO- pass

RO device to srf”mt\r/ %t CRid t he co?centratl on of hardness causing
conponents and &l 5‘1‘58 STUCIGNZRHAR 093%ai oni zati on device. Further aspects

of the invention c&mhem&pbcxeoﬁhemvem canumlvdﬂt:a&ﬁ&&ﬁ:ﬁidﬂﬁn@ﬁﬁmﬁwi ng at

| east one and 3 oncentr n
conpar t rrenf h%o\%ﬂr{%ﬂ] agiegra%c?tngﬁﬁéle °€“£‘“ "mtt%g&’é?ﬂ 8‘?3 %"%gﬂﬁﬂ‘"’h gone or
nore depl et i nepromwtprent ayivgdageta médzelceruamcdjthemm Zak exdinple \one er Hofe can
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conbri s ng aciPeinREheinal HEartelidlon Mion 885t RN DRPIF B o (1 ¢ o
target, typiclavérpotiparictesdl2Ame tagts: pobipl tht:nem@:oixﬁmsmgpatntermedm tha@ can
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urther conpr fa@ﬂxta@esw Jr%ﬁﬁfatx&& 811§ ﬁﬁs?ga?éég 'ﬁ%ﬂ%ﬂ]ﬁ{)m %‘;ecggr ble eﬁandn d a

active nmedia that faci|itates transport t Spect es
second t alYet CEPRAEMERt 11zrcan Girther Wmmselaa?yeqndimmb%cmmgwlp@:t| cles
having a firs dﬁarﬁélfﬁsétivu%éélaaﬂﬁtfﬁ'&hﬁ&g n%ﬁﬁaeﬂ%f &t té%@:‘%g&é& a*ﬁﬁ‘é%e&%“ cles

with a second effective dianeter. Further enb n involve a third
| ayer 112C i n‘2tBEhFRSERRQT Eetp Srstiayar 11344 mq@mnﬂsmaqnalyéhmq@cﬁcsanﬁmve

active or i nedihmb®Ramd se@ndaayer X125 SaJQfanB’éﬂﬁcIeWtH aa;.eéomi réﬁ'e&fvta%%%ﬁéf&
di aneter. The effecté?cﬁmdl ameter can be a sthall est di mension

particle. Al tEFRSEeY e‘l‘ﬁ%a“e‘f"f’@lf??wdd%ﬁ‘réf%@"b%ﬁl?leﬁégﬁ?f“m%él%l anet er
of the cold ec’l"huthIajaarltllzc lc@shpRdctive ¢ iRt RedialRd rttkARES ot fwidih @@l ogous
e o R B T2 SR e o ATBl S e ot V.
vol ume of a pﬁhémﬂl\el)t, thetelffectiuerdiAnderadat de ah a@erﬁg%rdimﬁéta &&heada.ne&ﬂreage of the
carti ot es. i n ATl & L LE R Sl oPathRloErR Bt SRR Gt e oo

t han the effemdlsusfa@haamtl-br exﬂ’mmartlne effeetivé dlalaﬂteﬂqiﬁiaﬂﬁ:ﬂ?ﬁhha%@dér cdne sexanpl e,
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effective dianeter than tiv anet er i sing
| ayer 11213. astageabtheymali¢stdigfension pfthe gpriviss.cin mreﬁhed ptmﬂgurzitres, thenpr i si ng
| ayer 112A C?hnb&es%%%ﬁrhs&éaﬁﬂ afdi i il ﬂm&@ttﬁat 19 lesPhA b 'th%' &5 ' n layer

11213 or 112 One gr nore, of e concentrating c
simlarly | a fegtive diameter of particles in an upstream layer. For cxample pamcles

comprising layer 112C can be spherical particles with a larger effective diameter than
25 . the effective diameter of particles comprising layer 112B. Optionally, the effective
diameter of the particles comprising layer 112A can be greater than the effective
diameter of particles in layer 112B or 112C. One or more of the concentrating
compartments may be similarly layered.
In a preferred embodiment, the particles in an upstream layer have an effective
30  diameter that is at least the dimension of interstices between the particles of a

downstream layer. In further embodiments, the upstream particles have an effective



In a preferred enbodi ment, the particles in an upstream | ayer have an
effective 30 dianeter that is at |east the dinension of interstices between
the particles of a downstream | ayer. In further enbodi nents, the upstream
particles have an effective dianmeter or a snmallest dinension that is |ess
than the small est dinension of the apertures of distributor 160 that
defines an outlet port of depleting conpartnent 112. Distributor 160 can be
a screen that serves to retain the nedia within the conpartnments. Thus,
each of the depleting conpartnments and concentrating 5 conpartnents

contai ning nedia can have at |east one distributor that permts fluid flow
therethrough while retaining the nedia and a | ayer of nedia that are sized
to retain particles in an upstream| ayer. The apertures or openings
of distributors are typically designed tdlretain resins having a di ameter

of about 500 gmto about 700, .gm Utilizing the configuration of 10 the

i nvention, anf@melenar & spst t@%E%%@atr‘&qsﬁg’aﬁﬂ}cSﬁé‘nﬁ"gidfr?ei’é’&“ﬁgmeng smal | er
di mensi ons t hagerdube @Rttt 160 RNGMBSaithpbriBf @pRSingB&HEpdrnans | Y.

ki netics thro# Q%Jt tl%(a %llggarat us. Further, spa|ler jon_ex %ange resins can
i nprove packi 33 HHRh AV %65‘?5%%%”%@‘?@&}%%?39‘%“@% fi hood of

- channel i ng or cérhgnnianpa Shus leactgofithedepianpg chnpatmevas kil cobtatatigacked spheres
or nearly spherica rticles hayve 15interstitial. space f about. 0.414
st he § arrsim AR ol BOUS bt B Bl ph s BRAGF Talbariiofbich

upst ream r esi flowshgpetbfoaplabhile retdining g rhdimagiclayatioferediaghat afeodizedtanpl e, the
fine nmesh resjp.. i e ctive dianeter of about 62 gmto about
83 gm may be t?ﬁlﬂt??%ggle?ﬁl%rr}%aps rgg%]" | ayer with a | ayer of resin beads

havi ng a di anet er lie apisgutes 80Gpegimgs of diktoibutorsG@e typicalyiiesigned heretairy®sias may
conpri se any Qg kidhiefer bf ASk! 8 (A 1d H5uCATAR! Titbing BASoHERIDort e
upstream | ayer e gepen ent on provi di ng ‘a desi red pert or nance.

Further, &@vatheanestien, aowef apd eatiop sxehapgtneaing may de uizegdeviog smwalléron resin
beads havi ng ginpRBibhShatheapihfe diteANBAENhith b IBAShAR vdhdell hAkiger ani on
resin beads to facilitate cation mgration activity. Notable arrangenents
are not |imi tteouehoytiibe epparagss. Furtheresmaller ipnggchagge fesing can poprespagiingam

medi a and t heywihnant éfbarenPad rBRlceMBB tiRAiHdbh ok Zhdhbelinr HoWRflbassi N One or
nore of the downstream’l ayers. The interfaces between the |ayers may
constitute a gPagithespmBrrtasRiMallgntlosapaked sdveres geaesly syhriisal napticlesdameiar v
bet ween | ayer mti@ridl §atest aPauitDi4q ¥ltindes Yheddiue 8Bthe Iphetdsh Thus; elfdf@blivat | ons,
nor eover, cand.i nvol Ve, a m xture. of t H ne i‘resh resin, beads 30 m xed with
| arger resi ns_lametcro € upstream resin is preferably not less than such dimension. For

example, the fine mesh resin beads having an effective diameter of about 62 pm to

(y]

about 83 um may be utilized in an upstream layer with a layer of resin beads having a
diameter of about 300 pm to about 400 pm. Any of the layers may comprise any

20  suitable fraction of the compartment. The depth of the upstream layer may be
dependent on providing a desired performance. Further, advantageous configurations
contemplate the use of cation resin beads having a smaller effective diameter or
dimension with larger anion resin beads to facilitate cation migration activity.
Notable arrangements are not limited to the use of active resin as the lower,

25  downstream media and the invention may be implemented utilizing inert media in one
or more of the downstream layers.

The interfaces between the layers may constitute a gradient of small and large

resin beads. Thus, the boundary between layers need not be particularly delineated.
Other configurations, moreover, can involve a mixture of the fine mesh resin beads

30  mixed with larger resins.



- 12 - Anot her aspect of the invention can involve

el ectrodei oni zati on apparatus conprising at | east one concentrating
conpartnment having | ayered nedia contained therein. As illustrated in FIG
2, the el ectrodeionization device 200 can have at | east one concentrating
conpartment 214 and at | east one depleting conpartnent 212. At 5 | east one
of the concentrating conpartnents 214 can have a first layer 215 and a
second | ayer 216. In el ectrodeionization devices that treat relatively pure
wat er, such as RO perneate, the current efficiency is typically below 100 %
because, it is believed, of water splitting and transport of the generated
hydr ogen and hydroxyl ions. This can create | ocal pH fluctuations and can
pronote scale formation to especially where the hydroxyl species reacts
wi t h bi carbonate species or carbon di oxi #e"to form carbonate ions which
forns cal ci um carbonate scal e,

, X For.ex]grrple 'r.latti icaltu
el ect r odei oni zat i gHroskpasRsciRE theinyeption,tae BVPYRS ef’??i‘#é?rg"ra gﬁ?}(’)pﬁlé% Y he anion
fe><chem_9e ”EU%]Qﬁ fgar 1e]§§1eme Bﬁrﬁknﬁtm’fgh&nﬁﬁ\}l’fﬁaﬁhﬂﬁﬂg ldyttted de@ntaiﬂvﬁbik ted
rommgratin urther,. fromt en wat Lt es
occurs, the hy&EExAs ‘Qbﬁ’@f‘eéis‘“ﬁ(&g&eﬁﬁﬁoflﬂ%‘ﬁﬁf? t Elcﬁgél)%n e]&agﬁ aﬁe&s@
merbr ane can cﬁrﬁ%hcéﬁtrhﬂihg&iﬁlﬂihﬁ:&hbmrlainé asmpesdememrcmmm@ﬂé :Mn ch
then reacts th calciumto form cal
?%OP%Q%EWEWH g 8f>mp I‘Hggté: ?lr %%1 eé ﬁ?sk‘,ﬁa 5 anda

utilizingda concent Hnént s, tar get
speci es can b&o&ldleﬁredﬁtmélenﬂﬁemnaawmmemwh&yt taﬁfaerdlﬁs’slylnuk@wve%éufﬂ’orm

scale. As sho 0in | a can be
di sposed arou?? (Sll?gm?eﬁ % “P“E‘%r?@gé{ng‘{“ﬁ;‘qéﬁéhﬂéﬁigﬁt g gﬁf}z& ogote

m gration of heilieasd)ofiwbier spittingzmnd trahsport gsneig YOECR Y
transported througfLhe, %Péﬁ)@al?ﬁg?%gﬁmg?m&ﬂ%r&ﬂ%scﬂéfdn%atlﬂfxpmt ed

t hrough the anion resin noves towards the cation sel ective
menbr ane 2e10GespEsighy wheaa gie lwﬁmxerl seaichEpreh B bicgHoNAE SRFHRS OF FHBBRh 25

cation select gy 1dmmré§rt%ﬂggaox{s%1&&oﬁﬁs éaﬁt@mﬁ'eh&%@ndt§sda% atively |ow

around this nmenbrane, which reduces the likelihood of 53 %car bonat e.
The depl eting conpEertenemple, REAYRifel cl9BOMRIORIFAtGR BPRITAS, PIFATOQDBP O™ 16 of t he

concent rat i NGy LARR LIRS akibs eﬁ&ﬁéng&ﬂérﬁbﬂ%néﬁléé@dueamlet)ﬂ tﬁe;echﬂmmemnﬁutc ation
exchange nedi a. 30To further reduce, or |nh|ll}Ft aI e %rra t;Ita ers of
nmedi a can be HH%B@E‘%’H’“&’F‘@WQ"&‘%’W%&P‘H@& Aoy e[rrsglt‘ '

conpart ment. AkesSdtRWg, thd hfdioxyidpediéiiransported through the anion exchange membrane
can react with the bicarbonate species to form carbonate which then reacts with
calcium to form calcium carbonate scale.

By utilizing layers in one or more of the concentrating compartments, target
species can be directed to locations where they are less likely to form scale. As shown

20  in FIG. 2, a layer 215 of anion exchange media can be disposed around the inlet of
concentrating compartment 214 to promote migration of bicarbonate species. After
the bicarbonate species is transported through the anion exchange membrane 2404, it
is promoted through the anion resin of layer 215 and moves towards the cation
selective membrane 240C. Even though there are hardness ions passing through

25  cation selective membrane 240C, the pH of the fluid is relatively low around this
membrane, which reduces the likelihood of forming carbonate.

The depleting compartments 212 and the other one or more layers 216 of the
concentrating compartments 214 may contain mixed anion exchange and cation
exchange media.

