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may CO@H&Fﬁ&ﬁLh kgﬁ%npgpgﬁg%%&g&a seawater feed streamto an inlet of an

el ectrical puritication sy m the systemconprising at |east a first
stage and a second stage downstream of the first 25stage, recovering water

fromthe first stage at a fi r r I water fromthe second
stage at a second rate thatfﬁgﬁpégi?ﬁﬁéﬁgﬁﬂés 'rst rate, and fluidly
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pol ari zati O[Asll))%tso r%lsaﬁei gne%er‘%lhy tPL8EF D desalination systems and methods for reduced energy
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In accordance with one or more aspects, a desalination system may comprise an
clectrodialysis (ED) device, an electrodeionization (EDI) device fluidly connected downstream
of the ED device, and a controller configured to determine an optimum transition point between
the ED and EDI devices with respect to power consumption and salt removal, and further

20  configured to bring the EDI device online when a product stream of the ED device achicves the
optimum transition point.

In accordance with one or more aspects, a method of providing potable water may
comprise fluidly connecting a scawater feed stream to an inlet of an electrical purification
system, the system comprising at least a first stage and a second stage downstream of the first

25  stage, recovering water from the first stage at a first rate, recovering water from the second stage
at a second rate that is less than the first rate, and fluidly connecting an outlet of the electrical
purification system to a potable point of use.

In accordance with one or more aspects, a method of providing potable water may
comprise fluidly connecting a scawater feed stream to an inlet of an electrical purification

30  system, the system comprising at least a first electrodialysis (ED) stage and a second ED stage

downstream of the first ED stage, inhibiting concentration polarization by passing a process
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present data di scussed in acconpanying Exanple 3 in accordance with one or
more embodi ments; BRIEF DESCRIPTION OF THE DRAWINGS

20 Various aspects of at least one embodiment are discussed below with reference to the

accompanying figures, which are not intended to be drawn to scale. The figures are included to
provide illustration and a further understanding of the various aspects and embodiments, and are
incorporated in and constitute a part of this specification, but are not intended as a definition of
the limits of the invention. Where technical features in the figures, detailed description or any

25  claim are followed by references signs, the reference signs have been included for the sole
purpose of increasing the intelligibility of the figures and description. In the figures, cach
identical or nearly identical component that is illustrated in various figures is represented by a
like numeral. For purposes of clarity, not every component may be labeled in every figure. In
the figures:

30 FIGS. 1-2 present PID control schematics in accordance with one or more embodiments;



FIG 5 presents a process diagram di scussed in acconpanyi ng Exanple 2 in
accordance with one or nore enbodi nents; 5FIGS. 6A-6D present data

di scussedwOnroBawesspanyi ng Exanple 2 in accordance wi th @o#/USROIOHI37
enbodi nent s; FIG 7 presents a schematic of system configurations
di scussed in acconpanyi ng Exanple 4 in accordance with one or nore

enbodi nent s; FI GS. 8-10 present data discussed in acconpanyi ng
Exanple 4 in accordance with one or 10 nore enbodi nents; FIG 11
presents a schematic of a spacer configuration discussed in acconpanying
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presen §ﬂﬁg@ . of equilibriumdata and related conductivity in
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accorrpéi‘ﬂ@’ior?@ BRI R ' accor dance with one or nore enbodi ments.
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FIG. 15 presents a system schematic as discussed in accompanying Example 7 in

accordance with one or more embodiments.

20 DETAILED DESCRIPTION
Devices for purifying fluids with electrical fields are commonly used to treat water and

other liquids containing dissolved ionic species. Two types of devices that treat water in this
way are electrodeionization and electrodialysis devices. Within these devices are concentrating
and diluting compartments separated by ion-selective membranes. An clectrodialysis device

25  typically includes alternating clectroactive semipermeable anion and cation exchange
membranes. Spaces between the membranes are configured to create liquid flow compartments
with inlets and outlets. An applied electric field imposed via electrodes causes dissolved ions,
attracted to their respective counter-clectrodes, to migrate through the anion and cation exchange
membranes. This generally results in the liquid of the diluting compartment being depleted of

30  ions, and the liquid in the concentrating compartment being enriched with the transferred ions.

Electrodeionization (EDI) is a process that removes, or at least reduces, one or more
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because of elevated electrical resistance. Also, because the operation of ED on high salinity feed

waters can result in elevated electrical current consumption, ED apparatus have herctofore been
most effectively used on source waters of intermediate salinity. In ED based systems, because

25  there is no electroactive media, splitting water is inefficient and operating in such a regime is
generally avoided.

In CEDI and ED devices, a plurality of adjacent cells or compartments are typically
separated by selectively permeable membranes that allow the passage of either positively or
negatively charged species, but typically not both. Dilution or depletion compartments are

30  typically interspaced with concentrating or concentration compartments in such devices. As

water flows through the depletion compartments, ionic and other charged species are typically
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high in sodium chloride will tend to generate chlorine gas and hydrogen ion, while such a feed to
the cathode clectrolyte compartment will tend to generate hydrogen gas and hydroxide ion.
Generally, the hydrogen ion gencrated at the anode compartment will associate with a free anion,

25  such as chloride ion, to preserve charge neutrality and create hydrochloric acid solution, and
analogously, the hydroxide ion generated at the cathode compartment will associate with a free
cation, such as sodium, to preserve charge neutrality and create sodium hydroxide solution. The
reaction products of the electrode compartments, such as generated chlorine gas and sodium
hydroxide, can be utilized in the process as needed for disinfection purposes, for membrane

30  cleaning and defouling purposes, and for pH adjustment purposes.

Plate-and-frame and spiral wound designs have been used for various types of
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ionic content than sea water. However, a power consumption of about 1.8 kwh/m’ may be

20  achieved when using a combination of clectrochemical separation devices in accordance with
one or more embodiments. In accordance with certain embodiments, potable water may be
produced from seawater at an energy value of about 1.5 kWh/ m’ or less.

As used herein, “purify” relates to reducing the total dissolved solids content and

optionally to reducing the concentration of suspended solids, colloidal content and ionized and

25  non-ionized impurities in a source water to a level where the purified water has been rendered
potable and can be used for fresh water purposes such as, but not limited to, human and animal
consumption, irrigation, and industrial applications. Desalination is a type of purification in
which salt is removed from seawater. One or more embodiments may pertain to desalination of
seawater. The feed water or water to be treated may be from a variety of sources including those

30  having a TDS content of between about 3,000 ppm and about 40,000 ppm, or more. Feed water

can be, for example, seawater from the ocean, brackish water, gray water, industrial effluent, and
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ppm may be treated to produce potable water. Brine, having a total
di ssol ved  Insome embodiments of the disclosure, a method of providing a source of potable water

is provided. In certain embodiments, a method of facilitating the production of potable water
25  from scawater is provided. The method may comprise providing an clectrical purification
apparatus comprising a cell stack. The method may further comprise fluidly connecting a
seawater feed stream to an inlet of the electrical purification apparatus. The method may further
comprise fluidly connecting an outlet of the clectrical purification apparatus to a potable point of
use. Scawater or estuary water may have a concentration of total dissolved solids in a range of
30 about 10,000 to about 45,000 ppm. In certain examples, the scawater or estuary water may have

a concentration of total dissolved solids of about 35,000 ppm.
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30 comprise either cation exchange or anion exchange material and combinations thereof.

In accordance with one or more embodiments, an electrochemical separation system or
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with central manifolding and other systems associated with an overall electrochemical separation
25  process.

In accordance with one or more embodiments, the efficiency of electrochemical
separation systems may be improved. Current loss is one potential source of inefficiency. In
some embodiments, such as those involving a cross-flow design, the potential for current lcakage
may be addressed. Current efficiency may be defined as the percentage of current that is

30  effective in moving ions out of the dilute stream into the concentrate stream. Various sources of

current inefficiency may exist in an electrochemical separation system. One potential source of
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current leakage. In at least some non-limiting embodiments, blocking membranes or spacers

ilitate reduction of

25  may be inserted between modular units to direct dilute and/or concentrate streams into multiple-
pass flow configurations for improved current efficiency. In some embodiments, current
efficiency of at least about 60% may be achieved. In other embodiments, a current efficiency of
at least about 70% may be achieved. In still other embodiments, a current efficiency of at least
about 80% may be achieved. In at least some embodiments, a current efficiency of at least about

30 85% may be achieved.

In accordance with one or more embodiments, a method for preparing a cell stack for an

10
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fl wod fstaokvas;sathhlylhavmge sbadesdlsmathﬂWHﬁnﬂleﬂﬁwsleelrasmbm anditha seholné«spacem of
0. The sec d fluid flow path in the second conpartnent may be running at
60, an&sﬁeﬂ’gythlrd fluid flow path in the third conpartment may be running

at 120. Thef @#id donfliditieg th@VdiRRhR, dadh bh@e U cbhpsaiBaLhdBRiscdgd be runni ng
at 0. In sonme enbodi nents, one or nore flow paths may be substantially

non- r agP@partment gay|bs sepstaisied andammnsed ey de aduceiones fleid flohgashs may
facili td?f"ﬁ erﬁ‘%hﬁ‘ﬁle Qe @iof WP BL AW the HNdl BRFhltthOM Fof LAWY RCHJiY rIBROT 1 1 €

W thin e system
25  in the third compartment may be running in a direction of a 0° axis. The fluid flow in the first

compartment may be running at 30°, and the fluid flow in the second compartment may be
running at the same angle as the first compartment (30°) or at another angle, such as 120°. The
method may further comprise securing the assembled cell stack within a housing.
In accordance with one or more embodiments, an ¢lectrochemical separation system may
30  include a cross-flow design. A cross-flow design may allow for increased membrane utilization,

lower pressure drop and a reduction in external leaks. Additionally, limitations on operating
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WD 2013/ 006438PCT/ US2012/ 044937 I n accordance with one or nore
enbodi nents, the flow wthin a conpartnent nmay be adjusted, redistributed,
or redireyoediwesBovi de greater contact of the fluid wpCh/ush@2oesBT ane
surfaces within the conpartnent. The conpartnment nmay be constructed and
arranged to redistribute fluid flow within the conpartnent. The conpart nent
may have obstructions, 5projections, protrusions, flanges, or baffles that
may provide a structure to redistribute the flow through the conpartnent,
which will be discussed further below. In certain enbodinents, the

obst r u@tdsge map be rake¢disa crpssoflewideags Injablege some empedificats, thaprepaire ef er r ed
to as r.edi Stqrd oW eql - L hut.or. LN one or
ror o ofTHe eoimL TR e by e Y SEhBh{ R0 RERRERRRIL" Pe

pl ur al iAworodtion@if mexcheamngeg peotxserresy dechr @tlidved.one anot her may al ternate

bet ti hang; b . ani h t id
coriea of i BhREEIARRG T G Al RGO AOn e IORT s PR LD RmarE ARHE o “The
georet fywfati Mey BESdcAiamd R iR BIfwAYF tidihdradise FaeRibhdtics UE thetiiat t he

menbranes may be secured within a cell stack. In certain enbodi nents, a
part i cGkgrngfimpabrages tha@es srsrsd & ongerpthee sUsRE thedirgtdluid Hewprthipay be desired

so as | ' ° LR i . |
Hﬂe&%HMlX% %lg %{} 8 5}& ; tlﬁ:eeéekorﬁi R ﬂ%tdg:[hp?gy Iqﬁ‘llfﬁ b Bﬂectﬂoﬁ.o?%ﬁ ﬂ‘lgr;b ot her

enbodi ments, part menbranes may have erent geonetries 't

menbr agestar than rerogkeitees aralckss thdne3 (e .o metertamsendfod inhentsnaed e dindssunayhebe

selected to.assist i.n at |east,@ne of securi.ng th a to.0

2ot nesceep§ TBEEIRL pi afl uf B o AR R or B P S RERAGA IR bRt e

\é\n'otlbi n oﬁleﬁﬁﬁbédiﬁlelbt]?,i the sdeOnG LG rﬂ@mﬂbh maylaﬁql z}ibﬁatlbbﬂi@léstun]@éﬁﬁﬂst gﬁiﬂmtxua e, to
secure_ a _group of nenbranes such as a ce tack tq a housing, . and to