30 To further reduce or inhibit scale formation, layers of media can be disposed

along a flow path length of the concentrating compartment. As shown in F1G. 3, one



- 13 - or nore concentrating cells may conprise, at |east partially, a
first zone 314A of ion exchange nedia and a second zone 314B of ion
exchange media. The first and second zones may be linearly distributed
along the length of the conpartnment as represented by boundary 350 or may
be a gradient of increasing or decreasing 5 anounts of types of ion
exchange nedia in zones 315C and 315D and del i neated by gradi ent boundary
351. The first or second zones may conprise, consist essentially of, or
consi st of anion exchange nedia, or cation exchange nedi a. For exanpl e,
zone 314A can conprise cation exchange nedia that substantially segregates
zone 3148, which conprises anion exchange nedia, fromcation selective
menbrane 340C. 10 Substantially separating_refers to, in some cases, being
di sposed between a zone and a nenbrane such that a separating zone

conpri ses or Splﬂﬁie%ﬁceﬁﬁ*m&eﬂ eieY RYeff ;f)zﬂﬁﬂlyaa LG AR JFgaini ONi C,

cationic, or Inert irst zone or second zone can

be a mxture exchmgermar@dmmndszosﬁ 3%%9%‘%?*"?1@%8@%@41&@@ frsnd. For

exanpl e, Zones&é&&@mspﬁpﬁhéﬁydk%&ﬁ&ﬁm& h€ REIH dfRhd dbrdPartm@ht £0NSi St of
cation exchange nedi a adj acent cation selective menbrane 340C and zone 315D
can conpri se, repsrseited brkauadany oD pr sy bpp srdicst efingrasing YifeeRdsihge nedi a,

wherei n the agRubiMs Of tysedio? forfexehaize tnddRth 2onds 8l 8¢ a3 13D hddRieBARB1EH byo
cation exchange nedi a i ncreases, or decreases, along fhe flo\ﬁﬁ{%ﬁ Iength

or |engt hwi seBrdicahRqusgary 3obh The,fsst of SSeRReFaRSs Bt 156 SREst

defined by 20ogbacineizt om;umdﬁwm%shedianomabmatcha@aﬂmmm eRarhple, rzdnaone
(not shown) of %@dl a can. be di s sed beév\gmrtl the ¥st an seco?g ones.
The third zond!4h e EetopsRalosL MEE St FUPHY %Y“aeg%s%’sms i nert

medi a, cati onwhichivamgdsasrdion exéiangnmedianfasig eatiorchieetivid medbmedi 40C. or

W thin T hdbzoRe PSR BT I TG a e r i P et BEP oL A e gnes o
appar at us, WwhineEmbragsichgthaperepdrating 2an carhprises npmlstSfeme:dlmf mitypetafon and
further i nhi +and filling can also be
facilitated b)%leéﬁﬁ?%fﬁﬁm%&%grca@%erggﬁe the nedi a of each zone. For
exanpl e, nedia of irtwnfelqasets,tilgﬂest(;m(b@ecrmsiemwanlbeammoﬁbffmge bi nder
such as starc el d:&ggglrn

second m xtur E'mgi[ln? fquééSLHfﬁlﬁ Jierlcé% d&i}o?ﬁcg‘ﬂn ogtzgfl%nﬂlesarl epar ed and
di sposed i t lensitrgseantiniisnef, or congigt of cation GXCh%@cémlﬁca%ﬁCﬁl?fa tiye anspor t

of ani oni ¢ SPgEnftane3468 aﬁ@z&ie%gb%ﬁkﬁn%%sm@%sérﬁﬁm 8 bPBnsBl STt i ve
menbr ane 340A and zone 315C facilitates ransport of cationi c specjes, such

as cal ci um i ofBIon syehpngsediaThsrrie tegmonptot patop X Fengamediaggiaive bdhegat i ng

Zon;es t hus r edieantdt@atidnkRbhdnge shedia indadses, boddtbdab@Naldf P8 dlo graih@A e
Surraces.

or lengthwise dimension, such that a boundary between zones which is defined by

20  gradient boundary 351. In another embodiment, a third zone (not shown) of media
can be disposed between the first and second zones. The third zone can comprise,
consists essentially of, or consist of inert media, cation exchange media, anion
exchange media, mixed media, or mixtures thereof. Further, one or more screens can
be used between zones or within the zones to facilitate filling the compartments of the

25  apparatus, which, during operation can also improve flow distribution and further
inhibit scale formation. Assembly and filling can also be facilitated by utilizing a
binder to secure the media of each zone. For example, media of the first zone can be
mixed with a water soluble binder, such as starch. The mixture can then be placed
into the compartment. A second mixture of media of the second zone can be similarly

30  prepared and disposed in the compartment.



As illustrated in FIG 3, depleting conpartnment can conprise a first |ayer
312A of nedia, a second |layer 312B of nedia, and, optionally, a third | ayer
312C of nedia. The first |ayer can conprise a mxture of ani on exchange
medi a, cation exchange nedia, or inert nedia. The second | ayer can
conprise, consist essentially 10 of, or consist of anion exchange nedia or
inert media or a mxture thereof. The third |ayer can conprise, consist
essentially of, or consist of anion exchange nedia, cation exchange nedi a,
inert nmedia, or a mxture thereof. Further aspects of the invention
i nvol ve systens and techni ques that nodify the pH of a streamflowi ng in at
| east one concentrating conpartnment of an 15 el ectrodei oni zati on appar at us.
The pH of the stream can be reduced to reduce the |ikelihood of scale
formati on by generating and adding an acidi< solution to one or nore of the
concentrate and el ectrode conpartnents. The acidic solution can be
generated or preparZ@deBMBlfaicilitmi:srtganapnrwfsmimﬂﬁgptebies,mws@icamaﬂ&éwnsscal e

i nhi bition or [

concentrate ||tc‘i%}’3‘r ﬁ{;\&%&% Egeﬁfg%@%% 94@13&? 315&?%&1%89 zggﬁgﬂch as

t hose conmer cicati¢ne apﬁaleb,a;btlea#mqmmwa@drqm RIEON miect@gm\bmre 340C.
California. 1.6 I treat

| i qui ds havi ngul J%&ragg%k&es%ﬁs?@?ém&? gitﬁ Flg{rzf ﬁ?’}r.r#é?’[s13 i?ﬁ}e{éti%ﬁc?gﬁ?’ﬁg feed water
into el ect ﬁodenmfmi’:uoﬁﬁcﬁew ces to a hardness level of 1 ppmor |ess, as
cal ci um car bonat €. Alubdi3la i Picers, Beptbiis BrparHBCaR Syl e Eger. | than 1

ppm pretreat nent processes such as 't wo- pas a softener post RO nust

be used. The adaftafmedia ﬁP@pﬁéwﬁreﬂ%ﬁmedeﬂaetvchppmllwmﬂ@éé%es%&%@ﬁ

conpl exity anqn&@astmrmh}era&mrﬁeamﬁmﬂﬁ%{dﬁ@bmgéakuﬁpcmw ces of
t he present invention, however, can reliabl é treat watéer having higher
W

har dness t her EB§haBES Fedias 9rriperbediad The FrgoRhiaYRIpR FRIBIGS, eansistesentially

pretreat meipt QPErdbhNASE adONSEbhbAgRIM&fia mnaeméuﬁ 0% @ lntiifu@ikhbebO THR&hird
concentrati ng conpartnent of el ectri?%lb ysis devices to _reduce cal ¢ci um

preci pi t at i on T RISATPPHEEDET osiFa of o pensist ! PR CEBIRANES BEdsigtion
el ectrodei oni zatisnpe MRdiaciasr nfediapbr Pmdbire afgedfecause of [ ow flow velocity

of the streans in e, concentrate corrpart nt s t cell
conpartment. Furt h&PTHY 3P ﬁéerffw?r?%f“véf e&Y?‘%’“f%ﬁf*&%ﬂ@“ﬁ?@&h ﬁy
illustrat ed i nhdf;bKBof4str¢aheﬂ¢wmgﬁmnbassymatc@ﬂtemetuﬁg cdnli;ﬁrﬂnfmediﬁanon can
conpri se chem cal 5 roduce an, ac Iut on to be
Pt Foducedd nEFe iR B anrliy ot or b8 bl e RE BE PR 1 o
an el ectrodei chiu:!zlaioﬁcuﬁ scﬁaﬁmammwmsmm@ddmenmdmmuohmbmactrr eat ed
from sour ce 4 %ﬁc%ﬂtr%&gxtlc[ glgé geggrggé}ﬁﬁ atm g&olutlonca{)

el ectr odei oni za |on eV|ce gan use e generating the
aci d sol ut i on gereratnd acprépayehby atilizmg @m}gandmmod@m Birther e@la inbivggivneal

device 435. Alol&ASE cal be effected by degasification of the concentrate liquid. Any acid
20  generating module may be utilized such as those commercially available from Dionex
Corporation, Sunnyvale, California.
Typically, an electrodeionization device can treat liquids having low hardness.
This limitation limits the incoming feed water into electrodeionization devices to a
hardness level of 1 ppm or less, as calcium carbonate. To treat water having a
25  hardness value greater than 1 ppm, pretreatment processes such as two-pass RO ora
.softener post RO, must be used. The additional pretreatment unit operations increase
system complexity and cost as well as waste. The electrodeionization devices of the
present invention, however, can reliably treat water having higher hardness thereby
eliminating or reducing the dependence on such pretreatment operations.
30 Addition of an acidic solution into the concentrating compartment of

electrodialysis devices to reduce calciwm precipitation is known; however adding



10 portion of the treated water can be delivered to a point of use 413. A
source 462 of a brine solution conprising a salt from for exanple,

softener brine tank may be introduced into electrolytic nodule 435 to
pronote acid solution production. Electrochem cal device 435 may be portion
of el ectrodeionization device 445. The brine solution typically conprises
sodi um chl ori de. 15In sone cases, the acidic solution can be introduced
into one or nore of the depleting and concentrati ng conpartnments 412 and
414, as well as the el ectrode conpartnents of el ectrodeionization device
445. "Preferably, acidic solution is added in an anount to provide a pH of
the exiling stream solution | eaving the conpartnent of between about 2.5 to
4.3 units. Further enbodi ments may involve neutralizing one 20 or nore
streans from el ectrodei oni zati on devi ce-445. For exanple a basic sol ution
produced from conpartnment 472 of electrolytic nodule 435 may be conbined to
neutral i ze anaddiciselutionsrte gleptredeisindzalipy derasds itna prasticqsipecauwse af OB ®BNMt r at i ng
conpart ment 41@109%{ thie HRRRAY i ChHRARLe bOmHrBhdhis} BBl IHENRRVEN ONNMENL .

Degasification o e concentrate streamto renpve carpon di oxi de may
further 25 redempartneny| Fyrthennadighheuaptiafgridds tyaicalbotegnireda| Ay iugtypéed in

concentrat i ng pg@M dldtiEMent BRAAS 100 Sathé PRQHA RE cHRFHPRRNIcRIRELHRIMiIdNEe
addition of a degasification device or b&ﬁg}e%rrgbé{l%e processes or

A v ( of her
met hods. D&gadpfiFcals taRraduse Heacidsalytigyto 19 AFOTRILEFLY; BPEBYYit i on
in Lhe goncegEBﬁ&hﬁﬂi Q&ﬁg&hﬂaﬂhg?eﬁau%axﬁﬁaﬁhﬁm@ﬁhﬁﬁkhahsHﬁpaaahpg of
carbon di oxi de gas, ich can diffuse ck throu t rane, a 30
reduce producfeGEMas © ]?%?Taﬁeélrd{l?"rf' FRUPE A ot P?‘ﬁggg W‘éagwlﬁ?ﬁaieﬁ om
conmpar t ment melchedefoidation deiicestas chn bé asid|to failRatg generaingiad acid sohdbn-in
Recircul ation of the concentrate compartment,usin . gptionally,
a tank can furaf'ﬁ‘é‘h’ggﬁ‘?ﬁtf{@ecoﬂ?gﬂ?g%Jﬁioﬁﬁﬁgﬁr?ﬁhglﬁl%gd%h%%g% %ngla%téiti on and
degasi f i cabi opottieafiilguested esitr civebk ddivered to TheintafimseAtht 4 soure 40%geent s,
and techni ques _.of _the invent. on p L de .bi [ istribution
in an el ect ro%&n ?ﬁhrz&éq[nicglr'\n 3%1\?285. kﬁgmé%ﬁ\é%%ﬁlg’aﬁgp%&%ﬁﬁﬂgmtg% b|gn FIG 5,
the current r ésisitemidetotelacokytic triedulel436 to prdeiotcikbtolwivnapphictenys 500
bet ween el ect 224 SGALY & 6hiMiod 6L £85.OFh
conpart ment ré@%@?gﬁ%ﬁ§ﬁ2§%§;§%5,_an (%€@§@§%§%h are rgbresentativg of the
depl eti ng and boioasdvtiangypicalyceompaisespodium eigridend 514, and by menbrane

resistancegs 584, 5@B,nsdsOtea8idic¥olitn 3hfbd BROARSMIMS bYCorGhore OF 21
sel ective nenbranes 540A and cation sel ective nenbranes 540B. | nproved

current di st rideeietingandiPRrrgieing orpertmsHatohradt it as Kpibat the gec can be

effected by U%ﬁ?&hﬂ&@éfdl&&%&ei&ﬂ@at%%@i@é 883, 1 Prgfef I acidieablutibd & added at
| east a portion thereof havi ngpg}{ effective curr esi stance 580 that is

. t
greater than that @peREiq Rravidg fﬂ?%%’?"é‘?ga%@m&?l%ﬂ’éieﬂ‘ﬂ%}mc%’m? "t s,

such as the ofbetween about 2.5 to 4.3 units. Further embodiments may involve neutralizing one

20  or more streams from electrodeionization device 445, For example a basic solution
produced from compartment 472 of electrolytic module 435 may be combined to
neutralize an outlet stream, typically having a low pH, from concentrating
compartment 414 before being discharged to drain 463 or the environment.

Degasification of the concentrate stream to remove carbon dioxide may further

25 redﬁcc or eliminate the precipitation potential in the concentrating compartment.
Degasification can be accomplished by the addition of a degasification device or by
membraﬁe processes or other methods. Degasification may be relevant when utilizing
an acidic solution in the concentrating compartment because of the potential
formation of carbon dioxide gas, which can diffuse back through the membrane and

30 reduce product quality. Further, the flow of the stream within the compartment may

be countercurrent to facilitate gas removal.



15 concentrating conpartnents. The effective current resistance of a
conpartnent or portion thereof may be nodified by m xing inert resin beads,
or | ow or non-conducting naterials, with in the concentrating conpartnent.
Sel ectively increasing the effective current resistance effects a nore
uniformcurrent distribution through the other conpartnents. The 20 reduced
variations in current throughout the depleting conpartnents, for exanple,

i nprove overall perfornmance. In an el ectrodei oni zati on device, the
el ectrical resistance may depend on the types of nmedia in the device as
well as the active chem cal formof those nedia, La, what ions are noving
through the nedia. In a |ayered bed conpartnents, the 25 resistance
typically vary between the | ayers because of the different types of resin
and the formof the resins. Typically, thHé&-strongly charged species or ions
are notivated and the water splitting phenonena and weakly ion pronotion
foll ow. Thus, nedi Reriggilationeéthe cohgeniratk eompdrtmidng usiogp prtnpend, opbedallyexchange

ith the t ' ' : [ TRAL.A: t | d
be. most 1y | n 1k R aie bibabet g 6 L b e TRLROREA cdedBegiton?™ 10"

strongly char (eelinigoersdeserihedibereirenoved, - 17 - which may not be effected if
the feed concent ratieRodpcHeRls, ik lridts, Rh RGN e Bl iﬁ\fenﬁ&?alg&g{oeﬁte Is |ow
enough. If the resistance 1h the conpartnents can vary between | ayers

t her eof or Sal dRPOVERCYERYHFTBptioa ag slectredeionizatien dayipe nds bematiopllyan al so

vary accor di nghstrald@WEFRY, 5, e hfert 8&istind @ Fod R RUGB B oRR b dnSappRdks € may
not just be a function of the resistances of the depleting conpartnents.

h
The depl et i ng 8B RpAEEMERtteodss 20andSe? canby sharagtesiapd Bya sfrieh of spsneEmsPanes

and the concemdsisMacBgsB0 PR khd BN, SvhathGréiepRbéntalf eGP RAhIRBAY &rd Wi ch may or
may not al so vary in, resistance gl on% their length. If the resistances of

the depl et i ng SERfFREHNEReIParngnts 5 L2 and S165nd bymespbrperesigienges o84, 38Paatde 10

t hrough t he n3dgyvehicl fre ReppbsAtative FuaidnlselBitbleaNEGREraNRSWOA afd tdtionaBletyve t he
overal |l resi stanq)e wi || %e dom nat ed \% ot her factors .and curre

nt
di stribution WO BE ABrE TP YEFRTER\RT utop thrpehoyt Sl pelfadRignizaiftiar ¢ ment
resi st ances armppdnatghS@ledaatbie\céfetted bimatildrnpot leastsingican@agatidg@mpatnedtts 16

di stribution .kl ffecte esi st .di fferences w.thin the
depl eti ng corr\gaé{lrhta‘rtrhv;e%1 tgd. pofg&lnytg?%éﬁ]{agingiaflgggéfvg s on dav F%@ghaf lﬁgf)erah%r ate
screen fill ed teeorbeefigctive enyreanttsistances] of the bl comppumentesuch asithe t hese

confi guratjisong, t.he.: Etgcjc angenef the water in these conpartnents is much
greater than t e re%fn a?{@e o?n ‘he resin in the depleting

The effective current resistance of a compartment or portion thereof may be
modified by mixing inert resin beads, or low or non-conducting materials, with in the
concentrating compartment. Selectively increasing the effective current resistance
effects a more uniform current distribution through the other compartments. The

20  reduced variations in current throughout the depleting compartments, for example,
improve overall performance.

In an electrodeionization device, the electrical resistance may depend on the
types of media in the device as well as the active chemical form of those media, i.e.,
what ions are moving through the media. In a layered bed compartments, the

25  resistance typically vary between the layers because of the different types of resin and
the form of the resins. Typically, the strongly charged species or ions are motivated
and the water splitting phenomena and weakly ion promotion follow. Thus, media
resins near the inlet of the compartment would exchange with the target species in the
feed water while media near the outlet would be mostly in the hydrogen and

30  hydroxide forms. Typically, most of the strongly charged ions must be removed,



conpartments in nost cases, and therefore, current distribution is not
generally controlled by the resistances of the depleting conpartnents.
Filling the concentrating 20 and el ectrode conpartnents with resin as well
as using |l ower resistance ion exchange nenbranes reduces the overall nodul e
resi stance significantly. However, in certain circunstances this can | ead
to uneven current distribution as the nodul e resistances becone dom nated
by the resistances of the depleting conpartnents. In sonme enbodi nents of
the invention, therefore, screen filled concentrating 25 and el ectrode
conpartments nmay mnim ze uneven current distribution. However, in nost
post RO applications, the water has very | ow conductivity |eading to high
nodul e resi stance. This high resistance further creates limtations if
there are electrical potential constrainl%: The invention, in contrast,
provi des conparabl e performance w thout using brine injection into the

st ream f | owi nybichfy ppEbesffectsd dbibe fesdicanceabatioaandionflovines kil enaugher ify
operating COSfhe ke isA6RTRoEMHIPI Xity. - 18 - As noted, mixing inert resin
in one or nore con%entrating,and/or el ectrode conpartnent as fillers can

i ncrease the resi df §ifcesisapceip e compprimenibranyan b weqripyesy bereef pradong

di stribution @bigghbfiiehdadDaheh the dbfreMiRMAty dan BsGvary aci8ingly. TR WRver,
can conprise Inert resin to _provi de F‘II gher

concentrating,conpart nent g 6 . .
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resi stances obfhé depletingRPRphriiaaits. TROdFRIBS oG8 SarnBRGANS BlettiealIa et
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distribution ¥ JREP RS AR I SR A e RE T PEERE R 8N BFPE i form  The

anmount of i necampaesientsoahich eayaF inag nbbalsarareasesiithcealdngakdivengRsifthance

and rmodify the . n i.stri.bution through the appar s, . knert resin can
10 al so be us%ﬁ‘gﬁlﬂr;]&gg?/%‘gg gé lﬁélrﬁéomcﬁamr?ﬁPtg alg?’oanscf’?an prog{? nn‘gfttg%@taé fe&s%afng%je
conpart neit s theough ded thedule; threpagen iflsach resstgtcaneary isignifenttly, thepoetallons wher e
the dilute re'.ggaa&qﬁi A 1 | .sh in FIG b5,
current di st rll%lffutl on %lﬁgﬁg’ﬁ‘%@%gn'gﬁfgﬁq%gﬁsﬁﬁﬂﬁ#@@ém %ﬁu%ﬁ%‘é‘ﬂ&%rgr able to
the current twHE&mHh Howgeersit thedeplatiog sprppartaant resistapeds|are higlyredativie b the

resistivity | &K@&e%iﬂa&@ﬂ%éu%ﬂfdi%gut%ﬁcs,billtbQ%ﬁegg?q%@sﬁraLgé:&ihg%néegS! stance

573 of the layer, of compartnent 515 1's iIncrease e anount of resistance
can be ef f ect Withighs depleting gompautingitng t he ef fective resistance relative to

the anmoungs of i nertyp&sliBettideloh#@fon devices inciipbfite ﬁ?éeﬁ'ﬁll@{i Eod@eﬁtgaetﬂn ‘é"e d to

conductivity, such as polyneric screens or _fiber material can

i ncrease the W& &Etestiods OMPREMFRE h It hese qqafiguratiogs,theeesigtance of the water in

these compartments is much greater than the resistance of the resin in the depleting
compartments in most cases, and therefore, current distribution is not generally
controlled by the resistances of the depleting compartments. Filling the concentrating
20 and electrode compartments with resin as well as using lower resistance ion exchange
membranes reduces the overall module resistance significantly. However, in certain
circumstances this can lead to uneven current distribution as the module resistances
become dominated by the resistances of the depleting compartments.
In some embodiments of the invention, therefore, screen filled concentrating
25  and electrode compartrnents may minimize uneven current distribution. However, in
most post RO applications, the water has very low conductivity leading to high
module resistance. This high resistance further creates limitations if there are
electrical potential constraints. The invention, in contrast, provides comparable
performance without using brine injection intc the stream flowing into the

30  concentrating compartment thereby reducing operating cost and process complexity.



20El ectrodei oni zati on apparatus may be limted to a maxi mumrecovery of
90-95 % to prevent scale formation of limted solubility species in the
feed water such as hardness and silica. If the feed water contains very | ow
anounts of these species the device should be able to operate at higher
recovery rates. Sone aspects of the invention involve el ectrodeionization
apparatus having nultiple passes through 25 concentrating conpartnents

t hereof thereby providing recovery rates. The multiple pass configurations
facilitate maintaining a predeterm ned velocity without a recircul ation
punp and | oop. However, this invention is may be preferably utilized in
applications with recirculating | oops wherein the feed water ion
concentration is low and a very high recovery is desired to avoid wasting
or discharging high purity water 30 and/-of84 ncreasi ng operating tinme of the
makeup system |In sonme enbodi ments of the el ectrodeionization apparatus -of
the invention, the Asingled, mixing et cesinsingnf or moeagoneentrating d/orelagireds t he
l'ikel'i hood of GhGathad a8ERtk Lol HERSse (ROARREBLENS RO bRpathaRdwhikgT heat i ng
within the conpartnments. For exanple, the desired fluid flowrate in a
conmpart ment campEwessurTeabdstrigpiing through thegpedulia rAyghenndn F&§- 55 g0aeen®i§ot in a
concentrati ng SRMRBAGAFERmpalthnBRrs 16lcith Borhhr ifd RSin 1S Y¥roRIe RighbAéity ot her

factors including, but’ 5 not limted to,” the concentrati on of a conponent
of the preéi pitesatineg SEo hststinaue Weich dorpuntes theeolsctivg esistanres of QT t he pH of

the fluid. Lowgmpiehess bdd@sedBinds) Becsuse Raydbalihig resistance cdnbéls the overall
schematically illustrates a porti og}_fmc an Iecirodebonl zati on apparatus 600

conpri si ng depfEtiviy BRIV RENTC! gisHibytiep s RS FemREBEN'E ReRrEsS 612 10
bet ween el ect rfaste ufigera rTiticntainangsinddn bd Waiedns dicgRsEht cffedive
configuration provide one.depleting € artnent ss with gn associ ated

i ur bty of GBS Ao PRATE et iy io JEohei R Bprerass 1B R E0 at us
and systenm ofaldolbe usalianiyetyin obtl6hmoer dongutratingis eddcirode donipaftmentsed eased
fluid flow veloci,ty in the concentrating conpartnments., preferably up to
five timoe gr Aoy Yacrchst (8 sPRF i el BbeS O Mol BnuBBSHEOATSY A2 shown
in FIG 6, watdeterthinedrtcsmipwe Thti§ ak shayvaqmdiiGi §| duyrentrlistdiohiive throwghozone

concentratin i i ntratin
ompar t mont & CG19BREEE MRdhl FiadUnaBiels the e NSt 4B T FORAET! r & 1 N0
downst r eam uniappaptus by ddlizigPshighertresistivity heyet inepmmpdrtinent 536 sachtbatdhé nt o
depl etin 0 j {13t: i .

p g6 m"l}fe&ﬁcregéﬁstt%é:ééﬁﬁgf& 1fllef GELRHalhe R 13ts RbredSE, ‘%%%@U&g f£ A and

following or trac oW 0 ter through conpartnents

612B. The i nvarsistaee cirpbiesfEactediempirisally mepnsinetls effestivanepetanesirelativeiei at ed
concentrat i Ng ({OLMMAt BERE: YRl MIBSd €l ati ve to the nunber of depleting
conpartnent volunes and any ratio of concentrating conpartnents to.

depl eti ng conpart m&ithes masgriabewitislogr gandpstiyity daich ayplyiperde sireghs o1 8k f 1 ow

rate through material can be used to increase the resistance along with the inert resin beads.