secur e Péthnﬁgiﬂdgfonﬁldf’{l CXGIEREC$BbIENGigire secured tq e§6h#éta@ﬁ&9d>aw@w§hwak he

di scl oguhBartAtht€ RCHill G8ly JaBif iHe@ dARiARRLFhHS AR MR Ik iGatheGgl | Stack is
provided. The electrical purification apparatus may conprise a first

conpar difément fonpthi Sirst dluidoitove rath ang thervesrnd dhiskflem dathrayn grstagorshadireeréd and
arrang de ftluold RHRM Iaﬂleinaéagll (gltetﬁé c 2n§f l t%{egtsfalltgyr\{afenbgtvxjeleﬁ 3 hrsg h{n%ﬁol\xp Eat}?gﬁd’ve en the

i on exchange mebranes’” Tne” €l'éctriccal pur|?|cat|on apparatus' may al so
conpr i secoad slacbidy pahpast axamiplec hpirtSluidiflow pathic Harfge compbrasesnatd my be

constructed and, arranged rovide g direct fluid flowin a second

i T ect FEHMEAGHIGRIHE O 1 158 Ee&eﬂ%ﬂwf@mp%al hECORL P EGHPLIENEBAt may be
constr ygd iﬁ@Qﬁ@E&ﬁnﬁgﬂﬂkﬁdﬂkﬂﬁh@ﬂuﬁiﬁﬁﬁﬁﬁh%{@kﬂﬁﬂl&ﬁﬁﬁﬁﬁkﬁgﬁmpﬁeSPrface
area or nenbrane utilization for fluid contact. I n certain 30 enbodi nents,

t he medtmargeingtditertan ofdh. Iheprtappesxampleachis enaydeirsfeged i ascrashrdlowsdogriqah ot her
enbodi nENkSi L he menbrane utilization that may be achieved is greater than
75% In certarn WD 2013/ 006438PCT/ US2012/ 044937 ot her enbodi nents, the
mertbr ane ut il dthat dndrodirhatts, theyfluié flaw ipatnie dachenf thecopipaeatirentstahama@85% The

menbrane utilization ﬁﬁﬁ t least in rléﬂg endent on ﬁe t hods used
Lo secoreicplith Bt ee T mRa Mo riB batsud Bb el Sna: 3o o Ml Tor it
spacer Fol Skaple hel st lowaal i@ dR i ongRArtRAH ANBe Minhink Z@4 UREtion of
appropriate securing techniques and conponents nay be .
0°. The second fluid flow path in the second compartment may bé running at 30°, and the third
fluid flow path in the third compartment may be running at 90°. The fourth fluid flow path in the
25  fourth compartment may be running at 0°. In another embodiment, the first fluid flow path in the
first compartment may be running in a direction of 0°. The second fluid flow path in the second
compartment may be running at 60°, and the third fluid flow path in the third compartment may
be running at 120°. The fourth fluid flow path in the fourth compartment may be running at 0°.
In some embodiments, one or more flow paths may be substantially non-radial. In at least some

30  embodiments, one or more flow paths may facilitate achieving a substantially uniform liquid

flow velocity profile within the system.
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5 selected in order to achieve a reliable and secure seal that allows
optimal operation of the electrical purification apparatus, wthout
encount erwogoimkege wit hin the apparatus, while nai nt aPoirng2@2loa9ge
surface area of nenbrane that may be used in the process. For exanpl e
an electrical purification apparatus conprising a cell stack may be
provided. The electrical purification apparatus may conprise a first
conpartment conprising a first cation 10 exchange nmenbrane and a first
ani on exchange nenbrane, the first conpartnment constructed and arranged to
provi de a diltr &ecprdangg witl pnppringpre cnpedimenfs rtbe flpwrviden peenpartieent magdecat i on
exchangg GRABEANGLADE & ARk to ABLAR (RXCPANAE TPARIMNEw T IIE ARRRLAL uS may
al so conprise a second conpartnent coffprising the tirst anion exchange
menbr anerfans withmeboomhgaticon Excotvarpgemmebayaleconstryptahanderrangbidtect f 1 ui d
flowin second. di rectj on between t first anign exchan 15 nmenbrane and
the secuf ot i e RuhGa et amen! Errogo AR B £ S RoBne and t he
secend pegeaeiahd, Hedtfusivay, fhag&onsartstied nayhrévidengadnlre tde@¥irbatcahe flow
predet er mi ned nenbrane utilization, for exanBI a fluid contact of greater
a

. ¢ ! €,

than 88iypegh haeompiraed vdrehw bt ba Heoupsed ertheaprlan- dx edttyembrspenindhe t he
first %Bétﬁf&}i@ﬁ%?g&g&ﬁoﬁé‘?gﬂ%‘hﬁ&@n@ﬂ%gw%r ﬁeﬁ‘ﬁ@é‘ﬂa&ﬁéf PO LG HAN g6y MENDr ane. At
| east one of the first conpartnment and the second conpartnment nay conprise
a 20 sphgebytom hwredistbbutar ik bk pregens paaeror midne oftthe eahpdrinuings ¢flthacdlln t he
first d{rection and the second direction nmay be sel ected and provi ded by
t he cof$tfuction and arrangenent of the conpartnents. The el ectri cal
Eurlbfi cati Olﬂh SR, rﬂ:’??dl&nﬁ@ﬂ}ﬂ{l | d}ﬂhﬂsgty&gfﬁﬁi éxcﬁzlﬁ@@lﬁnd’ﬂi&yarfeﬂﬁédﬁ&fd t?@ﬁ@ﬁﬂ&l&rﬁ f

ousing enclosing the cell stack, with at |east a portion of a perjphery o
the celMYStIGRRICHEETRCBAIHE SSRGS AGTVIHYGS A #YABRUIRCHRFIBBAICE {OPaY! Bt ween
the housigrandifufify G@Ihll)arﬂ&%kanh%rpédﬁ\%rgﬁtm% ESthpdrRsiskar unit in the
housing. A flow redistributor may be present in one or nore of the
conpar t ment $hegednmirycdithe membiancsanay eoeftany seitable gdemetry mpdrthatdhe s may be
constructed an Lr.an .Pr QY fl.ow. rever . Within 1he C ar nt .
- sort OB mef s PR R e Sk, L BRBR it ok PO SEFBRLY™
purisf i cainesror 3O@pEasmathel scll Sadhrmasi sedtsirddh® R ed buimbBakcurayhepe viaclewéthin a
plurality of alternating ion depleting and ion congentrating conpartments.
Bach 0ROV {10 HB PP EB A RS F ety mél%gf%eé{ g%?ﬁ&t%% _
2013/ 0QFA3BREDHMS2OLRE QAAIRT. qWE LSmERAL o ROMLABSENS Hiy B &idctdditd afshsow i n a
first direction, Each of the ion concentrating conpartnents nmay have an
i nl et ahlgadinnoof sceyringihe msmbrangety cac @perbentorsgewd spdcais avithimtheicell sfadetond
directi ' Lif-er 3 t ' ' i be
posi t1 Saue femplefe LR Al O Sochld Al MR ek R RSB G
def2one stduec cgroppof membmnesiich ha cal dtakrio ehamyihe and tegcla s suslular nnidimte@ct i ng
fluid flow.t hrough the conmpartnent. The spacer may be a bl ocki ng spacer
whi ch UYeS-constructed and arrange to redirect at |east one of fluid flow
and el ectri gRdonfdhAmM OB disE18516€ lah efdcftiek] pulFictliiCdppeiaths c&ﬂﬁri@h%@ki ng
spacer nay reduce or gyevent.eleqtrlpal current inefficiencies In the
el ect r icelhbtagduis iprqvidedi dhe slspaicatnysificatipnappealdhBey coBAtssS ofirst gpamgditgeosur e,
an ele 1,G ri i t I J t y
conprigé&gﬁ%g FMé%g%ﬁgigﬁngggﬁgﬂ% %&ﬁiﬁﬁ%ﬁ%ﬁé&%ﬁd %?ﬁ%?ﬁ%ﬁggﬁ%gyﬁﬁgﬂ?s and
i ores conlmehfiovain afrst dingeaion hetmesn thEaghexohanghendndmangs| Uh¢ elgetocatparifientions may
be constru%ted an arraQ%ed to provi%e a flui.d flowin a first direction.
Each of PRAEYT OAY d6R LA TS SSe e SOP R T HE RS T REY " & SRR E SBR ISy % r anged
t o provia@eeaohdthtic@dah@Wringed tSe60ide a dirt@luidflow had sdcsndliitdceib@nNEadhra@md he

first direction. The electrical purification apparatus may al so conprise a
first oIrgepmpyament and the second compartment may be constructed and arranged to provide a

predetermined percentage of surface area or membrane utilization for fluid contact. In certain
30  embodiments, the membrane utilization that may be achieved is greater than 65%. In other

embodiments, the membrane utilization that may be achieved is greater than 75%. In certain
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15adj acent an first ion exchange nenbrane at a first end of the cell stack,
and a second el ectrode adjacent a second ion exchange nenbrane at a second
end of thwoceldoostsack. Each of the first ion exchange mecihnsee2ans3t he
second i on exchange nmenbrane nmay be an ani on exchange nenbrane or a cation
exchange nmenbrane. For exanple, the first ion exchange nmenbrane nmay be an
ani on exchange nenbrane, and the second ion exchange nenbrane nmay be a
cation 20 exchange nenbrane. The apparatus nmay further conprise a bl ocking
spacer positioned in the cell stack and constructed and arranged to

r edi r etheaempedimentsibe memaragr piitieatipn thagmpy baaeneyed nvyreaatatiantiSie-d f1 ow
t hr oug

cur r ont " SARRTEEEAELERon Bl e RulaR pREREHALLT oF IR thARRL R Bl LR,
discussédwamnMﬁmuﬂh@omhnmﬂmngnéﬂwakmgmayﬂMSpmﬂnﬁhmmkteddamdaarranged to
reduce elegtrlcg Hg)rren%llrtlefflmemﬁ t({ﬁZSe ectrical cation
appar at{fgetermined membrang ufilizqlion, apprapria ée%ﬂr%lét‘? EEY |CPF]@8‘E? &ppar at us
may sbe sgpatdmasddrio acHiesi rolgabld 4l s@kurk @@$thaaa1w5tdpaﬁlap$peaati@arolfﬂ{éer y of the
cell stack secured to the housing. A frame may be positioned between the
housi n§lesfigakmeificatiqn apparatus it %ceéntﬁlil%keal??@amﬁarn happPEHUY NdilRousi ng. A
second ,ipd I i I t i g. A bl ocking
spacer nayﬁgﬁégqggESﬂﬁ%ﬁs#ﬁﬁgﬁggﬁﬁﬁgﬁgg lﬁ ?%@ﬁh%@gé gr unit and the
second nnduFarmmnmkan%HdmmMp@mﬁ@monmumammn@ymb@ngmesﬁm&d{mamhepmwmhﬁre of
the conparinents of. the cell stack. At .