20 Electrodeionization apparatus may be limited to a maximum recovery of 90-95
% to prevent scale formation of limited solubility species in the feed water such as
hardness and silica. If the feed water contains very low amounts of these species the
device should be able to operate at higher recovery rates. Some aspects of the
invention involve electrodeionization apparatus having multiple passes through

25  concentrating compartments thereof thereby providing recovery rates. The multiple
pass configurations facilitate maintaining a predetermined velocity without a
recirculation pump and loop. However, this invention is may be preferably utilized in
applications with recirculating loops wherein the feed water ion concentration is low
and a very high recovery is desired to avoid wasting or discharging high purity water

30 and/or increasing operating time of the makeup system. In some embodiments of the

electrodeionization apparatus of the invention, the fluid flow rate is sufficient to



25 the conpartnents. Different size cation and anion exchange resin
beads in the m xed | ayers or conpartnment may be utilized to further reduce
the transport rate of the |arger bead counter-ions and facilitate transport
of the smaller bead counter-ions. lon transport typically occurs through
the ion exchange resins. Successful 30 transport may thus depend on a
conplete path of |ike material between the beads and the nenbranes. A
cationic species typically diffuses onto a cation resin bead and will - 20
- tend to nove toward the cathode following a path of cationic nedia until
it reaches the cation selective nenbrane and passes through into the
concentrating conpartnent. |If the path is broken, the cationic species wll
have to diffuse out of the |last bead and into the bulk solution, therefore
reducing the chance it will be picked upi8-later in the bed and increasing
the chance it will end up in the product water. The path can be broken by
poor packi ng swee thedikelitoed géergatingdiead vejnmes, ghumelingynddecabized eveghwating
broken by a bgagliphe LORYLRRAE. F6r KBALRChe doiiftd thhid Ao bt & é’ch&Bth:ﬁﬁi_' or
tightly packing the resins can increase the probability of nmaintaining the
desi red pat hwash baatileastabayt Zealloghperiringisipensaaeegtdea soncepisitingof a sinil ar
and rel ativel yoMPidrdn) Stnee auid!flowPdaf mdyHe@tifed Bothb@ibReAGudhe, but

mai nt ai ni ng the desired pathway. Using cation and ani on exchange resin of

di fferent $iz8t limigkidocthe cuepntintign iof & Fempmsnt of the pgsRitatipgcemppinds iy he
advant ageous tdngerdtiniof tHefRitE RAd the@H & th&'RhidC AbiverselSYitid M 8ducBy

sel ectively reducing the size of one type of resin in a mxed bed, the 15
transfer of tﬁléar‘é‘ﬁ]H%er bead counter-ions will be enhanced due to nore
conpl et e pat hs wheFEas schandticalsflistraés 4 fretibsfonreldeaadeisritition appestas Wi | | be

retarded due fewer .co te paths because.as the size of the Il er
beads. appr oachggcmmf% {Ei%g%cgcﬁ’ P afrﬁ'éengﬁ @g a5 concEnFalipg SRR Ents E%I | er
resin beads t betsvetroelpetaide apmpartingrite6]teamg &32 bE¥belaranghmeit and obrefigagatiand br eaks
the path fromgane. | ar he next. ..Thi n nQn 2 .SO
depend on thepg)élf dgtol%\egg?l%ﬁa%gm gﬁ)a{rﬁlgnﬁ p%‘rgég‘é"t%%%gﬁ%%ﬁg?ona%g(?:'ﬂcé’%%mr%!én n
beads. For exeasppatmentpassesfin G@Eemdnt apmaates dnd systbrasref the idventadnf. 8uth t he
transport of Lg{}-&"mﬁn Hids BF GRdcYeal P8 i f. % smal | beads
by vol une. Ow%estl?e fsé’lgze é:neég m X 1?2%3%&3&%%%@#@1%%%

appropri at el y cemapaonents, prsierptdyup tafivpiones gyeater thay e flowmats of e singly paspe  of

on and i REr egsHed rANHBRA N PIG. &, (Vaftl 8B JO¥RE 615 is sequentially introduced into
concentrating compartments 612 and directed into downstream concentrating
compartments 612B and then to compartments 612C and to drain or to downstream
unit operation 625.
Water to be treated is introduced into depleting compartments 614 and
20  directed to point of use without following or tracking the flow of water through
compartments 612, 612A and 612B. The invention, however, is not limited to the
number of associated concentrating compartment volumes relative {o the number of
depleting compartment volumes and any ratio of concentrating compartments to
depleting compartments can be used to provide a desired high fluid flow rate through
25  the compartments. _

Different size cation and anion exchange resin beads in the mixed layers or
compartxﬁent may be utilized to further reduce the transport rate of the larger bead
counter-ions and facilitate transport of the smaller bead counter-ions.

Ton transport typically occurs through the ion exchange resins. Successful

30  transport may thus depend on a complete path of like material between the beads and

the membranes. A cationic species typically diffuses onto a cation resin bead and will



25 hydrogen or hydroxyl ions nust be transferred to maintain electro
neutrality. For exanple, if a bed consisting essentially of cation resin is
used in a depleting conpartnent as shown in FIG 7A cationic species would
m grate through the cation exchange resin beads 731 and the cation nenbrane
740C into an adj acent concentrating conpartnment. Water would split at site
766 of the anion selective 30 nmenbrane 740A which creates a hydrogen ion
that replaces the mgrating cation in the depleting conpartnent and a

hydr oxyl ion which mgrates into an adjacent -21 - concentrating
conmpartment which neutralizes the cationic species mgrating from anot her
depl eti ng- conpartnent (not shown). This phenonenon relies on the ability to
split water on the surface of the anion nmenbrane where there is relatively
little contact area between the ani on nme@@rane and cation beads. Utilizing
smal l er 5 cationic exchange resin beads 733 with | arger anionic exchange
resin beads 7%d tamore toyerd tiesathpde Fllowingrdatly efipatienic mediapptlis preehesr at e of
ani oni ¢ speci gx. c.fiblf {difive &@&b%@ﬂp&kég{t%@h it &k RoRRAarilpZ €S Provi des

additional water splitting sites 766 at the Tangents between the cation
exchange resi sompatmgny Hihopatisdreksgethe sationic speaeswillhave yhdiffisg optofithg

i mproves per f 9 RREGndihtd B BRIKGNEBR, th&eford ARQGEnE M Sashck RevilTE Picked &P FOT
exanpl e, an el ectraodei oni zati on apparat us of e-invention can conprise a

th
conpart menf cHpteran fierfgd andingreasing B chencsit willaad wgdn theprosiciitere Jheon

exchange resi Bath chilBe B3kédBy Souk PACEIS: FuBR tHAS tHRdhRiGioA N hANY0Bd EorfacR BRfcer  at
| east 1.3 tines greater, than average di aneter of the anion exchange

a
resins. Ater H%VWPV”(}?Y?W“QB&}FPBH?S“FH ar8P-ect r odei oni zati on apparatus can
conprise a conpart geig aGelaiiwil yinigce ok pighilx babkenplhe ABind BarEiieldR G r €si Ns and

cation exchange resins, the catjon exchapnge resj.ns havi ng,an average

di ameter at | g&?ﬁb‘%@%ﬁl‘ﬁ‘g@m&g&ﬁ?g "F‘%B@Lﬂ‘gﬁy'aﬁgil%%cad’ioﬁﬁg‘ﬂ %‘Fo’b?mﬁ’ﬁ‘ggeani on
exchange nesi i&in dDasipll@Sand Odieclyuntiforaizendll aliy antragethe dikelifved ef and ot her
enmbodi nents of the i n\{en‘{ion CE’E be . further u derstoqg fromt@g. exanpl es
bel ow, whi ch MHTEREPERE YRECHRNRY P YSREFFUP LSRR FELngF RS }f'aer nor e
systens and t sebnhguesr,ahnblogk tmansfart i on but do not exenplify the full scope

of the invention. ?nSSOIrEnXeai: els,eit ]may be advantageous to inhibit fransport of either cations or

anions. By selectively reducing the size of one type of resin in a mixed bed, the

15 transfer of the smaller bead counter-ions will be enhanced due to more complete paths
whereas the transfer of the larger bead counter-ions will be retarded due to fewer
complete paths because as the size of the smaller beads approaches some fraction of
the size of the larger beads, smaller resin beads tend to pack around the larger beads,
which isolates and breaks the path from one large bead to the next. This phenomenon

20 may also depend on the relative ratic of the large and small ion exchange resin beads.
For example a mix of 50 % small beads by volume would affect the transport of ions
much differently than a mix of 25 % or 75 % small beads by volume.

Once the size and mix ratios of the media are appropriately selected to slow
transport of a target or selected type of ion and increase transport of different type,

25  hydrogen or hydroxyl ions must be transferred to maintain electro neutrality. For
example, if a bed consisting essentially of cation resin is used in a depleting
compartment as shown in FIG. 7A, cationic species would migrate through the cation
exchange resin beads 731 and the cation membrane 740C into an adjacent
concentrating compartment. Water would split at site 766 of the anion selective

30 membrane 740A which creates a hydrogen ion that replaces the migrating cation in

the depleting compartment and a hydroxyl ion which migrates into an adjacent



Thi s exanpl e descri bes the effect of tenperature on the Langelier
Saturation |Index (1ST). Calculating an LSI value is known in the art
for a neasure of the potential for scale formation. LSI is a function of
pH, total dissolved solids (T)S), tenperature, 30 total hardness (TH), and
alkalinity. Using the follow ng estimates for these paranmeters for a
concentrating conpartnent stream of an el ectrodei onization - 22 -
apparatus, the tenperature of the streamrelative to the LSl val ue can be
defined and a representative relationship is shown in FIG 8, based on a
streamwith a pH of 9.5 units, TDS of 30 ppm TH of 15 ppm as CaCC3, and
an al kalinity of about 25 ppm as CaCG3. 5Wen the LSI value of a stream
is positive scaling is likely to occur. To inhibit scaling, the LSI val ue
of the streamis reduced to, preferably -2lnegative quantity. FIG 8 shows
that as the tenperature is reduced the LSI value is reduced to bel ow zero
around 12.5 Ceoffentsatignompladmentivhicl eaveralizes gre dationig Bessies e g@lips§omhe st ream
into the conc ' G2 BRAp AR BT Walsl| - i o]

bel ow 1012. 5 %Hétﬁ%fﬂe HBPfe;iguce t he Hr{(aiefl hog'd'ﬁggrﬁ%sgﬂyg%%t@%ﬂaotgﬁﬁlﬁﬁ of
scal e. spliforiterprcthe susface pf the peign piembranevdiers thers aprelatigely Lttt
exchanger, or cgiyhdd8Ls betPsthtRARA mb{iBrafit 841 0L bOMAL Z BlilisAg SRRR-at us. O her
conmponents and subsystens that facilitate renoving thermal  ener fromthe
one or noré stopéemeSichangerpen hepda 3t with lager paiogic exrhange resybeadsati 8 one or

nore sensors askuaRA ik Pld. &BS rdivesife ttdshdrZ Qe dfnibaidiphiiBe RahemarRnaé ur e
control loop and facilitate naintaining the terrper%t_ure, Of{ftéhe streamto a

target tenper & gitSrge resinbead sizpsRrquides widitopplaraten spliftige sifey 108 2t thea desi red
gr f target andyargentd Bet“xeal? ﬂﬁtﬁaﬁ@fm@hﬁgﬁ'&gcm dne agﬁhegmaagdreeiﬁpbéddcajd,y, by
efining a tenperature .of the streamto introduced into g concentrating
conpar t nent o%?ﬂb‘niﬁmémﬁ‘{vf%ﬂg%??%h%ﬁ‘%&g\ﬁ B reSISANERACERF ?]flné?dg'ﬁe‘ based at
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t he scal i ng i seding theeatiomdxcbarige desindrhaliBg aby averaiget diamgettr dtdewpter. itimee may be

defined based 0@ oo i0erabhiahBIPSF AL HiGn LRS! P ANOSR: AR §Hthat ' N9

addition, the electrodeionization apparatus can comprise a compartment containing a
15  mixture of anion exchange resins and cation exchange resins, the cation exchange
resins having an average diameter at least 1.3 times greater than an average diameter

of the anion exchange resins.

Examples
20 The function and advantages of these and other embodiments of the invention
can be further understood from the examples below, which illustrate the benefits
and/or advantages of the one or more systems and techniques of the invention but do

not exemplify the full scope of the invention.

25 Example 1
This example describes the effect of temperature on the Langelier Saturation
Index (LSI).
Calculating an LSI value is known in the art for a measure of the potential for
scale formation. LSI is a function of pH, total dissolved solids (TDS), temperature,
30  total hardness (TH), and alkalinity. Using the following estimates for these

parameters for a concentrating compartment stream of an electrodeionization -



25 target tenperature associated with a set reduction in LSl value. Exanple

2 In this exanple, the effect of resin bead size on the
performance of an el ectrodei oni zati on apparatus in accordance with one or
nore aspects of the invention 30was studied. - 23 - In one test, an

el ectrodei oni zati on nodul e was constructed using an equal m xture of anion
resin wwth an average bead dianeter of 575 umand a cation resin with an
average bead dianeter of 350 gmin the depleting conpartnents. Both of
these resins were uniformparticle size according to industry standards.
5The nodule was fed a water that was previously treated by reverse osnosis
and contai ned about 0.5 ppm My and 1.5 ppm Ca (both as CaCO3) with a pH of
about 6.1. The nodul e was operated at al nbst 100% current efficiency and
product quality was about 1-2 Ma-cm wi t R@2t al nost zero silica renoval.
The product water hardness | evel was bel ow detection as neasured by a Hach
10 spect r ophotppasitus; the trGpepsisie od it stieem pélatiseego tiwduiedluesambeodefingd and Thi s

ndi cat es t hajerten iR IR BLSHEATIAl | $ale BTN bl Y er ani ons.