2013/ 0 %ﬁ&ﬁl@*é’ﬁ‘giaéioé‘zf‘li?@%“}tué8?%5?%%%9%8}’“8%““8‘8# ‘EOP%P&S%“& JHet AFPhinged
t 0 1pr o¢kélRngd MdmbeVE hisBd it ﬁﬂibmeidh@n@(ﬂmﬂjrhlﬁ@ﬂie fir dpak@tntassenitied may be
posi ti oned between the frame and the hou5|n rOV|de support to the
rodul aRNGRTESHE Rividea diECtivel Hom i AP ATETaR gFﬁ Mi5eR e T gaionexchangeer t ai n

e”bOd'%ﬁﬂhﬁm&%nﬁ@%ﬂﬁkﬁ&ﬁ&ﬁ&&ﬁmgé@xﬁhﬁﬁkrﬁ%@hp&#ﬁhJﬁﬁ@&k&&nﬂ@ﬂ@%@k&%d'S
provi ded t hat 5reduces orfprevents inefficiencies resulting fromgreater
L)

el ect r iceabarpoew cowprgugibeifoy aniPhexeagee mewatanpand 4 sacand eriongpeheagus of the
present egnb%grlqu 'éfo%uﬂa B iRl Hulg?]f)fwollﬁ aasecmilldtdllrgﬂlon%aﬁfeen tl?eV\ﬁrgtoarr]lfl Ir?e%%ﬁ‘anggn to

reduce or prevent current Tnefficréncies
confi gMeathrm aifd yho sechiclecatiiecyipas snahbrand. rkch offhb(ﬁughombmrﬁdzm\amﬂrﬂial f ol ds,

or | eakage of current, by elimnati or reduci the direc rent path
bet weeACHAR CBRILNSH oy I BV HBHE a8 atpecd BTt b eaerietﬁﬁwiﬁ RARPEHC

appar afyhfization, for edatpke hifRiidlc HEROGH %rezﬁ&sthm 83opef teSEasura dria AkQwivhthin a
conpartnent nay be adjusted, redistributed, or redirected to provide

gr eat elexei@ng%@?mblfan@ e firstandongchangsanarehriviesnd thasependeaation exahangehe
compar ﬁﬂ%ﬂ) ane) 1%9?@1% ”fﬁ] ﬁm%f?{h%hrtﬁ{ecée‘é& glp%{é)tﬁl@&%%'eéo%prlse a

redi st te flui I'n t e conpart art
obsbr uspdcon syhighrmgyelat 4 lﬂndgmg)s;pabafru gihodggct flﬁfd ﬁcng @sthe dirst ki&édtioﬁsmd ket nay

provide a structure to redi but e flow. throu t he co nent. The
P bor 1 R nmR shEed b mkeh BY i an el LA e SRR AL et or moq

as par topakéht€xchange nenbranes, the spacer, or nay be an additiona
separate structure that is prOV|ded wi thin the conpartnment. The
obst r uct i ondhe plegffied tug figatioprppargys wrlﬂnga%@?él§ta08ﬁnawafﬂﬂheé§0mﬁy5% f or med

by pr OYlbﬁ'élﬁ‘gge&[bslgfgttﬁé‘ééll%&cfcr&% Qﬂea%‘?? ME o% Egér o?‘%ffé'ée? sH&E séc‘?l?ed% change

menbr anes e anot e spac egnat e
t h62|5 o phedstusiog r Adienc may be:)pcmtpmodl bttsflecméle ﬁlhuﬂmgmyl tbecebkﬁmtkdo Wotvtdeafdhem ve

Spacer UG VB BrBS Rk h 1S N Rar RO B PeRa Sh e Rty B cen
print i RgmpdrhBeBOFMAE t;érmm. MR Yeadf on¥RY tHtQdonGaniahtd nia be @¥AIHABDGE ah@Si N.
arranged to provide flow reversal within the compartment.
In some embodiments of the disclosure, a cell stack for an electrical purification
30  apparatus is provided. The cell stack may provide a plurality of alternating ion depleting and ion

concentrating compartments. Each of the ion depleting compartments may have an inlet and an
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In accordance with one or nore enbodi nents, water is purified under the
presence of an 25electric field via electrodialysis. Water in the dilute
conpart mewo 2bs0oms8 purer while the water in the adj aceRrCTasegeni49al e
conpartment becones enriched with ionic conmpounds. This may result in the
el ectrical resistance of the nodule increasing since the dilute water is
not very conductive. Furthernore, if the water in the dilute conpartnent
beconmes too pure, water will dissociate near the ion exchange nenbrane

| eading to a |layer of very high electrical resistance 30water directly

adj acenrtlgthat peovidsn agliduts flons b Apié direrdion Regheafdleasionisencsviestilgl appl i ed
vol tag bS] LG : im . r.adi J r S

cond {1 o el Rk LS TER il o S S R R PSSR oy
occur . diractmndit it diffoient fmom ¢ha fissdiskfiectA apsor meyf be pasdtidnod asthe oeltgmtkr at i on
pol ari zati on, various process nodifications can be performed in.accordance
Bth bt orethihe) bR BT To FRTdtind Tha e ARReS SnfiTh parTEr sk GRY h n

t hesdi laig ic@rRang ABALIoWRrdgha dsipRetnicnt. AV $haCRMesHelA81bcking Phdri zat i on.
By increasing the flow velocity through each spacer, the 5 boundary | ayer
may be Ydedyaaskucarsictedrad papgcdn sedirstich lepslone b flyiddlamandyglsgting! eTeRht er

wi E0i N o B SRBEAT &I AT ARASHObR ks SERol gy Rl &G SrltnARGRA) Tation
pol ari zation. For exanple, an electrodralysis process may be perforned with
a | oweruveitosiffigiewienn theeelastricel plrdsagwf 4ripeiagrst conductivity to avoid

concentration pol ar,j zati on d.a higher ve]ocjty..as.the water bec. S nore
AR b ecks TR SRR TAT S A B e AR

el eot r ik apy:sitss hls t@g@sscialel fatleSomprivéng diteidtinglodciiluling Corh@ir@iengtaages nay
be increased when the water i s purer by using fewer nunbers of cel] pairs.
I'n addi?n GRCCHRIRE eQpRaEEcRisy fagh Ablaiw dEYNg oINS EYManbe paetrigieh @dar e

mul ti plagaRRAIEProb M QUARG hBE ih &6k Glrbetioh € Edc e AMh@IoAIndMntriidy RnaRBkts
nodul e. I n accordance wth one or nore enbodi nments, velocity can be

i ncr easEd berponsticied prd EMngod td rrobyle p dlistilavg int heeconthdeactiof theels diffgenpai rs per
pass i h D | e. 100l s W thin on dul e .nma referred to
e®a 1ol B Redi M kEbRCR RARE AR AP a8 Y RFL R} (e

patih madjdtent himfisst &inrgtleangt echbatc at y Stss emdballthegell diek natdietec@id deltdodpai rs i n

each pass may be nodified to include 182 cel irs fo he firs ass, 164
cel | pafiRecHf g secopd IatXghiep gmbronggt ¢ ggepn 31?4%&?%?5%%% ﬁ’rﬁﬁhofdégéfs P30 cel |

pai rs fQfhahfembayfahd aRESS s@Rdd ilo%QeX@ﬁHnge RRkbsank MaytfR@nfahfohkxapded i nal pass.
By changing the 20 velocity, the boundary | ayer next to the ion exchange

menbr amembigng B capul $change axmbringg Fopcyaode. theofisieinn exghiaage pembriang aey on
ef f ect L, C e [ 4G e Tale f ul e.
Enbodi r%f)%\r%?é&grrl ggic?]%?éﬁ Iﬁ%‘lﬁ?%?iég gd '?Jr? ggénolﬂl r(%g%lr e){gﬁ édsgt% ages ?a%h%g}hnﬁen%ga?ﬂd%f passes
Wi t2hi n eaclmhgg@embhec.nlibgmpantusaedyl fupbdricemprisceablhclat@geacarposiniendd iowhgat h

EELE AT S AL TG T
decr eagbM@ntrate fluid flow through the electrical purification apparatus and to prevent a direct current
path between the first electrode and the second electrode. As discussed above, the blocking
spacer may be constructed and arranged to reduce electrical current inefficiencies in the
25  clectrical purification apparatus.
The cell stack for the electrical purification apparatus may be enclosed in a housing with
at least a portion of a periphery of the cell stack secured to the housing. A frame may be
positioned between the housing and the cell stack to provide first modular unit in the housing. A
second modular unit may also be secured within the housing. A blocking spacer may also be
30  positioned between the first modular unit and the second modular unit. A flow redistributor may

be present in one or more of the compartments of the cell stack. At least one of the
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concentration polarization or pass. Concentration polarization and limting
current density in an ED operation is generally governed by sol ution
concent r avpan13/mwm3Bent density and vel ocity of dil uti ngPcomgsas2oesys? To
prevent limting current in ED operations for seawater, velocity of the
dilute conmpartnent may be increased in the |later stages of the desalting
process in accordance 30 with one or nore enbodi nents. Avoi ding desalting
at limting current density may result in | ower nodul e resistance, (i.e.

| ower ener gy consunEtion), | ower risk of scaling (i.e. reduced WO

2013/ 008@BIPTMUS2Y bo r@winodT ¢nshsraggsddn poFvidHleve pyprsalarighin tier oved current
ol ol harkof, AGOHEPATRAY bR IESLSHANEDAN IRRERCuld B nOfiigCt 11 Ca)
shorting or |eakage). n accordance with one or nore embo iments, the
power eonsdegupp@ntoghadmbidacwricadite s¢cuarthpolodulazatii withiofthe Hvasing.

el ectrodesal i nati pon stem,c risin lectradi al ysis and )

Sl oot Pogaruhrote B ST uE ARy B heBrE b B Bty R prEdh et of t ages
t o eache®i@gs pavents MuftidistongcttiloeOm YRbRF clbstasal ?]a_baeff donSimsicagaheay be
transferred to the second stag)g and then to the third staqe and beyond. A

hi gher clesiricalgairidinefiosrapgirati of thepraseridiginyicryayounvipe figauiliiplc pesdbs wher e
the amyie o 04ioh 99 deiuCOM FE/ent QurfciBinkBlRhcik® P& rﬁﬁlﬁiﬁie'ﬁﬁ?sttf&k b&qf%h?a%ﬁ r and

t hen decreaseg as the ter becones nore pure such that later stages have a
| ower auayrreditce tdrerbyiptsg .of burran éhrovgh-thd 0bw mianifalyls sorderhhes oftduegrentuby ent density

cecona UriBtnER e LB 59 Bl OTHR Eha e B Bk hy b bout 5. 5

A nB. khcskaBpweibadingpiatust he i nl et and outl et conductivity may be
measured with a conductivit nsor for each electrodial ysis staag,e.@ el ect
JalC]

vol t ages majd $HEH %@Oéﬁmr}t%%f tggd&Sﬂa%ur%%lﬁc,f@m VHRID 3EOPBREAPFH RAYNE not

occur . liARAtder Qeat ﬂ;‘éﬂévid@ RACPrkdcPhEthe NGk Rhe ARNIbYAisUfade! D) 15
control as shown in FIG may be used to control the operation of each

st age iwithin thakcempatmege Ehectmmpdinenl/mpg betastrrddbingiraagéddn rebgubitadpidon
process,.. The .PLD controller.ma f eed k, for instance.the |inlet and
out |t Tunint P IR B T SRR ot bt IR AR Rl
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FIG 2]l IEstrates a.PIL.D contraller, in accordance Ww_th qne or pore
enbodi MERLESTUPHEISeP LIS e ROE IS OHo HA1S S A i0AY 2 GEX RSY@ 0 BAEBHOR ol
si mul atck @AngIABhBrahes, MMpdcet, or.m]c?i Ibt 4% hd ditdned s&ardic &Nt that is provided
V41411-51: 441t 2: 1CkO, . . 4FRt "41:ftal:01,'..-4a :200.114. 4t
Q , t z: ORYIMbg cempirimabolhe plstryetians tirpiceHRMs \Drpyusions oaniges, 41 p#fllgs may be
formed by providing an extension from an adhesive that may secure the ion exchange
20  membranes to one another. The spacer may be impregnated with thermoplastic rubber to form
protrusions that may be bonded with adhesive to adjacent membranes. The thermoplastic rubber
may be applied to the spacer using processes such as thermo-compression or rotary screen
printing. The compartments may or may not contain ion exchange resin.
In accordance with one or more embodiments, water is purified under the presence of an
25  electric field via electrodialysis. Water in the dilute compartment becomes purer while the water
in the adjacent concentrate compartment becomes enriched with ionic compounds. This may
result in the electrical resistance of the module increasing since the dilute water is not very
conductive. Furthermore, if the water in the dilute compartment becomes too pure, water will
dissociate near the ion exchange membrane leading to a layer of very high clectrical resistance

30  water directly adjacent to the ion exchange membrane that increases the overall applied voltage.

This inefficiency can limit the electrodialysis process to conditions where these phenomena will
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not occur. In order to minimize this effect also referred to as concentration polarization, various
process modifications can be performed in accordance with one or more embodiments.

In some embodiments, fluid velocity within the dilute compartment may be adjusted to
avoid concentration polarization. By increasing the flow velocity through each spacer, the
boundary layer may be decreased near the membrane which may improve the mixing of water
within the spacer and may therefore lessen the effects of concentration polarization. For
example, an electrodialysis process may be performed with a lower velocity when the water has
sufficient conductivity to avoid concentration polarization and a higher velocity as the water
becomes more dilute. For instance, in a multi-stage process that includes several electrodialysis
stages in series, the fluid velocity in later stages may be increased when the water is purer by
using fewer numbers of cell pairs.

In addition, an electrodialysis module may be modified so that there are multiple passes
through the clectric field contained within a single module. In accordance with one or more
embodiments, velocity can be increased in the same ED module by reducing the number of cell
pairs per pass in the ED module. Multiple passes within one module may be referred to as a
folded path module. As a non-limiting example, for a five pass folded path module in a single
clectrodialysis module, the number of cell pairs in each pass may be modified to include 182 cell
pairs for the first pass, 164 cell pairs for the second pass, 148 cell pairs for the third pass, 130
cell pairs for the fourth pass and 120 cell pairs for the fifth and final pass. By changing the
velocity, the boundary layer next to the ion exchange membranes may be modified resulting in
lower concentration polarization effects which also reduces the electrical resistance of the
module. Embodiments are not limited to the number of stages, the number of passes within a
stage, the number of cell pairs in cach stage or the flow path length of cither the clectrodialysis
or electrodeionization module.

In accordance with one or more embodiments, velocity may be increased with decreasing
concentration polarization or pass. Concentration polarization and limiting current density in an
ED operation is generally governed by solution concentration, current density and velocity of
diluting compartment. To prevent limiting current in ED operations for seawater, velocity of the
dilute compartment may be increased in the later stages of the desalting process in accordance
with one or more embodiments. Avoiding desalting at limiting current density may result in

lower module resistance, (i.e. lower energy consumption), lower risk of scaling (i.e. reduced
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In accordance with one or nore enbodi nents, the PID controller may adjust
the applied 25voltage to mnim ze the error between the set point and
actual ouwvpubiposgacti vity from each PCT/US2012/044937

generation of OH ions), and improved current efficiency (i.c. reduced module resistance and
reduced risk of electrical shorting or leakage).
In accordance with one or more embodiments, the power consumption and the

concentration polarization of the electrodesalination system comprising electrodialysis and

5  clectrodeionization modules may be reduced by applying different voltages to cach stage of a
multistage system. Water from the first stage may be transferred to the second stage and then to
the third stage and beyond. A higher voltage and/or greater current density can be used in stages
where the amount of ionic content in the water to be desalinated is greater and then decreased as
the water becomes more pure such that later stages have a lower current density. In one non-

10 limiting example, the current density on the first stage being fed with seawater may be about
23.1 A/m?, the second stage may be about 17.8 A/m? and the third stage may be about 5.5 A/m’.
In some embodiments, the inlet and outlet conductivity may be measured with a conductivity
sensor for each clectrodialysis stage. Select voltages may then be applied so that concentration
polarization does not occur. In another embodiment, a proportional-integral-derivative (PID)

15  control as shown in FIG. 1 may be used to control the operation of each stage in a multi-stage
clectrodialysis/electrodeionization desalination process. The PID controller may use feedback,
for instance the inlet and outlet conductivity from cach stage, and calculate an error from a set
point of the desired output of the stage compared to the actual reading. FIG. 2 illustrates a PID
controller in accordance with one or more embodiments. Table 1 presents a non-limiting

20  example of a control simulation.

Table 1:
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In accordance with one or more embodiments, the PID controller may adjust the applied
25  voltage to minimize the error between the set point and actual output conductivity from cach
stage. The flow rate may also be adjusted. The PID control may compensate for changes in the

inlet conductivity which helps minimize concentration polarization. In some embodiments, a
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stage. The flow rate may al so be adjusted. The PID control may conpensate
for changes in the inlet conductivity which helps mnimze concentration
pol ari zatwornoidwessne enbodi nents, a WD 2013/ 006438PCTPUSABLR20449337 PI D
control may be set with gain paraneters for the proportional, integral and
derivate functions along with a conductivity set point for each stage, for
instance 25 nS/cmfor Stage 1. During operation, seawater nay be fed to the
first stage and the PID controller may adjust the applied voltage of the
first stage so that an outlet conductivity near the set point is obtained.
Thi s n&YD5oRtEplintayAe seff it gampyramateesdenhths paapertighink ntegayl and (dpritate Fingliqhisze t he
overal | C i i | i ne i ng the
concent R R R B S B P P2 A MBI e
used orptrtor, séastatamchydetibdto the fitshgagd andtthollé) amirpBéeriroay aljusetheapplodi al ysi s

nmodul e ej .t her. .on.the diluyte an r concentrate streamto detect.a pH shift
foe t oVl et aeg st Mefaf B ar o EBET AR IsR Be ety it tnignBy,

pol ari aakimiRe cfflR@napPRl dacllstu@ WiRige mhO klpfth @hifaiethe averflepaddrushaehptioncont r ol
the pH and thus mnimze concentration polarization. A PID controller can
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Thert naraSidRrr Giks ompan et SR bR iRk RES TR ARUET VIS e o ded
t 0 18l et flbwahte Yartlbd MBustans cbiteontiidyeH aihd thiemOmpRIcbABRtratich fdrgizaoanceat r at e
conpartnent. The Nernst equation rrayér%e used to cal cul atef%he Donnan

vol t ag&1D controlley ganhecispdiorfoatrgl thapdnd hisrmaygicdd Orpddmis thesctiigigneyaite wat er

r €COVenyniiBye e paRel dofbhintRiotioff HRS Ettro R Bl AQR Systddr | Ng _desal i nati on
process, the Iaper desal ting stage can be operated at 20l ower water

recovery t olminsither zmbedimenio Hseraterardoyarydidyf e asisted coreahostagerio popashthical |,

between the dilute a entr.at. reans. H gher recovery mm den the
Do ek eccBlintiifon e SANEHILIALEH A EbLEATE qlb I mERERY TNy Tl §
opesat @&bnain Yulgher Thiev eltage edaviefeyred itnaetht tiermalyoemtcaltagd) cali bd oehcef i s not

as high. The recovery rate of an ED can be descri bed as: f Here A
s t hed BEGYBIT Hpletee appleqdo ?ﬁ@ﬂ&%ﬁfﬁwefi%&f%thé d&flteﬁﬁ@pﬁﬁﬂaa%?&? ténd Prac
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ignoring the water mgration due to osnosis and el ectroosnosi s between the

dil ute and &breerdeneseitsercemaore pmbodimenly.arayiablg tvata sgrorery eyl anpldl tas :

different ED stages. During desalination process, the later desalting stage can be operated at
20  lower water recovery to minimize the concentration difference, or Donnan potential, between the
dilute and concentrated streams. Higher recovery may widen the Donnan potential gap.
Conversely, the early desalting stages can be operated at higher water recovery since the
concentration difference is not as high.
The recovery rate of an ED can be described as:
0L

A
Q;{rac

25
. P Qf
Here A is the recovery rate, <7 the actual flow rate of the product and =7 the actual

total flow rate of the dilute and concentrate streams. When ignoring the water migration due to
osmosis and electroosmosis between the dilute and concentrate streams, the recovery rate can be

calculated as:
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Here € and C e are the concentrations of the concentrate and dilute streams,

10 respectively. The high Donnan potential means that more electric energy has to be applied to the
ED system to overcome the high concentration gradient.

Typically, the dilute water from the first stage may be directed to the diluting
compartments of the second stage and then to the third stage and beyond. If the concentrate
water is also transferred from one stage to the other, the difference in concentration between the

15 dilute and concentrate compartment may increase which results in an increasing amount of
voltage needed for ion removal from the dilute compartment to the concentrate compartment. In
order to counteract this effect, fresh seawater may be introduced into the second stage or
subsequent stage concentrate compartments.

In an clectrodesalination system with a plurality of stages, typically clectrodialysis

20 modules are used towards the seawater inlet and electrodeionization modules are used later in the
process after the water has been partially purified. The ion exchange resin contained in the
electrodeionization module helps to reduce the applied voltage when the water is low in
conductivity. If an electrodeionization module is used on seawater, the impact of the ion
exchange resin in the dilute compartment is small. Conversely, if the water in an electrodialysis

25  module is too pure, a high electrical resistance will result which contributes to excess power
consumption.

In accordance with one or more embodiments, the transition point between the use of

clectrodialysis and clectrodeionization may be strategically determined and implemented. In
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liquid with a very high conductivity. Many concentrated salt solutions can be used such as

sodium chloride or sodium sulfate. This liquid can comprise concentrated seawater for instance.
25  In another embodiment, strong acids and bases may be used to flush the electrode compartments.
In some embodiments, if the cathode compartment is flushed with a hydrochloric acid solution of
between a pH of 0.5 to 2, the voltage drop may be minimized compared to the use of other
liquids. In at least some embodiments, the anode compartment may be flushed with either
concentrated seawater or sodium hydroxide or hydrochloric acid.
30 The concentration difference between the dilute and concentrated streams (Donnan

potential) increases during desalination, and the energy required to overcome the concentration
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With respect to the anode compartment, proton ions are generated during the oxidation
20 process. Sodium hydroxide or hydrochloric acid as anolyte may result in the lowest voltage loss.
However, for cost and safety reasons, raw scawater may be used in the anode compartment. The
module reject stream (concentrated stream) can also be used without any operational issues. This
will result in minor savings of pre-treated raw sea water.

Cl—e—»12C,

25 In accordance with one or more embodiments, ED stage-1 product water may be used as
both catholyte and anolyte. Because most of the hardness will be removed early during the ED
desalting process, the product water from stage-1 will contain low hardness. This stream can be
first directed to the anode compartment, which will produce an acidic anode outlet.
Subsequently, the product of the anode may be directed to the cathode compartment. HCI acid

30 may be injected to maintain the pH of the cathode stream at a level less than 3. This may reduce
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the ED;jf %Qe(fcél mayLBe SHEMAREY il dEd1inBEh QAT Y Smd PgbRfhid@i&HuHONt act
time may be nore than 10 sec before feed 15 to ED nodul e. The tank chlorine
resi duéab/pcméiiprtb@mgjebe ugedras ébsmfwt@t éspooensalry}@mng@pmmm thedd? fagd tandr 1IB50nV.
In SOIT%OI%IT‘% dhmﬁ Gemb\Ma et }%e S Wgt C ntE[t)tl% alﬂgr‘t:)l‘e R4 eqHa&ltIOOsrec E[%ore feed
concenttat e 1 s ust thé“elréctro ream anode€ reaction nmay
gener ateEDhhahildeTtgasnk chi@ingiredduat tnla;eaam,uﬁot etan{pi¢, ab 0 5Shp@nc bt ORPrieadyigs) may
be channel egﬁ&) the feed tank as a source of disinfectant. Strategic 20 use
of analyfe> elimnate the need for sodium hypochlorite in whole or in
par L. D ARCARHRANEE YW HIN G s Qv a B ED SRR bR S B (E())n@a%ra&eis used

i npl emented to control bacteria fouling. In one procedure, sodium
hypoc hlawheteéecaﬁ@ Hipamotha abedegcagsion mesyzersatg ghleine gasy die seedeetresm oatlet] eani ng
sol uti on. r i [ I pH
ovel  of R BCRE ERA R Hich Il R HR reod B R RS BB e
addot i ose @ifanla}yderma:)hélﬁnmate ti5ncad ifat. sod’lluinshypsaghlmtewewholb beincpagani ng sol uti on
from becom | ine _after addlt ium hIorlte An al kal i ne
C1 eani g SoRLEEOR i pisiretith chboBeE R T B SRRt el Cacy. ang
preci pivh@triPfoulhe. MLk Procddife, Gb@RM HPosRbitt hANhFBRYc RS R MeybaiRRdAS a
velocity of about 2 cnfs for a duration of about 20 mins. The ED device nay
then b& FeiEe i deangeankiien iy be aipated Yothrevidush e Flaorpreat 2 rpay i £k i s
return I 8 P may

be. { P e S sREnng Ml Rl HERER ey OBy S TE A RGP ROl Bl
hy @5 oclatidr iThisacdydprereopt the chedulied solotiorairoméavmnieg alkaline after addition of sodium

hypochlorite. An alkaline cleaning solution will result in lower chlorine disinfection efficacy
and precipitation of metals. The cleaning solution may be recirculated at a velocity of about 2
cm/s for a duration of about 20 mins. The ED device may then be flushed with seawater for
about10 mins before the ED device is returned to service.