Exanpl e ect on the rmance of an

el ectr ode| oni 24tunits TMM&W&H PPy @p é?aCOaweﬁsnelﬂcahmm@”mémt bead si zes
I n conpartnmengs 1%:9?[&9&0” accordance with one or nore aspects of the

i nvention, was s A nmodul e was constructed with three | ayers

of ion excﬁange r eWihn fhe LS walye of @ sireag. doRAskive Aealing is ively tpiocayr- dRd | ast

llayers consi siehialfly, B¥ESI Whike efmea&emlsaaﬂwamtooﬁmf&%xpa%gaﬁ%f or m
particle dianeters gﬁgrom mately 600 gm The md | ayer consi sted of

an even m x ofluankty e&@k?&?fé@atéﬁﬂ’eéﬁﬁ%?{a‘@f@dﬁéﬁ@@%edr@gf-*ﬁ%v ?rlﬁ reduesd 1) e
di ameters of 3a0w30@ apcsnndibgor@dm;@ ﬁpﬁﬁ%nchﬁéhsmed Eb&v@%ofoing%\thh of 254

di stributor, which are used to hold resins in place, with a w
um The nodul Erégasintydhe %ﬁl@aiwwggwememﬁﬁ%%lmoéﬁwﬂﬁa@m@e thbslessur e

drop, wh: lq@ ' g‘%seétsﬁ&n& Rabcd M6 1k&R0Ba of Prel i B i Aioh d¥ &date. Of Whi ch sone
were snaller an
Cooling can be effected by thermally coupling a heat exchanger, or chiller,

upstream of the electrodeionization apparatus. Other components and subsystems that
facilitate removing thermal energy from the one or more streams into the apparatus
may be utilized. For example, one or more sensors and controtlers may be utilized to
15  define a temperature control loop and facilitate maintaining the temperature of the
stream to a target temperature or even to reduce the effective LSI value to a desired or
target amount.
The target temperature can be determined empirically, by defining a
temperature of the stream to be introduced info a concentrating compartment of the
20  electrodeionization device, or be calculated based at least partially on the calculated
LSI value. For example, an empirically established target temperature can be a
temperature at which no scaling is historically observed with or without an additional
margin to ensure that the scaling is further inhibited. An LSI-based target temperature
may be defined based on a derived LSI-temperature relationship then calculating the

25  target temperature associated with a set reduction in LSI value.

Example 2
In this example, the effect of resin bead size on the performance of an
electrodeionization apparatus in accordance with one or more aspects of the invention

30  was studied.



25 spacer apertures, did not pass through the bottom|ayer of resin and
exit the nodul e. In addition, the addition of the mddle |ayer of
smal l er resins inproved the perfornmance of a conparabl e el ectrodeionization
device, control nodule. The nodul e was operated in parallel w th another

el ectrodei oni zati on nodul e having conpartnents containing an even m x of
cati on exchange and ani on exchange resins 30 with particle dianeters of
about 600 gm Wth a feed water previously treated by reverse osnosis
havi ng a conductivity of about 30 uS/cm and containing 3.75 ppmof - 24 -
COX2, the nodule conprising a | ayer of smaller ion exchange resins produced
wat er having a resistivity of 16.4 MQcm whereas the other typical nodul e,
wi thout a layer of smaller ion exchange resins, produced water having a
resistivity of 13.5 MQ}cm Further, the odule conprising the |ayer of

smal | er exchange resins showed a.silica 5 r val of 96.6 % versus 93.2 %
for the control m)g‘h?’ée. teyb AN gcgrogetonization moqe“ﬂg‘f’?ﬁ onsugied using@aR £998tt oot on

t he perf or manggixRte n@ntedis Gathia0 Al dagd K¥ad appRERLIS7TIhing @ \Cetlic rehi
mul ti pl e passes through concentrati artments thereof to was studied.

An el ect r odei SHiltARAVEREHPIAGIdirmpler %gg%ﬁgnnig@wepk% GemprEpnets. Bpth of

conpart nents, gdie RRint WieEHifokhipalicfQiTRACESRIME o iy WehdaleeCt r ode
conpartnents. Al'l of the depleting conpartnents were fed a water to

be treatedsin to paramosplemssdednwaiehibat waspradoushybeated bit lerefscowRosist nent

f'ind el ectrode ah @ BRi4ih&PAHoS twsgapmfmgl ahd1.§ %ﬁn@a ﬁ)@tl{ééc'dadd]?w&h a%msfiaaéﬁtpduced
into the concentr t|n$ onﬁ$rtnents entered the cathode cqﬁgartnent‘flrst,
i ‘1‘@5 4

then flowed s&du WA 3 almeash LUYE FUTSTTH ST RER AT TRIRERCt gPRlitY | nal |y

through the anedab&if TREMCIERAIwithbhi Smesiefcdslica réfblall he conventi onal
configuration in whjch a water streamis typically fed into the el ectrode
conp a?t ment s The product water harJnessTeve? wa;/ gelow de%éction as measured by a Hach

10  spectrophotometer (<10 ppb) and the pH was reduced to about 5.7. This indicates that

the module was preferentially removing cations over anions.

Exampile 3
In this example, the effect on the performance of an electrodeionization
15  apparatus with several layers of different bead sizes in compartments thereof in
accordance with one or more aspects of the invention, was studied.

A module was constructed with three layers of ion exchange resin in the
depleting compartments. The first and last layers consisted of an even mix of cation
and anion resin of uniforin particle diameters approximately 600 pm. The middle

20  layer consisted of an even mix of cation exchange and anion exchange resins with
particle diameters of 150-300 pm. The module spacer had slots in the flow
distributor, which are used to hold resins in place, with a width of 254 pm. The
module was operated for several months with no change in pressure drop, which
indicates that the resins in the middle layer, of which some were smaller than the

25  spacer apertures, did not pass through the bottom layer of resin and exit the module.

In addition, the addition of the middle layer of smaller resins improved the
performance of a comparable electrodeionization device, control module. The
module was operated in parallel with another electrodeionization module having
compartments containing an even mix of cation exchange and anion exchange resins

30  with particle diameters of about 600 pm. With a feed water previously treated by

reverse osmosis having a conductivity of about 30 uS/cm and containing 3.75 ppm of



20 in parallel with a water streaminto the concentrating conpartnents. The
nodul e thus had five effective concentrating conpartnent passes. Dat a
for this nodule (labeled as "Series Concentrate”) along with performance
data for a standard nodul e operating with parallel flows (Iabeled as
SParal l el Concentrate") is listed in Table 1 below. The data show t hat by
serially arranging the 25 streamto flow through the concentrating and

el ectrode conpartnents, a fluid flow velocity simlar to that when
operating in parallel at a nuch lower reject flow rate. Therefore very high
recoveries can be obtained while maintaining a mninmnumvelocity in the
concentrate. - 25 - Feed, RS/cm 30.3 30.3 Electrical resistance, Chns 4.3
4.2 Product quality, MO>cm 3.1 3.6 Product flow, gpm

CQa,, the module comprising a layer of smaller ion exchange resins produced water
" having a resistivity of 16.4 MQ-cm whereas the other typical module, without a layer
of smaller ion exchange resins, produced water having a resistivity of 13.5 MQ-cm.

Further, the module comprising the layer of smaller exchange resins showed a silica

5  removal of 96.6 % versus 93.2 % for the control module.

Example 4

In this example, the effect on the performance of an electrodeionization
apparatus with several or multiple passes through concentrating compartments thereof

10 was studied.

An electrodeionization module was assembled with four depleting
-compartments, three concentrating compartments, and two electrode compartments.

All of the depleting compartments were fed a water to be treated in to parallel
to each other.

15 The concentrating compartment and electrode compartments were fed in series
so that the stream introduced into the concentrating compartments entered the cathode
compariment first, then flowed sequentially through the concentrating compartments
and finally through the anode compartment. This contrasts with the conventional
configuration in which a water stream is typically fed into the electrode compartments

20 in parallel with a water stream into the concentrating compartments. The module thus
had five effective concentrating compartment passes.

Data for this module (labeled as “Series Concentrate™) along with performance
data for a standard module operating with parallel flows (labeled as {Parallel
Concentrate™) is listed in Table 1 below. The data show that by serially arranging the

25  stream to flow through the concentrating and electrode compartments, a fluid flow
velocity similar to that when operating in parallel at 2 much lower reject flow rate.
Therefore very high recoveries can be obtained while maintaining a minimum

velocity in the concentrate.

30  Table 1. Comparison of module with single pass concentrate versus module with five
passes.
| Module | _Paratlel Concentrate | Series Concentrate |




2.25 2.25 Concentrate flow, gph 7.2 1.2 Recovery, %94.9 99.1 Concentrate
velocity, gpmft2 2.0 1.7 Exanple 5 In this exanple, the effect on the
performance of an el ectrodei onization 5 apparatus with horizontal and
vertical layers in the concentrating conpartnent was studied. Two nodul es
were assenbled with different |ayering configurations as shown

-25.
Feed, uS/cm 30.3 30.3
Electrical resistance, Ohms 4.3 42
Product quélity, MQ-cm 3.1 3.6
Product flow, gpm 2.25 2.25
Concentrate flow, gph 7.2 1.2
Recovery, % 94.9 99.1
Concentrate velocity, gpm/ft” 2.0 1.7

Example §
In this example, the effect on the performance of an electrodeionization
5  apparatus with horizontal and vertical layers in the concentrating compartment was
studied.

Two modules were assembled with different layering configurations as shown
in FIGS. 9A and 9B. Each module was comprised of four of of the respectively
illustrated repeating cell pairs. In the figures, “MB” refers to a mixture or resins; “A”

10 and “C” refer to zones or layers comprising anion exchange resin and cation exchange
resin, respectively; and “AEM” and “CEM?” refer to the anion selective membrane
and cation selective membrane. The modules were operated for two and three weeks
respectively with feed water having a conductivity of about 10 uS/cm and containing
2 ppm total hardness, as calcium carbonate.

15 After this period they were opened and no scale was observed. In contrast, a
non-layered module containing mixed bed resin in the depleting and concentrating
compartments showed scale on the anion membranes in the concentrate after two

weeks of operation on the same feed water.

20 Example 6
In this example, the effect on the performance of an electrodeionization
apparatus with vertical layers in compartments thereof along with addition of an
acidic solution, was studied.
Three modules were assembled with horizontal layering in the depleting
25  compartment and vertically oriented zones or layers, along the flow path length, in the
concentrating compartments. Barrier cells were also disposed adjacent both electrode

compartments. The modules were operated for ninety days with post-RO feed water



in FIGS. 9A and 9B. Each nodul e was conprised of four of of the
respectively illustrated repeating cell pairs. In the figures, "MB" refers
to a mxture or resins; "A" to and "C' refer to zones or |ayers conprising
ani on exchange resin and cation exchange resin, respectively; and "AEM and
"CEM' refer to the anion selective nmenbrane and cation sel ective nenbrane.
The nodul es were operated for two and three weeks respectively with feed
wat er having a conductivity of about 10 uS/cm and containing 2 ppmtotal
hardness, as cal ci um carbonate. 15After this period they were opened and no
scal e was observed. In contrast, a non-layered nodul e containing m xed bed
resin in the depleting and concentrating conpartnents showed scale on the
ani on menbranes in the concentrate after two weeks of operation on the sane
feed water. 20 Example 6 In this -é#anple, the effect on the

performance of an el ectrodeionization apparatus with vertical |ayers in
conpart nent s tCReRBETE APePRE ehtoft prdnesh: 6 agificelgirr wes Inieqtwintohs
studi ed. Thr e@ofRdithifs WRIpArARHS B aRAhNMpEdVidil pH 818 hvaked ¥R Ekitifl the
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purpose hardware, for example, an application-specific integrated circuit (ASIC) or

15 controllers intended for analytical systems.

The computer system can include one or more processors typically connected

1o one or more memory devices, which can comprise, for example, any one or more of
a disk drive memory, a flash memory device, a RAM memory device, or other device
for storing data. The memory is typically used for storing programs and data during

20  operation of the treatment system and/or computer system. Software, including
programming code that implements embodiments of the invention, can be stored on a
computer readable and/or write:able nonvolatile recording medium, and then typically
copied into memory wherein it can then be executed i)y the processor. Components
of the computer system may be coupled by an interconnection mechanism, which may

25  include one or more busses (e.g., between components that are integrated within a
same device) and/or a network (e.g., between components that reside on separate
discrete devices). The interconnection mechanism typically enables communications
(e.g., data, instructions) to be exchanged between components of the computer
system. The computer system can also include one or more input devices, for

30  example, a keyboard, mouse, trackball, microphone, touch screen, and one or more

output devices, for example, a printing device, display screen, or speaker. In addition,



Al ternatively, the conputer system may include specially-progranmed,
speci al - pur pose hardware, for exanple, an application-specific integrated
circuit (ASIC) or 15 controllers intended for analytical systens.