30 In accordance with one or more embodiments, CIP may be implemented to control

hardness scaling. In one example procedure, hydrochloric acid may be added to raw scawater.
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WD 2013/ 006438PCT/ US2012/ 044937 A cl eaning solution may be prepared with
the addition of hydrochloric acid to a pH set-point of about 2. Acid may be
i nj ect ed wbeniymwes8red to maintain the pH | evel. The cl eamiusgoi2ol4987 on nmay
be recirculated at a velocity of about 2cm's for a duration of about 20

m ns. The ED device may then be flushed with seawater until the outlet pH

| evel is greater than about 6 before the ED 5device is returned to service.
In accordance with one or nore non-limting enbodi nents, an overall

treatment process may include disk filter treatnment fol I owed by
ul t r af i} eleaningoielutios mayscprenpras eidh the epdiip af hdeashlarsaeiddn 2 PHoicl-poietfhy

post- trﬁ&h@e')xclcgot ag% rPREd \ﬁ&é'h'rédlﬁx‘éd ?cfntaﬁi?ﬁlegs 26 tﬂl Ele&iﬁﬁgs%l R0 age as

pot abl e wat er e’ wat er Opreserve urt infected, if
desir emayéuedemylatadmdauslecltynoﬁeé;outcﬂcm/saﬁ)ph|duatlpmnﬁahouclmmmg TagEiDcddvicar e and

ot v cam i ticRaTR* Chi SFRERT BERUR ol IRl Ry e ThaPhudt i ARE O™ ©

di sgharjgad: ts@ctwast & sdirdey/cl ed through the system or fed to a downstream
unit operation for further treatnent. Product streans may be further
processed phi #icorlanesoifs e mase 8on-{imitingeaphodineenty an gy&pbstmergyo@sanyl e,

2 PH oy dge{&ie Al ARk @%%@E}( Hﬁ&ﬁﬂ&hoﬁ%ﬁoéédfm%xh 8*?‘? usted. In

sone e Inents, it may esira to mx, In part or one or
nmor e pdesilivatiost fOélawsdeJestmreatrmmneomﬂdmom onal unit operati ons may be fluidly
connect ed dgwnstream o ectrochem cal [ t. For l.e, _one or nore
ni T oper at PUNGhEg b8 b U G o Fikearne Bl o BRI il B r oaucr

st neampr&e&bd asfubéalignfdetd Meddsigd, iahd by &inf@kdin x@homphaaiom hicRdingni t s,
such as th?se i nvol vi ng chegocal or 20bi ?I aogi cal treatnent, al so be

pr esenfei@ureud indusirpdiel ahor emipnietos tabEEHIo8 At‘i‘fl?"b%ﬁ"&@“ﬂﬁ c5Hedy use or

di schan@fuced by the bRASHOMAANES oMb H%rb%llé’cfted@{dedlﬁﬂ%gdl {Bsko, rQPEePr nore
sensors may be positioned to detect one or nore characteristics,

condi t itlonegh the @ﬁ@m iogdeddp aglommetscapt uraﬁgpesettlpeémful@l@am@n@mt d?rOéIchstme
gener al | baeﬁﬁ %%00955\’\1('1 érlor tQ %Be Con]%l use ué)gt?e?% @s%norl 1sp0Ts ngor g%rgldieng one

or 25nmore of “the Sensor gur etect a concen of a

t anget lspeefl &godutt acig bf p@ﬂm& mh@rsltmgnMay&»elaﬁjue@dt hesotevintt®dinhéntQ nenay be

enmbodi nent,. one .or. nbre SensQrs na itioned to detect dg centratl on
B s o

at an CRTEPICIAEIGN R SUt WholG eng A Yot esipar PReAt goer? Wilce. In

anot her, él@ﬁods'n@aytﬂe%&?i%@ﬁie@%%ﬂTdowﬁﬁ?eafﬁrofrﬂ?er&ec‘ﬁ%@%{’ﬁléal%ﬁ P8 Padipld eped to
detect a pH level at an inlet and/or an outlet of one or nore conpartnents

of t he odEwrcEnit apsrasiony maybhesnfigrtsdde rrsaivs andoracess e syesterlipssicanayiche

associ g 8«?’0?’3‘ deilv @i 19 a”;}% dr?t o‘%ﬁ{@)%ﬁnﬁﬁﬁ@é ﬁm%f &cﬂ%s e ﬁl‘%olv d& J\/@lcﬂf ger

enbodi nmen senso etecting be i npl'emente

2018/ 0@&4@&61%@&26& ﬁia@tﬂtl’é@ib@ present to treat a product or effluent stream of the device prior
to use or discharge.

In accordance with one or more embodiments, one or more sensors may be positioned to
detect one or more characteristics, conditions, propertics or states of any stream, component or
subsystem generally associated with the device. In some non-limiting embodiments, one or

25  more of the sensors may be configured to detect a concentration of a target species in a stream
entering or exiting the device. In one embodiment, one or more sensors may be positioned to
detect a concentration at an inlet and/or an outlet of one or more compartments of the device. In
another non-limiting embodiment, one or more sensors may be positioned to detect a pH level at
an inlet and/or an outlet of one or more compartments of the device. In still other embodiments,

30  apressure sensor may be associated with one or more compartments of the device. In yet other

embodiments, sensors for detecting TDS may be implemented.
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I n sone enbodi nents, devices and nethods involve a controller for adjusting
or regulating at |east one operating paraneter of the device or a conponent
of the sywbem3/®usR as, but not limted to, actuating vaCTas2@anad448nps, as
wel | as adjusting a property or characteristic of a current or an applied
electric field through the electrically driven separation device. The
5controller may be in electronic conmunication with at | east one sensor
configured to detect at |east one operational paranmeter of the system The
controller may be generally configured to generate a control signal to

adj ust one &rsa¥s @ng@@énmts’ dﬁ‘épesmag arthods invioly cragopiplies feradistngpral  gener at ed
by a s - Eor . r f iye a
ey oo g R e Bl B e R B B o o
or subdysiehmofed tdhectdatngoe]ves and punps] 8¢ Well akeadjwéng Tipeopeonbr daketerisypoical | y

i ncl udes _an al gorith hat I litates nerati.on of ar |east e out put

o1 gnau S or 3% ol sler ey el e SRR kS ShyBhen S35 B eoent at i on
andsa taitgfler May B85 fledronil dothnliedatias with9eleafl@hbensditonig@tdantecvit h one
or nore particular aspects of the invention, the control]er can be

conf i glfasiPneereigtienal parameispplelfe aysian okhotongpljerapavbersagat e eodiessdriey of any
stream i .CEe, : I taShonal to
g&'ié?ﬂlé LREn AR n E?l to AsAROGE Aok egﬂl%lhénglabaﬁégréf ﬁ@@gﬁ&&@ il SI%%'ag

any of “15t treat system conmponents, I n evi ce, to reduce
any degemtratothbyf s¢rver. hea sxangde, phopatrollerfoan e sortfeugmeltto verkiye a representafion
accordance w.th one or nor nbodi nents, a contrpller e.confiqgured to
ever s 8T soipich, Bipest, R FIR RPFLrinfih e B S e S¥ iR e e
conbr okheadevivry The coiroliomiypidhiGaintidbeVint g @ifiem Ghiat FRRIIRatSERBO S 0L 6Ndtiigr ed to
provi de a neasurenent. signal _which is 20representatjve of a concentration
of a t&PgeYPEEREYhich ISYRICHLLPASEE Qb ICATAROIGP %PYtQ?éhf‘dr@meé@tatwaran Ranpl e, a

pr oducty, §&ifo@ kiR vilubGud o8 ARPAITE M abrdbi& WiaYdior nhdte PARBLIGMRAAIBNE S, a
conductivity level, pressure or concentration nmeasurenent nay be detected

by a sémsiovensing, thoaeniielleratas de configvecdioneqcoiclageprehetioonf avl dfermemayree
conf | OBt 8 9G5S GRNLLEL .80 DR N LERROIRE Aol BRSIHGE TR eront

bei ng e’ or exceedi ng a%p edéter eve e contro may
r evier s eéhguedaghérit yysfm asmpdreatsy inCluding tlendevappbirathct hiiyodyhutivhef devaeursd as to
regenerate a nenbraneyﬁﬁenedia in a conpartnent therein. In sone

enbodi RPEWCLY fioRk? et signal may be sent to a power supply associ ated

with the deyl £@oRBS&Aviat odcERHhorP 8fnbbdd@hnkeNts ONcdnhi11FBRS WEBNLursd BNl erse
In other configurations, the controller can be in oBen-Ioop‘controI,

provi diPalgribr of e gtegiregusueerbed thenugh disedesiice nghe enndiotlpionay finat | east one
conpon e | .

e 8, LB PSRt AR L BRSSO 680
pr edef ir¢peckcstatiedefl asgont dndriatisrevfer eexst dveicpml axtichy agfoctale vapptht devied, éat ri

1, B LaI b U St cam Aol BRD LI quah, (he sguice, Trom o
nor e sepsRicavity Rl &MRedsar! @ cbicchitfiohid IR meMtnINES N QeSt @Y e dfd a
communicated to the controller. The controller may be configured to gencrate a control signal in
response a received measurement being above or exceeding a predetermined level. The control
25  signal may reverse polarity of an clectric current applied through the device so as to regenerate a
membrane or media in a compartment therein. In some embodiments, the control signal may be
sent to a power supply associated with the device based at least partially on the measurement
signal.
In other configurations, the controller can be in open-loop control, providing or changing
30 one or more operating conditions of at least one component of the treatment system. For

example, the controller can periodically generate output or drive signals, typically according to a

25



Srepresentation of a property or characteristic of a streaminto, from or
within the device, or a property or characteristic of a current applied

t hrough twe 2dsuioe8 For exanpl e, the one or nore sensor 2Ctars2die/oemaf i gured
to measure and provide a representation, e.g., a neasured signal, of a
process condition such as the pH of any streamexiting any of the
conpartnents. The one or nore sensors can al so provi de neasured
conductivity or resistivity values of any of the streans 10into, from or
within the device. In particularly advantageous configurations, at |east

one sem&wefipesricheduln fhaf rsersesghp pefotiaef shorapphiedslentrg field, angypreferablys the

nmeasur e e c S target

e SHE [ b B L e FOAEROAGHAD Pl B! O

conpar prelktesnink asargementt of concentrati on can be effected by, for exanpl e,

t echni ques erein sa di cal retrieved and
anal yzed, omgﬂéfl&??es&ngoé?ﬂmpqi%?fg%ﬁ Hﬂﬁ% FVt a %boﬁlé%%nr PIOYIEE A5i de st reans.
Prier tgréscpatisesta gbpdread chabatridti df'él@tr@{rﬁ!ﬁit(b’ %ﬁierast GathindBY t&8sc, ar yari ety
of pretreatnent procedures can be enP oyed. For exarrpl e, pr et r eat ment

t echni @&é@r%ﬁyc}ﬁ@%ﬁrmw ke wnBammEed thyeebrthe dryicerdpr euwPk. thesBIiog®1o8F ot her
mat er i at, AobErt elogsu & duce.ther i,Ci St.age or
devi ce%%a%:sh: b@%m sgﬂ aegltgr)lg eosr\{x% ﬁlﬁﬁ\élagAg&)o%%ﬁo lﬁ{ Elgnlatl a urt9 (frl glgﬂ%ent may be
20pr ov mdwdssmondlenmw;:hals thegab of aanyptrmrn oxitiog a@}usﬁdbﬂd@dpasmantﬁs Theoht or dal