The conputer system can include one or nore processors typically connected
to one or nore nenory devices, which can conprise, for exanple, any one or
nore of a disk drive nenory, a flash nenory device, a RAM nenory device, or
ot her device for storing data. The nenory is typically used for storing
prograns and data during 20 operation of the treatnment system and/ or
conput er system Software, including progranmm ng code that inplenents
enbodi nents of the invention, can be stored on a conputer readabl e and/or
writeable nonvolatile recording nmedium and then typically copied into
menory wherein it can then be executed by27t-he processor. Conponents of the
conput er system may be coupled by an interconnection nmechanism which may
25 i ncl ude onéhepomputee sisteatsmay Centgin onp et meerinsoagss et tan ¢onatct thee i nt egr at ed
within a same deuige séﬂl%grcoﬁmﬂﬁg&?&lf ﬁ@oﬂc([in DRLVRSR ﬁm&%ﬁw@:&&ét

resi de on separate di'screte devices). Fhe T nterconnectt on mechani sm

typi cal | y enabrewrctarmay baformed by engor, metgohtheicampengnts of the) computse  exchanged
bet ween conpogﬁﬁ&ﬁ_of the conputer system The conputer system can al so
include one or” nore input devices, for 30 exanple, a keyboard, nouse,
trackbal | , Sni cr ophéfeording i presyrmeern embpdimspts of therpyeationthn anegeioces, f or
exanpl e, a pPrigf B8/ &8 ¥laGSncibtcSBhRYs RF hidGrin® harARERKE AltefheiR8] hbon, - 27
the conputer system may Contain one or nore rnterfaces that can connect the
conput er syst RSP the mistrringivalyes H1/oreumpeor @l of theeh ¢arenenents may hn
alternative t Qoflitted &) NOrkmbMiodtionBktviaik Rk R eRiva P Sopled B it Ringubte
conponents of the Cﬁgyuter 5According to one or ngre enbodi nents

system) . |
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t he i nvent i onrathergaan implemestédion, foe exagnple, a general purpose computer system, the
controller, or components or subsections thereof, may alternatively be implemented as
a dedicated system or as a dedicated programmable logic controller (PLC) orin a
distributed control system. Further, it should be appreciated that one or more features
20  or aspects of the invention may be implemented in software, hardware or firmware, or
any combination thereof. For example, one or more segments of an algorithm
executable by the controller can be perfofmed in separate compaters, which in turn,
can be communication through one or more networks.
Those skilled in the art should appreciate that the parameters and
25  configurations described herein are exemplary and that actual parameters and/or
-configurations will depend on the specific application in which the systems and
techniques of the invention are used. Those skilled in the art should also recognize or
be able to ascertain, using no more than routine experimentation, equivalents to the
specific embodiments of the invention. It is therefore to be understood that the

30 embodiments described herein are presented by way of example only and that, within



15 inplenmented in software, or on the conputer system as exenplarily shown.
| ndéed,. rather than inplenented on, for exanple, a general purpose conputer
system the controller, or conponents or subsections thereof, may
alternatively be inplenented as a dedicated systemor as a dedi cated
programmabl e | ogic controller (PLC) or in a distributed control system
Further, it should be appreciated that one or nore features 20 or aspects
of the invention may be inplenented in software, hardware or firmware, or
any conbi nation thereof. For exanple, one or nore segnents of an algorithm
execut able by the controller can be perfornmed in separate conputers, which
in turn,. can be comuni cati on through one or nore networks. Those skilled
in the art should appreciate that the paraneters and 25 configurations
descri bed herein are exenplary and that -a8tual paraneters and/or
configurations will depend on the specific application in which the systens
and t echni quethesforeted therppended WlagmeandsquivaiEhisdeerelki the edrentiontthay ket shoul d
al so recogni z ra%ceﬁ%ﬂ&%ﬁe{h%%gp%itﬂ%l déé?x']ﬂ%ﬂ no noreé than routine

|

experimentation, equivalents to the specific enbodi nents of the invention.
It is therefore toMsecoyertshowdalse h«a@pnr«weatgbthetrﬁb@m‘fﬁ@mr@s disesied theachher ei n

are present edrhi,Rystah, SEAERKE oPbihiGRAUEGMed hieinHnd any cfibinatidl i thgope of

the appended cl ai ns and equi valents thereto;. the invention may be practiced
ot herw se 1 haf" REeIFRBIHIS¥YFTS SHRYEFIBAY | techniques deggsibeg besein 48 a8Roul d al so

be appr eci at egorhhiaitidn T twd ¥EMbicdBatiu®s, diyt6as, 8bdySte M. Hhdfo8 Hethols, iBslith €M
subsystem or _techni que descri bed here| n and an ination of, two 5 or

mor e f eat ur es ARy BrptemsciHheyqms,gnd tSFh“t“E’(?ﬁﬁ‘ied’t?\égmﬂ’é ¥MCARERy 8 n and any
conmbi nati on oOtorsidere@rto 5O wethinghé $U606 of thy sivefifion &whﬂsysabaﬁsmeamdﬁmmbﬂods

if such features, s subsyst ens nd techru are nut ual |'y

| nconsi st eat - 248 IRl ERLAREES BECRREIITD @RS g o T EmPRUEHE B o
enbodi ed im thﬁ:ﬁdeﬁilmlﬂobEwrcﬂﬁtEdﬁoacisnuleimmntomhermﬁodlﬁﬂmsr es di scussed
only in connecti on, vvlt one 0 nt..age to.n i ntended to be excl uded
froma sinilar rol 25 15 egczlﬁeﬁeé’?"%gr)ﬁﬁ [ﬁgﬁ 5; ret%mtogv%grmgmdteﬁ’&p& n, the term
“plurality” redmpcments Theteons ﬁm@mmgﬁs‘;nﬂudmm;’p‘maam " “Tiln@ng.er ns

conpri si ng, %&A] é“’ “1nvoq9i;1%y'vﬂlg er in ivﬁgen des&@ 0%' Itﬁ%lmmggg? H’le i ke,

"invol ving, " hé witten escr| Ion or t Falns an
are open- enderQ, rerm)emen@ed tenms, ool mﬂanéingﬂxdngﬁmnotdumtddmf t Bthist the iseThus,

the uSe. 195 Of oBHER Ak Minkdhe FE@Rbmp s SAGAARIARANEdoR IR bhil At her eaf ter,

and equi val ents thereo |tems e transitional
phrases " consthsraohgs gl ag pdditionshiseras. fﬁ@lyéls%téthamlwh@ﬁes“‘camst@lg@f e#ndor

sem - cl osed tr‘&a&g&ﬂg&@éﬂum @peée croeéﬂ%unv%yed Mngﬁoﬁﬁi,nfagés to the clains.
Use of ordinal terns such Tfirst, 'second and the like in

the clainms t of§pRFIVSIYavith @F?ﬁ%@éﬁ%ﬁ?‘“&oé&se%?‘dﬂ?l E’G“F F@élaﬁ “B8hnot e any

priority, preecREamuot:thiad,” ALBE 1iR¢ inaRE clgin®y B )RR SmaN Qb Riqt B t he
t enpor al order whi ch ‘acts.of a nethod are erfor med, but are used nerely

as | abel sX o H%%f@ﬁ@?}?éw BTG REFGRNCE RS OFAeR QY PREFIAMogleTpent Qv ARRthes Qim
anot her el enegle taapﬁragaraerslawawnae@ of Bietifodrardisfonhed, Ibat £ dbddaherkigag) to

di'stinguish t g%elg' ltoa (!hg'?u?gmesg%ne claim element having a certain name from another element
having a same name (but for use of the ordinal term) to distinguish the claim
clements.

25 U.S. Provisional Patent Application Serial No. 60/805,505, filed on June 22,

2006, titled ENHANCED HARDNESS TOLERANCE OF CEDI MODULES, and
U.S. Provisional Patent Application Serial No. 60/805,510, filed on June 22, 2006,
titted METHODS TO REDUCE SCALING IN EDI BDEVICES, are incorporated
herein by reference.

30 What is claimed is:



25U. S. Provisional Patent Application Serial No. 60/805,505, filed on June
22, 2006, titled ENHANCED HARDNESS TOLERANCE OF CEDI MODULES, and U.S.
Provi si onal Patent Application Serial No. 60/805,510, filed on June 22,
2006, titled METHODS TO REDUCE SCALI NG I N EDI DEVI CES, are incorporated
herein by reference. 30What is clained is: - 29 - CLAIMS |. An

el ectrodei oni zati on apparatus havi ng an anode conpartnent and a cat hode
conpartnment, conprising: 5a first depleting conmpartnent disposed between

t he anode conpartnent and the cat hode conpartnent; a concentrating
conpartment in ionic conmunication wth the depleting conpartnent; a second
depl eting conpartnent in ionic comrunication with the 10 concentrati ng
conpartnent; and a first barrier cell in ionic conmunication with and
di sposed between the first depleting comBirtnent and at | east one of the
anode conpartnent and the cathode conpartnent. 152. The el ectrodei oni zati on
apparatus of claim1, wherein the firsCLydM¥er cell is at least partially
defined by a cation sel ective nenbrane di sposed adjacent the first

depl eting con?artnent. L .
. An electrodeionization apparatus having an anode compartment and a cathode

compartment, comprising:
s a first depleting compartment disposed between the anode compartment and

the cathode compartment;

a concentrating compartment in ionic communication with the depleting
compartment;

a second depleting compartment in ionic communication with the

10  concentrating compartment; and

a first barrier cell in ionic communication with and disposed between the first
depleting compartment and at least one of the anode compartment and the cathode
compartment.

15 2. The electrodeionization apparatus of claim 1, wherein the first barrier cell is at
least partially defined by a cation selective membrane disposed adjacent the first
depleting compartment.

3. The electrodeionization apparatus of claim 2, wherein the first barrier cell is at
20  least partially defined by an anion selective membrane and disposed adjacent the
cathode compartment.

4, The electrodeionization apparatus of claim 3, wherein the first barrier cell
contains a layer of media comprising a mixture of anion exchange media and cation

25  exchange media.

- 5. The electrodeionization apparatus of claim 4, wherein the cathode

compartment contains a mixture of anion exchange media and cation exchange media.

30 6. The electrodeionization apparatus of claim 1, further comprising a second

barrier cell in ionic communication with the sccond depleting compartment, wherein



3. The el ectrodei oni zati on apparatus of claim2, wherein the first barrier
cell is at 20 least partially defined by an anion sel ective nenbrane and
di sposed adj acent the cathode conpartnent. 4. The el ectrodei oni zati on
apparatus of claim 3, wherein the first barrier cell contains a | ayer of
medi a conprising a m xture of anion exchange nedia and cati on 25 exchange
medi a. 5. The el ectrodei oni zati on apparatus of claim4, wherein the cathode
conpartnment contains a m xture of anion exchange nedia and cati on exchange
media. - 30 - the second barrier cell is disposed between the anode
conpartment and the second depl eti ng conpartnent. 7. The
el ectrodei oni zati on apparatus of claim®6, wherein the second barrier cel
is 5 at least partially defined by an ani on sel ective nenbrane di sposed
adj acent the second depl eting conpart nmerso- 8. The el ectrodeioni zation
apparatus of claim?7, wherein the second bather cell further conprises a
cati on sel ect ihescondibacieeccall is fpedd delpacetiie ahbde @nadambak adtipesetondnt . 9.
The eIectrodehgm%&gtiQ@P%ngratus of claim8, wherein the second barrier

a nme

. CO . . . . . .
cell contains er la conprising a m xture of anion exchange nedi a

and cation exchange nedia. 15 10. The el ectrodei oni zati on appar at us of

claim8, whergin tif J0008eiGRTRDnaIFRhmE SPLALDE, ithdi) heRX6NAMIGiIEM] 8-
11. An el ectrodei oni zation gfgaratus conprisin
5  atleast partially defined by an anion selective membrane disposed adjacent the second

depleting compartment.

8. The electrodeionization apparatus of claim 7, wherein the second barrier cell
further comprises a cation selective membrane disposed adjacent the anode

10 corhpartment.

9, The electrodeionization apparatus of claim 8, wherein the second barrier cell
contains a layer of media comprising a mixture of anion exchange media and cation
exchange media.

15
10. The electrodeionization apparatu§ of claim 8, wherein the anode compartment

contains cation exchange media.

11. An electrodeionization apparatus comprising:
20 a depleting compartment; and
a first concentrating compartment in ionic communication with the depleting
compartment, and defined at least partially by an anion selective membrane and a
cation selective membrane, the first concentrating compartment containing at least
partially a first zone comprising substantially of cation exchange media that is
25  substantially separated from the anion selective membrane by a second zone

comprising substantially of anion exchange media.