subst ances and/ or azo ut Pr et gat ment

oo e SRR s Bhn 354 s HraSir i Elndle P f Rl A et Bl SR R e, ¢ or

exaop! énto pedrh beWithin@hd ddvideatth particelam@adviahtap@iub 0ohfighadtiday) af ichdtibat s@Bor
ultrafiltrati on nanofiltration, mcrofiltration, gch as cross-flow
m cr of 7 PayilERd QRRBIdR AreREFRsNiatien by MirgeGPHENCHOp BY REP*¥nof#BE hods di r ect ed

to the cB%éHﬁ?xtio%rbf‘af 1cR&bhd f%li"ée@&lf‘e%res Afind SE MO sBrediA 1dat 'JB@ d@ﬁc@%@fr@ﬁl 2@&5}%@-' inity
of feed water nmay al so be perforned by, for exanple, addition of an

aci d, lﬂwsfe)rrmartmmﬁeMeawemmtoﬁwca@rmon@m bﬂfé@tqddwh&wwnplségémwcbn may
foll OW e iPL S éasaatr?ga%h R a].IIOCPfaH& t?l'é\(?)vcf acril% a\rl\llglgged Qla agfgedase%l(:}SI red final

purity. roc & cart devi ces oper at I N any suitable
f ashi omoﬁthﬁml}aﬂllﬁcb@\heﬁebhmocmdermalﬁﬁ oduct and/ or effects the desired

treatnent. Far exa e vario enbodi nents. can 30be oper at ed
cont i nuous| Yok t@@@@ﬁf? CPd W, tahtn.tﬁﬁela%tr%?hawceloqﬁvwﬁmamrw IRt | vy,

per i odipeblivtes @ tr%\éﬁ{ibldylé@nF&e&%ﬁ le %’cr&dtm@ﬁt&@oh%%%%@ﬁﬁ v BRYti[#ca 9nhRge&NP! oyed
wherein feed is typicall WO 20 06438PCT/ US2012/ 044937 passed t hrough

t he dewas thamay rcomméOllﬁ)i/w@he@ maﬁmylwbat @s?é/s}é@rfmrvadw regpce el ddheibneyecond
device cAl & Cﬁ%cotr LGl s&c%%rb tsrb%{hlgg)?‘fdlﬁﬁg T ?ﬁo&@ﬁ{lﬂl s ﬁ C?ﬁ]ﬁgﬁé ated with

one or nore her “unr’ts, onponents.
corponentvsdedna fantiovs ub]@ysﬂtaquldmgf suspehdbdesomlspasl oigulipgdstant@rakad/or sxﬂmsoofs

ooy sl Rt ke B et Rt preeBeLpanpe Doy Hham 8 S haer st oo

that t kigvisy stdemiBy intRAATHA@MpRN ParlTBl e dtrdiRN, RAd UsREioh NcafRTRE AN W th a
wi de variety of systems where the processing of one or nore |iqui ds may be

desir e@ltraﬁm%wntlra@OEHtr@&@mun@auoﬁét%@wﬂlplmaﬁ devr ity migroblEratien |cemb@la%<gpSt hose of
or di na"[ﬁ’eréc%f ahd ofhﬁr egﬁaﬁl&& m! ge%g:dftcp{heel"e 3&#}2@1 ?ﬁcupz&&c rgm?)m
depart Ing Tromthe Scope o e I nventi on ncti on n a vant ages
of hete I&hdndzjdnhaékahmtboﬂfeﬁréwagr wial lalsb ée porfernfed blyyfor example, the addition of an

acid, base or buffer, or through acration. Electrochemical separation may follow any

pretreatment operation to provide water having a desired final purity.

The clectrochemical devices may be operated in any suitable fashion that achieves the
desired product and/or effects the desired treatment. For example, the various embodiments can

30 be operated continuously, or essentially continuously or continually, intermittently, periodically,

or even upon demand. Multi-pass systems may also be employed wherein feed is typically
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understood fromthe followi ng non-limting exanple. The exanple is intended
to be illustrative in nature and is not to be considered as limting the
scope of wheosmoessnments di scussed herein. 15 PROPHETI CPEXAISPLIE/044937
Seawat er has a concentration of about 35,000 ng/1 of total dissolved solids
(TDS) or a conductivity of about 46 nS/cm If the set point of the first
stage is 25 nS/cm and the water recovery is about 50% (calculated by the
equation; % recovery = (dilute flow/ dilute flow + 20concentrate flow) X
100) the conductivity of the concentrate fromthe first stage will be about
67 nB/ oascd threugh thgsdavicertye r fivee finess pr wey jepdped theoughdn epirehteeete i s used
to fee I nd

Stage, FHe Cnran A hma e 1 Bty bR ARG Fik P of R ERRTT
fres h sieavwassembliss, ansdéot dompbeeds t Avecildop cemporan e asd/loewhsysuemmm achidd st age,

t he Donnan vol t t 15. 66 a 0% reduction. This
%5 oot TisN i SRS IRy RY o M e ove g PENa R SREREERY Ly 0f { he
wat er ysiedstt@s frreebdpbrticanaral badretid JfeRRySR M. affect the overal | power
consunption of the el ectrodesal i nation praocess. y different conbinations

of feeding $ehodtde uﬂ@?@&%’s@aﬁ}éhﬁysﬁlﬁg@c%h‘@é ahd mealwé% Py Re UEdit be used to
obt ai n .Lhe LOVeRh a%&esélzmeﬁr (Q% Q%n s WAk @lgzej% P@és%%@? 6&%&1}1&9}1 1ﬁ§1 ay be
ow a counter -

concentrate streans oW C i guration

conbi ndtiieds Thne thal dortprs siphtagon 36/ icaM® 20130 Di06d BB PCTE QBE@IBZW@M%'IMEXANPL E
1 eri ts re conducted, t o .dete ne where t tran sition point
with r aESSEEFE R QR BT SinOR aSRL TR A0 SlRo i EM5R’ bet waen ¢ he
usegoof el ectrodialysis and el ectrodei oni zation. The transition point was
determ ned to be between 2600 ng/1 to about 5000 5ng/1 with the preferred
transition point in the range of 3000 ng/1 to 3500 ng/l. By using an

el ectrodei ofhZ alncBoh ARCHL Enthdts HRBCRY 2RQ%Rr EAMBbBmMMIRRVill B8 MRl RAilyl S purified
to this range, the power consunption of the process was m nim zed. EXAVMPLE

2 10A ﬁmdnrstg@@@eméhfe&)ﬂlpwdﬁgwhrlmatm@ nxeq,l}m eﬁhec@mplpless miendhd tsebositlagiesivof
el ectr ?n na Sa'nél ogt gl%e co%%lagrgd Qs li 6121% I ggftﬁggm Odl Etf%l %lﬁsggd Aeipat ur al

seawat er . Y € CONnsI s sa d or
chhorlnatlon, and cartridge depth filtration. The process dlagran1for t he
el ectrodesal i nati on systemis i .. The ED dilute was provided
in series flow and ﬁké%HETI EX}ﬁdﬁiE

Seawater has a concentration of about 35,000 mg/1 of total dissolved solids (TDS) or a
conductivity of about 46 mS/cm. If the set point of the first stage is 25 mS/cm and the water
recovery is about 50%, (calculated by the equation; % recovery = (dilute flow / dilute flow +

20 concentrate flow) X 100) the conductivity of the concentrate from the first stage will be about 67
mS/cm. If the water from the first stage dilute and concentrate is used to feed the dilute and
concentrate streams respectively on the second stage, the Donnan voltage will be about 25.31
mV/cell pair. If, however, fresh seawater is used to feed the concentrate stream in the second
stage, the Donnan voltage will be about 15.66 mV/cell pair, a 40% reduction. This is just one

25  example of how varying the recovery and conductivity of the water used to feed the concentrate
stream can affect the overall power consumption of the electrodesalination process. Many
different combinations of feeding seawater to subsequent stage concentrate streams can be used
to obtain the lowest possible Donnan voltage between the dilute and concentrate streams. Co-
flow and counter-flow configurations and combinations are also possible.

30
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the ED concentrate was provided in parallel flow Stages 1-3 each included
an ED nodule. 15Stage 4 included three parallel ED nodul es. Fresh seawater
was used o 20oes38r at e feed for the concentrate for ea®hTatSage/0443PI D
control was used to control the voltage and current to each nodul e

i ndependently by sensing the inlet and outlet conductivity of the dilute
stream The el ectrodialysis nodul es used for the first two stages utilized
a three pass folded path configuration. The third el ectrodial ysis stage
used a five pass folded configuration. The 20 el ectrodeionization nodul e
used a two pass fol ded path confi duraMPE.1 The inlet conductivity averaged
about 46 nB : I LVI : or about
500 ng/ 1 of ﬁ%%ééflﬂglhﬁse\%s%§t81tédr%%%gg€g%tgrylﬁ%wﬂ@gé%q%géggﬁﬁh%g%ra éeér%gage power
consunpbivenconsunipt®nkwetsiisrgal s mekhidwhould bé-b&webithic lubaistt al atriodiglyss wed
consunption . as.a function of tine. The pawer consunpt i refl ecte e
Cotal BleRuiiAuptofhe Sislon sl s S REP b BE e 2 B bEL ey TEa s

251 pef il elle ihe preférasicttbitivh byinblRt the aagPbEIMOLAL br3560 Gg/16By ukhg -aver age
seawat er conductivity was about 32,000 ppm TDS and t he average product

wat er clssedeiqnization wedulsppthe Psergssit Whe! theweiirds putjcdtiafieraggs 15 s shown
in Fl G 86 coﬁgﬁh@(}%@f%%@gjw@@@, §1%Hi1¥1iz§&ab| e with fluctuations due to
variation in product water quality and current setpoint. CED resistance
was likely lower due to resins in dilute conpartnments. Flowate data is
presented in FIG 6D. 30System fl Lﬁ’? allowed to fluctuate, thus
keepi ng the pressure drop constant- al system pressure drop was
abaut 1.5 barfoudiiggeat&talidsaliReion 8¥syerh adapiviss hbRWtagdD0belddnediaMs and one
2013/ 006438PCT/ US2012/ 044937 performance of the el ectrodesalination process
in ter AREHPT Pertiorciopirint 13destdkonshasepls eV AFY yIhesresoterng 6?P;§E§F%d>ft5%ﬁdot her
desal i Ratj-aA feaACLIAGESion BXAVRHEIR RHRIAEAIAN HEPRREEBL: S iffidheat ed that
about 5% energy savings is possible using variable water recovery in

accor dalvetodgsalnateresystenms skoveminddGrénilse ED diluteavdsi iybvideciovsernss froat andnas

appl | eqhe% Icg&e}ltl}]aﬁe LAl trlog{deg Ii]a a%alﬁefl t()\bve Sgaeéé L e Efi’lﬁ?@ n ]':f‘ﬁcrinoa(‘iuiec.)w .
recovery rate wWas appre at the later st§ges. “he goal” was to naintain the
| owsst Spaps giibdledddahico pahll¢lBEDIshéddon Fedsh esuwaddr ivaRn Sisdieiswessentrite faxdifeent r at e
and dilute conpartnenis. This_ is 10 beneficial tq reducing the ener

penal t %%@Bg@%ﬁﬁf FEh B PAP RaFol VAS “%Wdﬁﬁo?tFPqﬁle‘quﬁlt&%%%‘élt%Wnt to cich
exper i fRALRI in@PbAdenBP 8y BLRGAN Bk SnFMTRt EHRUGRNG VT AT RtSIEAMTAL every
4th stage in the whole 21 stages. The other way is to dunp the concentrate
st r eamelpetrgdiplysig moguleq gie foritBe first oy Hages agbzed aptbiee phwdeldedwatbper at i ons, the
entire o r Iy P i , e second
met hod c%@r@% ?t{og' ? é@ E}érgp&éﬁrﬁggg{sg? teﬁ?g%g nacﬁe‘%'[B rags{]j?gﬁég %ﬁ%%(ﬁbgl \L;veen t he

st rneanslectradcianiBitizn aopansdl 4 wvolijasdfoldedtpath donfigtrati@t. hdbk inlethosluctivity

averaged about 46 mS/cm. The outlet conductivity was approximately 1 mS/cm or about 500
mg/l of TDS. The system operated for 1600 hours with an average power consumption of 1.8
kwh/m3 as shown in FIG. 6A illustrating power consumption as a function of time. The power
consumption reflected the total of desalination power, pumping power, electrode losses and other

25  inefficiencies. Conductivity data is presented in FIG. 6B. The average seawater conductivity
was about 32,000 ppm TDS and the average product water conductivity was about 500 ppm
TDS. Module resistance data is shown in FIG. 6C. Resistance was generally stable with
fluctuations due to variation in product water quality and current setpoint. CEDI resistance was
likely lower due to resins in dilute compartments. Flowrate data is presented in FIG. 6D.

30 System flowrate was allowed to fluctuate, thus keeping the pressure drop constant. The total

system pressure drop was about 1.5 bar. The overall recovery rate was about 30%. The
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vari abl e recovery rate operation can save about 5% energy in the desalting
process. FIG 3 illustrates the EDJCED transition point wth variable
recovery wootsztoed3sf energy consunption vs. ppm TDS i n BDTAISodoo4493F G 4
illustrates variable recovery with fresh seawater and data of voltage drop
per cell pair versus product TDS. 20 EXAMPLE 4 An ED configuration was
denonstrated with seawater using a velocity profile. FIG 7 illustrates the
ol d and new configurations. In the new configuration, an increased velocity
was applied in Stage 2. Table 3 indicates the velocity profile of ED Stages
1 and PcHprmmnCcosthe plaetiaggsdinpiém, Progasy PUGBISOT GABSPOTA WO} gsBgalivabl e 3:

1820.4%né§$%%??@%éﬁ§§t§%¥éégggngztg%ﬁ&geég FIG 8 illustrates inprovenent

in proce er 1 ncreasing ocity in Stage 2. 5FIG 9
illustrates a decrease in Stage 2 nodul e resistance after increasing
velocity in Stage 2. FIG 10 illuiﬁéé%@iE decrease in overall power
consunption after increasing velo age 2. EXAMPLE 5 Mul ti pl e dunps

on the concepbdratbBtexptiifant WakcatdMRASbsatedenctdy Wenad ispatdisleushl variable
water recovery in accordance with one or more embodiments.

A high recovery rate was applied during the initial phase of the desalting process and a
low recovery rate was applied at the later stages. The goal was to maintain the lowest possible
ratio of the stream concentrations between the concentrate and dilute compartments. This is

10 bencficial to reducing the energy penalty caused by the Donnan effect.

As shown in the laboratory experimental data, one method is to dump the concentrate
strecam at every 4th stage in the whole 21 stages. The other way is to dump the concentrate
stream at 6th, 11th, 15th, 18th, 20th stages. For these two operations, the entire water recovery
rate is the same. From the experiments, the second method benefits to keep a moderate

15  concentration gradient between the streams (ratio 8.2 compared to 11.4 in the first method). This
variable recovery rate operation can save about 5% energy in the desalting process. FIG. 3
illustrates the ED/CEDI transition point with variable recovery and data of energy consumption
vs. ppm TDS in ED product. FIG. 4 illustrates variable recovery with fresh scawater and data of
voltage drop per cell pair versus product TDS.

20

EXAMPLE 4

An ED configuration was demonstrated with seawater using a velocity profile. FIG. 7
illustrates the old and new configurations. In the new configuration, an increased velocity was
applied in Stage 2. Table 3 indicates the velocity profile of ED Stages 1 and 2 after

25  reconfiguration.

29



10nodul es, the concentrated stream consisted of two dunps for each nodul e,
both parallel to the fresh seawater inlet. The desalination energy
consunpt WO 20iXdec38f f erent concentrated stream dunpi ng wag/usadicobeased as
shown in Table 4 with the follow ng assunptions: (1) desalinating 35000ppm
NaCl, 250C, to product 500ppm (2) nenbrane area resistance 2.8 ohmcn®,
and current density 1535 A/nR2, (3) al pha paraneter (reflecting conpartnent
vol une occupi ed by screen) 0.45, and beta paraneter (reflecting nmenbrane
surface area occupi ed by screen) 0.70, (4) osnotic perneability 4.5

m / (n2.TebleBar ), and el ectroosnotic pernmeability 3.7 nol-Water per Faraday,

(5) wa ng current efficiency loss, (7) ignoring

el ectr =T , 438PCT/ US2012/ 044937 Tabl e 4: Dunpi ng
e \

nunber \§§\\ | i 2 1.8332 4 1.6865

FIG. 8 illustrates improvement in process efficiency after increasing velocity in Stage 2.
5 FIG. 9 illustrates a decrease in Stage 2 module resistance after increasing velocity in Stage 2.

FIG. 10 illustrates a decrease in overall power consumption after increasing velocity in Stage 2.

EXAMPLE 5
Multiple dumps on the concentrated stream was demonstrated. In desalination ED
10 modules, the concentrated stream consisted of two dumps for each module, both parallel to the
fresh secawater inlet.

The desalination energy consumption with different concentrated stream dumping was
calculated as shown in Table 4 with the following assumptions: (1) desalinating 35000ppm
NacCl, 250C, to product 500ppm, (2) membrane area resistance 2.8 ohm-cm2, and current density

15 35 A/m2, (3) alpha parameter (reflecting compartment volume occupied by screen) 0.45, and
beta parameter (reflecting membrane surface area occupied by screen) 0.70, (4) osmotic
permeability 4.5 ml/(m2.hr.bar), and electroosmotic permeability 3.7 mol-Water per Faraday, (5)

water recovery 40%, (6) ignoring current efficiency loss, (7) ignoring electrode voltage.

20
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10 1.6203 FIG 11 illustrates the spacer configuration and nethod of
mul tiple concentrate dunps/passes in an ED nodule. 5 EXAMPLE 6

Experi merwe 20svm@6438nduct ed to establish the transition poirus2610/04437i ven
spacer thicknesses. Thicknesses were chosen to match the |likely thicknesses
to be used in a denonstration desalination plant. The experinments consi sted
of desalinating NaCl and synthetic 10 seawater solutions wth an ED nodul e
and a CEDI nodule. Voltage drop data was coll ected during each run and

pl otted for conparison. FIGS. 13 and 14 display the results. FIG 13
presentlgbled: vs. EDI for NaCl desalination. FIG 14 presents ED vs. CEDI
for synthetic seawa —For NaCi—sotutTors, t he opti num
transition point fo|r tPé’%‘@mtgHiugEﬁ’ésses was sHOMY to be ahout 2800 ppm TDS.
For synthetic seawafer solutions, the opti rrumﬁ/agfrltl on |15 point for these
t hi cknesses was sholwn to be about SOBO ppm his trlansition point is
subject to change wth differing thigcknesses,agg sol utior conductivities.
For exanple, when testing wth thinner ED spacers of 0.38 nmthickness, the
optimum transition point noyved to abput 2600; ppm and thig trend woul d
likely continue as fthe thickness gapl between FD and CFD |decreases. Al so,
dependi ng on the iopic makedp of a gj ven 20spbgds on, the [conductivity may
be different for a i ss conductive than
a NaCl solution for| a givenlOrDS. Thifg likel yl- X ains the difference in
transition point in—theexperrments———WO2613+606438PCTUS2012/ 044937
EXAVPLE 7 A four stage systemas schematically presented in FIG 15
was oper at e(HI@tlltlhﬁstiaﬂﬂitlﬁ@ép@@kr‘é@tﬁ@iﬂrdtioﬁ&nd Ry d o vl tepl € evticantigsd 2880 cel |
pairs. A 40% recover 0 kWh/ nB was achieved. It was denonstrated that
reduce(S‘u‘FlP%{WSP%?tléaS} é‘&%@}l l§reater energy efficiency. 5 Whi | e

exegpl ary enbodi nents of the disclosure have been discl osed nmany

nodi fications, additions, and del eti ons may be made therein wthout
departing fromthe spi ri t and scopfé%MPLEé di scl osure and its equival ents,
as set fort kit art woul d
readily appEé ffrla ?st\ﬁ 1§ c?%élc%g&? %Sﬁéﬁlsggllanea%§ﬁ0§3018 %g% }Ve lgatcl ons descri bed
herein tlacleleman’fhlblmeb@s evcedghoadnyto annadc}ithahkagz thicdnepas &)fﬂ?;'[LSEdSlnémd

demonstration desalination plant. The experiments consisted of desalinating NaCl and synthetic
10 seawater solutions with an ED module and a CEDI module. Voltage drop data was collected

during each run and plotted for comparison. FIGS. 13 and 14 display the results. FIG. 13

presents ED. vs. EDI for NaCl desalination. FIG. 14 presents ED vs. CEDI for synthetic

seawater desalination. For NaCl solutions, the optimum transition point for these thicknesses

was shown to be about 2800 ppm TDS. For synthetic seawater solutions, the optimum transition
15 point for these thicknesses was shown to be about 3000 ppm.

This transition point is subject to change with differing thicknesses and solution
conductivities. For example, when testing with thinner ED spacers of 0.38 mm thickness, the
optimum transition point moved to about 2600 ppm and this trend would likely continue as the
thickness gap between ED and CEDI decreases. Also, depending on the ionic makeup of a given

20  solution, the conductivity may be different for a given TDS. For example, scawater is less
conductive than a NaCl solution for a given TDS. This likely explains the difference in

transition point in the experiments.
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configurations will depend upon the specific application for which the

el ectrical purification apparatus and nethods of the present disclosure are
used. Thoweeiddobssd in the art will recognize, or be ablPeTius2@a120€4982i N
using no nore than routine experinentation, nmany equivalents to the
15specific enbodi ments descri bed herein. For exanple, those skilled in the
art may recogni ze that the apparatus, and conponents thereof, according to
the present disclosure may further conprise a network of systenms or be a
conponent of a water purification or treatment system It is, therefore, to
be understood that the foregoing éRbdMiPkENt s are presented by way of
exanpl e onl it Q. . | B . A
equivalents%H%ggﬁ%%%&?ﬁ%k%?gngggﬁggggﬁggéF%ca'qgﬁﬁggﬁ%g%?ggﬁgggggg?us and
net hodselveieh eEqrh antdutadntittd 248G eclt fram. Ast0Specbidrg al 2. kisot waed. The

present a ratus and met hods are di.rected. each individual feature or
et hod “UERn getErerIr e el BTk Vi iRgty shvsr <fifer “for e such
feakures, apparatus or nethods, if such features, apparatus or nethods are

not nutually inconsistent, is included within the scope of the present
di scl osure. 25For exanple, the housing may be of any suitable geonetry such

that one or Wmfe%xﬁgﬂﬁm&%émé&ﬂﬁgéigéelBscdﬁﬁéUg%eﬂr'{i‘iiséléseﬁ‘?ﬂange secured

wi thin. For exanp ousi ng nay ndrica pol ygonal , square, or
r ect angnddaficatiist bdditegpar ahdideletihes meyrbe mnde theleln witlaok departthgrfodutherspuniti t s, any

sui tabl e, geonmetry .i S, acce ble.so | on he ce st ack.or nodul ar unit
o beaSd SSPERHE clsRioE TR b edtifienkd Ak Brinif ofelioShBE R s nocer o' may be
reabangul ar Theseskarea in $Q attivoudd tcadlity Spheditaibot the varidio psian@tef®@yndnot be

requi red. _The gegonetry of the nmenbranes and spacers may be of any suitable
geonet CYMEIVEHIONR describd hegsn ﬁ@ﬁ%@%@%@ﬁ%@lﬁgf %Paﬁh"déc%l%ldﬁfaé@tefw&/

2013/ OQEARBRETHUSAPIZAFHH WA pG&kibn 8raich h cRefcal fhrigelali ment s,
the geonetry of any of the housing, cell stack, nenbranes, ‘and spacers may
sel ect eppargus oidstod thopesent dscddsupaarateade ridogst skilled iethsartrwidlabcognize,
purificatli ratus.. For I .t h [ rical to
Pecomshat e FPRE B Eend % pRls AR Pt O SRR B D B PR e
st rieanspechikmbodimerit{ ddssrihed Heecira pipsres iraple dthyarskilled imthe artahdyaBsagnize that

nodi fications, and i nprovenents_w |l readjly occyr to thos killed.in the
art. SHEPPRAERE A GARPO preabh ?%fﬁgd,m%%ﬂl? ﬁrﬁ?% HeATge %&%‘ﬁ%ﬁ‘&’éﬂ“ﬁo be

part ofy feRicik df $&1cRRW: Be a 3BEpScBt bt REEFHIriRatS WM dcBintent HRtHPI kit and scope
of the disclosure. For exaone, an existing facility may be nodified to

uti | i zéheseforentodicpdensieod iyt Badotseoing pabedipents gregfreschied 8y swy o examplahus, in
SOME CARRSqkie &‘iﬂﬁ@fh%%‘d@@o@%{%&ﬁ%ﬁ ol ¥s Mh"é?;&]ﬁ{gl}e%%ﬁﬂé}&%cﬁlle rdgcl;gged .

configurrng an 'existing ractli o conprise a ectrical purification
appar atlestrical purification apparatus and methods may be practiced otherwise than as specifically

described. The present apparatus and methods are directed to each individual feature or method
described herein. In addition, any combination of two or more such features, apparatus or
methods, if such features, apparatus or methods are not mutually inconsistent, is included within
the scope of the present disclosure.