12, The electrodeionization apparatus of claim 11, further comprising a second
concentrating compartment in jonic communication with the depleting compartment,
30  the second concentrating compartment defined at least partially by a cation selective

membrane and an anion selective membrane and containing a first portion comprising



20a depleting conpartnent; and a first concentrating conpartnent in ionic
communi cation with the depleting conpartnent, and defined at | east
partially by an anion sel ective nmenbrane and a cation sel ective nenbrane,
the first concentrating conpartnment containing at |east partially a first
zone conprising substantially of cation exchange nedia that is 25
substantially separated fromthe anion sel ective nenbrane by a second zone
conprising substantially of anion exchange nedia. 12. The

el ectrodei oni zati on apparatus of claim 11, further conprising a second
concentrating conpartment in ionic communication with the depleting
conpartnent, 30 the second concentrating conpartnent defined at | east
partially by a cation selective nmenbrane and an ani on sel ective nenbrane
and containing a first portion conprisingi-- 31 - ion exchange nedia and a
second portion conprising ion exchange nedia, each of the first and second
portions part iqfl gxghange n@gva angd ageeond pertiva gawarising ionlsachpagomedieorsekpf that i ng
conpart ment . gl3 add&coh E5driQHSIanRiZ 3k ANerRRAAlegRe M ofthedieBonk2, Wherein the
first portion is predomnantly conprised of cation exchange nedia and is

di sposed adj aCRifENTHRBECAMPHHICH| ecti ve nmenbrane of the second concentrating
conpartnent. 14. The el ectrodei oni zati on apparatus of claim 13, wherein
the second portion_is 10 substantially conprised of anion exchange nedi a

and i s sub8tadfi al Fie desieadsionirationgappiatis of tlatsh 1 Sarhsesin the fBtASFIANES of t he

second conpar LHrEBhidaytly Bsindrised bf BfichicREhabfe Badih @ B4EHBLAAIBLIL The 15.
The el ectrodei oni zati on apparatus_of claim 11, wherein at |east one of the

first 15 and SeHagsaleetsyreRsipbrans pfghe sirpad FIrEFE@nG FIMRATIRS pr i ses
el ectrochem cally inert nedia. 16. The el ectrodei oni zati on appar atus of
claim11, fur sour ce of

er rising a acidic saluytion in fluid
Communi oat i on i t nIAREFREERaRepRbepRre: of BARE kot tserahpar .
10 substantially comprised of anion exchange media and is substantially separated from
the cation selective membrane of the second compartment by the first portion of

cation exchange media.

15.  The electrodeionization apparatus of claim 11, wherein at least one of the first
15  and second concentrating compartments further comprises electrochemically inert

media.

16.  The electrodeionization apparatus of claim 11, further comprising a source of
an acidic solution in fluid communication with an inlet of the first concentrating

20  compartment,

17. The electrodeionization apparatus of claim 11, wherein the cation exchange

media comprises weak acid cation exchange resin.

25 18.  The ¢lectrodeionization apparatus of claim 11, wherein the anion exchange

media comprises weak base anion exchange resin.

19.  An electrodeionization apparatus comprising:

a depleting compartment;



17. The el ectrodei oni zati on apparatus of claim 11, wherein the cation
exchange nedi a conpri ses weak acid cation exchange resin. 2518. The

el ectrodei oni zati on apparatus of claim 11, wherein the ani on exchange nedi a
conpri ses weak base ani on exchange resin. 19. An el ectrodei oni zati on
apparatus conprising: a depleting conpartnent; - 32 - a first
concentrating conpartnent in ionic comunication with the depleting
conpartnment, the first concentrating conpartment conprising nedia with a
first effective current resistance; and a second concentrating conpart nent
In ionic comunication with the 5 depleting conpartnent, wherein a portion
of the second concentrating conpartnent conprising nedia with a second
effective current resistance greater than the first effective current

resi st ance. 20. The el ectrodei oni zat réh-apparatus of claim 19, wherein
the effective 10 resistance of the at |least a portion of the second

concentrating conphlifsheameentietiag corapastmenfyis ippigemypiaication vith thedspleting st

ef fective resighmnafent, télfirstddfedbatld Qg aticabddntsHERAH wWih @firg! ai m 19,
wherein the seiond concentrating conpartnent conprises inert nmedia. 15

22. An el ect r BUEFEHFLER SEPFArM us conprising: a depl eting conpartnent;

and a second concentrating compartment in ionic communication with the
5 depleting compartment, wherein a portion of the second concentrating compartment
comprising media with a second effective current resistance greater than the first

effective current resistance.

20. The electrodeionization apparatus of claim 19, wherein the effective
10 resistance of the at least a portion of the second concentrating compartment is at least

two times greater than the first effective resistance.

21.  The electrodeionization apparatus of claim 19, wherein the second
concentrating compartment comprises inert media.
15
22.  An electrodeionization apparatus comprising:
a depleting compartment; and
a concentrating compartment in ionic communication with the depleting
compartment, the concentrating compartment comprising a mixture of anion exchange
20 resin and cation exchange resin,
wherein amounts of the anion exchange resin and cation exchange resin in the

mixture varies relative to a flow path length of the concentrating compartment.

23.  The electrodeionization apparatus of claim 22, wherein the relative amount of

25  anion exchange resin increases along the flow path of the concentrating compartment.

24.  The electrodeionization apparatus of claim 22, wherein the relative amount of

cation exchange resin increases along the flow path of the concentrating compariment.



a concentrating conpartnment in ionic conmunication with the depleting
conpartnent, the concentrating conpartnent conprising a m xture of anion

exchange 20 resin and cation exchange resin, wherein anounts of the
ani on exchange resin and cati on exchange resin in the mxture varies
relative to a flow path length of the concentrating conpartnent. 23.

The el ectrodei oni zati on apparatus of claim22, wherein the relative anount
of 25 ani on exchange resin increases along the flow path of the
concentrating conpartment. 24. The el ectrodeioni zation apparatus of claim
22, wherein the relative anmount of cation exchange resin increases al ong
the flow path of the concentrating conpartnent. -33- 25. An

el ectrodei oni zati on apparatus having at | east one conpartnment with at | east
one outlet port defined by a distributor3having a plurality of apertures,
conprising: a first layer of particles in the conpartnent bounded by ion
sel ecti ve nmend¥-anedn elepigodsionidationeappersitstiacing gt leesi one eramnangnest With g least

effective di ag}?et(ﬁﬁlelﬁo??d%éﬁ@&‘b?a%ﬁﬁ&ib%{@hkﬁﬁéagiu%ﬂ%%eﬁfueﬁ,% R&hgur es; and

a second | ayer of particles in the conpartinent downstream of the Tirst
| ayer, the second 3 speleyesofpaticles incthe Rerpparnent Bargadbyiongglerive di anet er
greater than ﬁleﬁlb%asﬂheeaahﬁ@éslc\sgzgﬂkiﬂgﬁ{esfa r@mgariﬁﬁteﬁec&dama@r 184 @hdne St

di mensi on of the apertures. 10 The el ectrodei oni zati on appar at us of
cl ai m 25, ¥ urthgsmabeshpimessing obthe gpsrpresagt of particl es di sposed upstream

of the first |ayera@loRBaldr&f prticles irdthe comfar@heRe 6 0kk@le i IoF Biei iRkt 1ARPAr at us
of claim26, wherein the third | ayer conprises particles haV|nqm§ggyt t he

same ef f ect i vihegreong layer efpaptifleshaying @ second £ipeiye frrmates sgeafes fhan.

effective diameter and greater than the smallest dimension of the apertures.

10 26.  The electrodeionization apparatus of claim 25, further comprising a third layer
of particles disposed upstream of the first layer of particles.

27.  The electrodeionization apparatus of claim 26, wherein the third layer
comprises particles having about the same effective diameter as the particles of the

15 second layer.

28. The electrodeionization apparatus of claim 25, wherein the second layer

comprises ion exchange resin.

20 29, The electrodeionization apparatus of claim 25, wherein the first layer

comprises an ion exchange resin.

30. The electrodeionization apparatus of claim 25, wherein the third layer
comprises ion exchange resin.
25
31 An electrodetonization system comprising:
a source of water to be treated;
a treating module comprising a depleting compartment and a concentrating
compartment, the treating module fluidly connected to the source of water to be

30  freated;



28. The el ectrodei oni zati on apparatus of claim25, wherein the second |ayer
conprises ion exchange resin. 20 29. The el ectrodei oni zati on appar at us of
claim 25, wherein the first |layer conprises an ion exchange resin. 30. The
el ectrodei oni zati on apparatus of claim25, wherein the third |ayer
conprises ion exchange resin. 25 31. An el ectrodeionization system
conprising: a source of water to be treated; a treating nodule conprising a
depl eting conpartnment and a concentrating conpartment, the treating
nodul e fluidly connected to the source of water to be 30treated; - 34 -

an electrolytic nodul e conprising an aci d-generating conpartnent, the
electrolytic nodule fluidly connected upstream of the concentrating
conpartnent; and a source of a brine solution fluidly connected
to an inlet of the acid-generating 5 coﬁﬁértnent of the electrolytic

nodul e. 32. The el ectrodeioni zati on system of claim 31, wherein_an outlet of
t he depl eting an electrolytic module comprising an acid-generating compariment, the

electrolytic module fluidly connected upstream of the concentrating compartment;
and
a source of a brine solution fluidly connected to an inlet of the acid-generating

5 compartment of the electrolytic module.

32, The electrodeionization system of claim 31, wherein an outlet of the depleting

compartment is fluidly connected to the inlet of the acid-generating compartment.

1 33 The electrodeionization system of claim 32, wherein the electrolytic module
further comprises a base-generating compartment in ionic communication with the

acid-generating compartment.

34.  The electrodeionization system of claim 33, wherein an outlet of the
15  concentrating compartment is fluidly connected to an outlet of the base-generating

compartment.

35. An electrodeionization apparatus comprising a compartment containing a
mixture of anion exchange resins and cation exchange resins, the anion exchange
20  resins having an average diameter at least 1.3 times greater than an average diameter

of the cation exchange resins.

36. An electrodeionization apparatis comprising a compartment containing a
mixture of anion exchange resins and cation ¢xchange resins, the cation exchange
25  resins having an average diameter at least 1.3 {imes greater than an average diameter

of the anion exchange resins.

37. A water treatment system comprising:
a source of water to be treated;
30 an electrodeionization device comprising a plurality of concentrating and

depleting compartments and fluidly connected to the source of water to be treated;



compartment is fluidly connected to the inlet of the acid-generating
conpartnent. 10 33. The el ectrodei oni zati on system of claim 32, wherein the
el ectrolytic nodule further conprises a base-generating conpartnment in
ionic comuni cation with the acid-generating conpartnment. - 34. The

el ectrodei oni zati on system of claim33, wherein an outlet of the 15
concentrating conpartnent is fluidly connected to an outlet of the
base-generating conpartnent. 35. An el ectrodei oni zati on appar at us
conprising a conpartment containing a m xture of anion exchange resins and
cation exchange resins, the anion exchange 20 resins having an average
dianeter at least 1.3 tines greater than an average di aneter of the cation
exchange resins. 36. An el ectrodeionization apparatus conprising a
conpartment containing a mixture of ani of’exchange resins and cation
exchange resins, the catiqgn exchange 25 resjns having an average di aneter
at least 1.3 tinesaﬂF%%F%ﬂwﬁﬁﬁﬁmgﬁm%W@Pﬁbﬂuﬁﬂ§ﬁﬂ?§?°gF“Fﬁ@mﬁﬁi f2exchange

resins. 3Tieadh on@ b&ticehtt B BMparfi&it 6Mhe @IEBfro&idigkatian 80kHEge of water to be
treated; 30an el ectrodei gni zati on devi ce conpri si.n

? %E%%#ra%itg of
concentrating and H¥HFEARGSLIABHIIeATERTSFRFLPR 9F B et #destonene
source of wat gf whter B®elintRALesl into-thaforcentrating cémdtrhdn® ind Watbhexitirg) the
comunication with the water to be introduced into at |east one

concent r at T ng*RGAPHUAEENPPYINEYARE) ect r odei oni zat i on devi ce; a

sensor di sposed t 0a pdrnolleeconfip@pd ececdiéd the kengleraurt esfpeseatatiéreandf gea¢ralee ast
one of water to be jntroduced |.nto th oncentratin onpart pent and wat er
exi ting the 5 BRESH PHPTENE <eolipPe ety 1o dyfironiced i e Bitentfiti

compartment.

10 38,  The water treatment system of claim 37, wherein the controller is configured
to regulate the temperature of the water to be introduced into the concentrating

compartment {0 a target temperature.

39. The water treatment system of claim 38, wherein the controller is configured

15 to calculate an effective Langelier Saturation Index (LSI) value of at least one of the
water introduced into the concentrating compartment and the water exiting the
concentrating compartment, and derive the target temperature based at least partially
on the calculated LSI value.

20 40.  An electrodeionization apparatus comprising:
' a depleting compartment at least partially defined by a cation selective
membrane and an anion selective membrane; and
a concentrating compartment at least partially defined by the anion selective
membrane and containing a first layer of anion exchange media and a second layer of
25  media disposed downstream of the first layer, the second layer comprising anion

exchange media and cation exchange media.

41. The electrodeionization apparatus of claim 40, wherein the second layer
comprises a first zone comprising cation exchange media that is substantially
30 separated from the anion selective membrane by a second zone comprising anion

exchange media.



a controller configured to receive the tenperature representation and
generate a signal that pronotes cooling the water to be introduced into the
concentrating conpartnent. to 38. The water treatnment system of claim 37,
wherein the controller is configured to regulate the tenperature of the
water to be introduced into the concentrating conpartnent to a target
tenperature. 39. The water treatnent systemof claim 38, wherein the
controller is configured 15 to calculate an effective Langelier Saturation
I ndex (LSI) value of at |east one of the water introduced into the
concentrating conpartnment and the water exiting the concentrating
conpartnent, and derive the target tenperature based at |east partially on
the cal culated LSI value. 20 40. An el ectrodei oni zati on appar at us

conpri si ng: a depleting conpartnmedf-at |east partially defined by a
cation selective nenbrane and an ani on sel ective nmenbrane; and a
concentrating conpartnent at |east partially defined by the anion selective

menbrane and gont aypl Qgt@abibhishtidAdbBhralb oROLRDAE XHRANI M FBIhA 1386sa second
| ayer of 25 nedia di sposed downstréeam of the first |ayer, the second | ayer

conpri si ng anPisposek dempgeamedithe fptdaxest i on exchange nedia. 41. The
el ectrodei oni zati on apparatus of claim40, wherein the second | ayer
conprises a first zone egggrising cation _exchange nedig that is

subst anti af | y430 sAFaHadef tepling VA BrinslrcaRdeenizaian Refies byRaRAeRietizg ond
zone conpri si Bgmpdtn@nt MCheshgentisit} Somparthfent, comprising: '
measuring one of a temperature of a stream in the concentrating compartment,
a temperature of a stream to be introduced into the concentrating compartment, and a
temperature of a stream exiting from the concentrating compartment;
10 reducing the temperature of the water to be introduced into the concentrating
compartment to a predetermined temperature;
introducing water to be treated into the depleting compartment; and
removing at least a portion of at least one undesirable species from the water
to be treated in the electrodeionization device.
15
44.  The method of claim 43, further comprising maintaining the temperature of

the stream to be introduced into the concentrating compartment at a target value.

45.  The method of claim 44, further comprising determining a Langelier
20  Saturation Index (LSI) value of at least one of the stream to be introduced into the
concentrating compartment and the stream exiting the concentrating compartment,

and determining the target value based at least partially on the LSI value.

46. A method of treating water in an electrodeionization device, comprising:
25 introducing water having anionic and cationic species into a depleting
compartment of the electrodeionization device;
promoting transport of at least a portion of the cationic species into a first
barrier cell disposed between the depleting compartment and a cathode compartment

of the electrodeionization device; and



42. The el ectrodei oni zati on apparatus of claim40, wherein the second | ayer
i s di sposed downstream of the first layer. 5 43. A nethod of treating water
in an el ectrodei oni zati on device having a depleting conpartnment and a
concentrating conpartnent, conpri sing: measuri ng one of a tenperature
of a streamin the concentrating conpartnent, a tenperature of a streamto
be introduced into the concentrating conpartnent, and a tenperature of a
streamexiting fromthe concentrating conpartnent; toreducing the
tenperature of the water to be introduced into the concentrating
conpartment to a predeterm ned tenperature; i ntroduci ng water to be
treated into the depleting conpartnent; and renoving at |east a portion of
at | east one undesirable species fromthe water to be treated in the

el ectrodei oni zation device. 15 44. The-#&thod of claim43, further
conprising maintaining the tenperature of the streamto be_ introduced into
t he concentr at i ng rromptns trasaporbef aj leastraportionefifae aniopge spewies e AstwoRd claim
44, further coRERLciAGpoiel 8ERCB: 3 ﬁlleﬁ:@&hﬁﬁim%ﬁt 2l 2AbdeWonipadany LS| )

val ue of at |east one of the streamto be introduced into the concentrating
conpart nent aefdhe plectadeigpization devigs: t he concentrating conpartnent, and
determ ning the target value based at |east partially on the LSl val ue.

46. A net hod of treatiqg water in an el ectrodei oni zati pon. device

conprising 2&1-nt rHiRsthes Gllaim 45 WhFIERPBRTRS SHIPYLET B ses apsion into a
depl eting conmaichiBmid spadied dienpiseiahidetRigaringin dhelanrbeie species fronpthenot i ng
transport of at | east onic species into a first bather

_portio f the cati
cell disposedﬁﬁ%P%E@HmﬁH§°Hﬁﬁ?gPHﬁ&”Eﬁﬁﬁﬂ?Tnent and a cathode conpart nent
of the el ectrodei oni zati on devi ce; and

48.  The method of claim 47, wherein promoting transport of at least a portion of
10 the anionic species comprises inhibiting transport of the anionic species from the

second barrier cell into the anode compartment.

49.  The method of claim 48, further comprising introducing at least a portion of
water leaving the depleting compartment into at least one of the cathode compartment

15  and the anode compartment.

50. The method of claim 46, further comprising maintaining a fluid flow velocity
of greater than 2 gallons per minute per square foot through the concentrating
compartment.

20
51. A method of treating water in an electrodeionization device having a depleting
compartment and a concentrating compartiment, comprising:

introducing water to be treated into the depleting compartment of the
elecirodeionization device;

25 promoting transport of an undesirable species from the depleting compartment
into the concentrating compartment of the electrodeionization device, the
concentrating compartment containing a first layer of anion exchange media and a
second layer of media disposed downstream of the first layer, the second layer
comprising a mixture of anion exchange media and cation exchange media.
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- 37 - pronoting transport of at |east a portion of the anionic
species into a second bather cell disposed between the depleting
conpartment and an anode conpartnent of the el ectrodei onization device. 5
47. The nmet hod of claim 46, wherein pronoting transport of at |east a
portion of the cationic species conprises inhibiting transport of the
cationic species fromthe first barrier cell into the cathode conpartnent.
48. The nethod of claim47, wherein pronoting transport of at |east a
portion of 10 the anionic species conprises inhibiting transport of the
anioni c species fromthe second bather cell into the anode conpartnent.

49. The nethod of claim48, further conprising introducing at |east a
portion of water |eaving the depleting conpartnment into at | east one of the
cat hode conpartment 15 and the anode conﬁﬁrtnent 50. The nethod of claim

46, further corrprl Si ngthmal ntaining a flujd flow velocity of greater than 2
gal | ons per nrfut eAgerthaeiireetirg Water FATRIHE he concentrating conpart ment .

20 51. A net hod Ofntlofl @A wemtb%rudaﬂd&no eldea&ﬁm@aﬁﬁm émmdevi ce havi ng
a depleting pent .an ncentratin ment i Si
et oduci g waIBr At tRetioD ees e JED T BER I L e PO 1567 Sl
electrodeionlzﬂﬁhmgndaﬂaeﬁd 25pronDt|ng transport of an undesirable species
fromthe depleting co é rg ‘ﬁ' t he cl?nce tr.at.i ng co ar‘]thma%ﬁof t he
electrodelﬁnlzatloﬂ am?ﬂg BEBhE PEHPRE" EBRPSP ° PP ng a
first |ayer oint@dueed :ewalimmkmgdompaﬁnbmﬁﬁmﬁm laggranf i@f exobatiga midsposed
downstream of .t he first i Si e of
ani on exchangé“%% R é%gﬁﬁﬁm@ :ﬁ%ﬁ?@gﬁgg%ﬁﬁm&-gg g4 gﬁﬁwﬁﬁ od of
treating wat equainphe Sishepncentrating compartment defined at least partially by an anion

selective membrane and a cation selective membrane, the first concentrating

10 compartment containing at least partially a first zone compﬁsing cation exchange
media that is substantially separated from the anion selective membrane by a second

Zone comprising anion exchange media.

53. The method of claim 52, further comprising maintaining a fluid flow velocity
15  of greater than 2 gallons per minute per square foot through the first concentrating

compartment.

54. A method of treating water in an electrodeionization device comprising:
introducing water to be treated comprising undesirable species into a depleting
20 compartment of the electrodeionization device;
promoting transport of the undesirable species from the depleting
compartment to a concentrating compartment of the electrodeionization device to
produce the treated water;
electrolytically generating an acid solution in the ancillary module; and
25 introducing at least a portion of the acid solution into the concentrating

compartment.

55. The method of claim 54, wherein electrolytically generating the acid solution
comprises introducing a halide salt sclution into the ancillary module.
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introducing water to be treated into a depleting conpartnent of an

el ectrodei oni zati on device, the depleting conpartnent having at | east one

| ayer of ion exchange nedia; and 5pronoting transport of at |east a portion
of anionic species fromthe water introduced into the depleting conpartnent
froma first layer of ion exchange nedia into a first concentrating
conpartnent to produce water having a first internediate quality, the first
concentrating conpartnent defined at |east partially by an anion sel ective
menbrane and a cation sel ective nmenbrane, the first concentrating to
conpartment containing at |least partially a first zone conprising cation
exchange nedia that is substantially separated fromthe anion sel ective
menbrane by a second zone conpri sing ani on exchange nedi a. 53. The

met hod of claim52, further conprising m@Pntaining a fluid flow velocity 15
of greater than 2 gallons per m nute per square foot through the first
concent r at i ng3eonpahe meted obdaims ndarthisy comprisiegganpgtipge bisig selutien in the

el ect rodei oni ZadilH nfd@Ule Ghile PERrhtiigfe adidkS10GMEI NG water to be treated
conpri sing undesirabl e species into a depleting 20 conpartnent of the

el ectrodei oni zati on device; pronoting transport of the undesirable species

fromthe depl i NOTROMBAHGAE 6BAhint 55, Far@RP NGRS NAAERIRRL SERBE stiRhm! fdin
el ectrodei oni ﬁHatl on deyice to produce_the treated water;

el ect r ol yt§ cafeyopsRERURS SoPrPaHMERY: W BP GeFi6 P IHP™ he ancill ary nodul e; and
25introducing at |least a portion of the acid solution into the
concentrating_conpaytnent 5. thod of claimb54, wherein

el ectrol yti capg'y g f‘e?‘a&%m\af 3?@ gﬁ%&@amm’wwﬁw& %%Ogt*?rh?tftﬁﬁﬁeqtﬁb a

hal i de salt solatet ivith thetrinetsbiRatiamend in&bJudifpritit tixture3fto thdncillhhemb@ilfod of
claimb55, further conprising generating a basic solution in the ancillary
nodul e while generating the acid solution. 57. The nethod of cl aim 56,
further coopr52i ngThemtthad bf¢laign 28) whisteireintreSuchahé acddsSutikreinectheent r at i ng

conpartment with the. i lution. 58 .The neth f.claimb7. . further
conpr1sing. m R iR 3pEa Rt boBPises Ttog 8 BFARF sSid BhMedwabhtf on
and i ntroduci legs thae43iintovheconnentratihg campartaheat.y nodul e.

60. The method of claim 59, further comprising degasifying at least a portion of

15  theliquid in the concentrating compartment.

61. A water treatment system comprising:
a scurce of a water to be treaied; and
an electrodeionization device comprising a first depleting compartment and a
20  second depleting compartment, each of the first and second depleting compartment
fluidly connected to the source of water to be treated in a parallel flow configuration;
and a first concentrating compartment in ionic communication with the first depleting
compartment and a second concentrating compartment fluidly connected to
downstream of the first concentrating compartment.
25
- 62. The system of claim 61, wherein the electrodeionization device further
comprises a first electrode compartment fluidly connected upstream of the first

concentrating compartment.



to 59. The nethod of claim58, wherein introducing the acid solution into
the concentrating conpartnent conprises introducing an acidic solution

having a pH of less than 4.3 into the concentrating conpartnent. 60.
The met hod of claim59, further conprising degasifying at |east a portion
of 15 the liquid in the concentrating conpartnent. 61. A water

treatnment system conprising: a source of a water to be treated; and an
el ectrodei oni zati on device conprising a first depleting conpartnent and a
20 second depleting conpartnent, each of the first and second depl eting
conpartment fluidly connected to the source of water to be treated in a
paral lel flow configuration; and a first concentrating conpartment in ionic
comuni cation with the first depleting conpartnment and a second
concentrating conpartnent fluidly connect®d to downstream of the first
concentrating gonpartnent. 25 62. The systemof claim61l, wherein the
el ectrodei oni ?ﬁti o) SAEedeipiztipn APpART FUREISIE | r st el ectrode conpart nent
fluidly connected uphirilafd¥ aéplétig chinpatmadeRfiphal ko BaveWaRAIWRAE - - 40-
63. An el ectrqdei.onj zati o arat us conpri si ng: a pluralrty of
depl eting co TharPs PR ‘Fliafg{‘)ff%"(aﬁhséﬁn ave liquid flowi ng therein al ong
paral | el fl ow pat haphesity of] concerlm'atiﬁg Bd)rﬂllia@ﬂnie:lj]ts ifiﬁorﬁ@&ﬁﬁﬁhﬁi@étioﬂgviﬁm\;k\%?,tt ment s
in ionic conmunication with at |east. 5 on pl et.i.ng conpart nent, erein
at |east port i°8ﬁ8%‘$e%$é’°3‘8ﬁ'3’8ﬁ'i‘tr‘5€?rﬁlﬁ a&%ﬁ%&f"%‘?@r‘# the B"‘%B?%ed serially.
64. The el ect romparonértadre arraggegaeradllys of cl aim 63, wherein the plurality of
concentrating conpartnent define a single flow path through the
el ectrodei oni zati on 1Oappar at us.

64. The electrodeionization apparatus of claim 63, wherein the plurality of

concentrating compartment define a single flow path through the electrodejonization

10 apparatus.