25 For example, the housing may be of any suitable gecometry such that one or more
membrane cell stacks or modular units may be secured within. For example, the housing may be
cylindrical, polygonal, square, or rectangular. With regard to the membrane cell stacks and
modular units, any suitable geometry is acceptable so long as the cell stack or modular unit may
be secured to the housing. For example the membranes or spacers may be rectangular in shape.

30 In certain embodiments, a housing may not be required. The geometry of the membranes and

spacers may be of any suitable gecometry such that the membranes and spacers may be secured
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Accordi ngly, the foregoing description and drawi ngs are by way of exanple
only. Further, the depictions in the drawings do not |limt the discl osures
to the pawOi2es/msd3g il 1 ustrated representations. As use@Cimarsedn/o4498e term
"plurality” refers to two or nore itens or conponents. The 15terns
"conprising,"” "including," "carrying,"” "having," "containing," and
"involving," whether in the witten description or the clains and the I|ike,
are open-ended terns, i.e., to nmean "including but not limted to." Thus,

the use of such terns is meant to enconpass the itens |isted thereafter,
and eqmlthan eerlkstadie feefriaimembgsiiments, thaieronicaial any ofitke hausing. edlestackansi t i onal

phras e?h gﬂﬁk Satnh @ c@ifs ﬂfkglecf\ea N5 h&%h}ﬂ%dﬁ%% 1@Aa|1 y\/ellrglﬁetersa({f?hecélé)& (%}[I or

sem - close tran5| I ona hr ases, respect espect to
cl ai s putiBentioh appadatnsl Fdremmpls uhhsmser'é fiay db a§yrﬂmetuoaddo ﬁcdbtriqudte" and the

i ke i h t t b tsel f t
or  or | By Tergece Be oo GRO R GRER RGP BRI over nother or the

t enpor al or gefhdr/it Whb 68 agsitGated vaidie hitaskiak emp@fit Qioh® dnd bHprodéettsedl merel y
as labels to dlstln ui sh one cl ai m el enent haV|ng a certain name from

anot hercadj! éwtm@weﬁéﬂb@d%% afamcl pligrations. edfigitioph ane HAPAYEMEET H#Hf 25t o

di sti ngﬁ’lér?d%dtt(h? Lg RRIRRLS . apihia! 1n{c§lgé:ci t%'b@%t}fu?the sﬁ@t and scope of the
2013/ 006438PCT 2012/ 044937 CLAI'MS 1A desal i nation system c%npr|5|ng an

eIectrddxb&vs:EOK@Qnmﬂevmceﬁnadh@hbun%ddenmhﬁwhmummZQEDmynﬂeukneybhdely

connect ed do f FD dEVIC%j @gSa C ntr %x%onflguqed to

det er mi"he® Sﬁ’ %E)P SPIPEH{%. £ TSmrCaisat B8V Ces with

I esipecicohiRc MO cof ARG IHFRIncQRtian theBRY to doaippivahn el@dﬂdczﬂ lp[lilfi@ﬁloﬁ@ﬁﬁdr@lﬂ.ed to
bring the EDI device online when %Wﬁroduct §$rean1of t he ED devjce achi eves
the optiSHRfitiNehai PIegRing SPYeIPlaDZdHaV Egs iy oYyl X mmle obfe rther: the

opt i MURLAiE@RRIif ﬂl@'&lrﬁ@hg’st dd ot Basede aRc Ml AGeh FLRcularB 111&11%‘[6%1)’5'[ em of claim
1, wherein the optimumtransition point is based on cell thickness.
representations.

As used herein, the term “plurality” refers to two or more items or components. The

kN9 kN9 kN9

15  terms “comprising,” “including,” “carrying,” “having,” “containing,” and “involving,” whether
in the written description or the claims and the like, are open-ended terms, i.e., to mean
“including but not limited to.” Thus, the use of such terms is meant to encompass the items
listed thereafter, and equivalents thercof, as well as additional items. Only the transitional
phrases “consisting of” and “consisting essentially of,” are closed or semi-closed transitional

kN9

20  phrases, respectively, with respect to the claims. Use of ordinal terms such as “first,” “second,”
“third,” and the like in the claims to modify a claim element does not by itself connote any
priority, precedence, or order of one claim element over another or the temporal order in which
acts of a method are performed, but are used merely as labels to distinguish one claim element
having a certain name from another element having a same name (but for use of the ordinal term)

25  to distinguish the claim elements.

What is claimed is:
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4. The systemof claim1l, wherein the optinumtransition point is based on
conductivity. 5. The systemof claiml, wherein the optinmumtransition
poi nt i s WwetasimesBout 2500 ppm and about 3000 ppm 6. PChaAISsy0e4y3Df ¢l ai m
5, wherein the optimumtransition point is about 2800 ppm 7. The system of
claim1l, wherein the controller is further configured to adjust a pH | evel
of an electrolyte in at |east one of the ED and EDI devices. 8. The system
of claim1, further conprising a pretreatnent unit fluidly connected
upstream 250f the ED device. 9. The systemof claim1, wherein the
controller is further configured toCh&M8rm a disinfecting or

cl eani Rg-i np i .at ..l east one of the ED and EDI devices. WO
2013/ 0 6438éé#?%@?@@ﬁ%%%ﬁ%@%ﬁﬂ%ﬁﬁgA met hod of providing potable water

conpri si ng: afi klgctdddyalyon@idtdenge;a seawat er feed streamto an inlet of an

el ectrical purjfication.s t.he.system c rising at.]east a firgt
Stage and 2 LEEBHEELL Rt u R SR R RAR SBgar o hEBR e oty 4t o
from the fi asbniedlRgeonMgurditd H&brniiad & ofRIMRGR Veiditheh Ydktek v def KT ag€cond
stage at _a second rate that is less than the first rate; and fluidly
connectfitiglesisesotith eepast tornoaves Frstmpien ansiplt remeital. gRd &yrdeeeandiguied jo biang e

poi Nt @ 45FdevickbnlidERGES HRGuRLirCPbd Bp dolck NEKicROMR! drinfith FRIUAAI Ni ng
target concentration gradient between concentrate an I 'ute conpartnents
in eaclpowf. the first and second stages. 10 12. The nethod of claim 11,
further conprising performng nmultiple dunps of a concentrate stream
associated with at | east one stage of the electrical purification system

13.10The. et mad s@tent bBdlMml0 wHetbin the lop MU thHkifign peintis bastd on votHadeedtep. of an
el ectrolyte in the 15electrical purification system

3. The system of claim 1, wherein the optimum transition point is based on cell thickness.
4. The system of claim 1, wherein the optimum transition point is based on conductivity.
15
5. The system of claim 1, wherein the optimum transition point is between about 2500 ppm
and about 3000 ppm.
6. The system of claim 5, wherein the optimum transition point is about 2800 ppm.
20
7. The system of claim 1, wherein the controller is further configured to adjust a pH level of

an clectrolyte in at least one of the ED and EDI devices.

8. The system of claim 1, further comprising a pretreatment unit fluidly connected upstream

25  ofthe ED device.

9. The system of claim 1, wherein the controller is further configured to perform a

disinfecting or cleaning-in-place operation on at least one of the ED and EDI devices.
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14. The method of claim 10, further conprising performng a disinfecting or
cl eani ng-i npl ace operation on the electrical purification system 2015.The
met hod ofwol2aiamod4d38 wherein the electrical purificati onPEFAISGMOGIPT i Ses a
capacitive deionization device. 16. A nethod of providing potable water,
conpri si ng: fluidly connecting a seawater feed streamto an inlet
of an electrical purification system 25the systemconprising at |east a
first electrodialysis (ED) stage and a second ED stage downstream of the
first ED stage; inhibiting concentration polarization by passing a process
st r eam!Phr odghctiodipf rroeidegmetabloTisser. pempiéngecond ED stage at an i ncreased

vel ocity rehﬁ%%})/&nﬁl&tﬁl %sgéxi&ﬁéerfg{aﬁeﬁﬂ% laﬁﬂﬁet.q)?IaIl ¥fRLikied £g§§g$§§]sw%f to a

poi nt of use downstream o ectrical purification
2013/ 00643 BRPT o WPRi0DhE 204D 3 Tirst kfage Tinka svedibetagef dominaireand 6f thefiest etage;t he fir st

ED stage includes at |east . a first S nd a second pass, and wherein the
first pass ﬁeﬁgv‘gm&i‘ﬁigﬁgoﬁ?tlﬁfﬁﬁé?agg)gﬁ%%sfragﬁai rs than the second pass. 18.
Thesmet hod @dcodritighval. frod Ble@tdbnti RRgS CoRdofdRatltRAes leficthatd@s fiadt rdtgasti one
bl ocki ng 5spacer. 19, A desalination system .conpri sing: an

el ectrical Puidly snaeqtig a8 patlef dhsrpisctrigahpuricatignspte Pianotably runtrbdpal ysi s
(ED) stage and a second ED stage fluidly connected downstream of the first

ED stage; 10at | east one conductivity sensor associated with the electrical
puri fi dati odhsysthedof aladn 10, furthercomprighg erintomhi gurred couccappion @madientst

I he fi : d : I I h h
Fir st Pt Eaberery B ek BB R T AR PP AR Concuct i vi Ly

sengor to inhibit concentration polarization. 1520. The system of claim 19,
wherein_the_controller is further configured to adjust the yoltage applied
to thel#i rstTﬁEPB‘eg’PQQ clagn JHPERE campypiggper Wpﬁmfeﬁua%psaﬁaamqe@fat%f t he

first Eest 896ciated with at least one stage of the electrical purification system.

13. The method of claim 10, further comprising adjusting a pH level of an electrolyte in the

15 electrical purification system.

14. The method of claim 10, further comprising performing a disinfecting or cleaning-in-

place operation on the electrical purification system.

20 15, The method of claim 10, wherein the electrical purification system comprises a capacitive

deionization device.

16. A method of providing potable water, comprising:
fluidly connecting a scawater feed stream to an inlet of an electrical purification system,
25  the system comprising at least a first electrodialysis (ED) stage and a second ED stage
downstream of the first ED stage;
inhibiting concentration polarization by passing a process stream through a dilute
compartment in the second ED stage at an increased velocity relative to the first ED stage; and
delivering potable water to a point of use downstream of the clectrical purification

30  system.
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17. The method of claim 16, wherein the first ED stage includes at least a first pass and a

second pass, and wherein the first pass has a different number of cell pairs than the second pass.

18. The method of claim 16, wherein the second ED stage includes at least one blocking
spacer.
19. A desalination system, comprising:

an clectrical purification system comprising at least a first electrodialysis (ED) stage and
a second ED stage fluidly connected downstream of the first ED stage;

at least one conductivity sensor associated with the electrical purification system; and

a controller configured to apply a first voltage to the first ED stage and to apply a second
voltage, lower than the first voltage, to the second ED stage based on input from the conductivity

sensor to inhibit concentration polarization.

20. The system of claim 19, wherein the controller is further configured to adjust the voltage

applied to the first ED stage to achicve a target conductivity at an outlet of the first ED stage.
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