LOW ENERGY SYSTEM AND METHOD OF DESALI NATI NG SEAWATER BACKGROUND OF
INVENTION 5 1. Field of Invention This invention relates to systens
and net hods desalinating seawater and, in particular, to | ow energy

consum ng systens and net hods of desalinating seawater involving staged

el ectrodi al ysi s devices and el ectrodei oni,zati on devi ces havi ng
10concentrati on-based potential half-cell pairs. 2. Discussion of Related
Art Sea wat er desalination was dom nated by thernmal processes such as
vapor conpression stills, multiflash distillation and others. Most thernal
plants are | ocated 15where there as abundance of power available for

desal ti ng sea VQWENERGE ISYSTEM WNDEMETHOPD iICBESXLINATING SEAVSETERNG Or
desal i nati ng bracki sh water. Reverse osnpsis desalination systens are now
nore prom nent because of such systens have | ower power requirenments and
have | ower capital and oper at iIBRCEGRODNDNOBRAVENTIMSt S, conpared to thermal
systens. The use of energy recovery devices in reverse osnosis 20 systens
has further reduced the energy consunption. However, reverse osnosis

t echnol ogy typi cal Figldadfdnventonat | east about 2.5 kWh/ nB. Thermal processes
wi Il continue to be high in power consunptign.due to.phase change needed
for desalination. ﬁysﬁrfg/g?tlé)nﬁgei%ffs SIS ﬁrﬁgfﬂe ofi%‘geﬁal&aglg%sgg‘@aéersaﬂﬂ’ Das

menbr ane di st ifaitetiagm Inwygndgy asedning tysteps\aed metqds of desabinging feadatel ow 1. 5
kWh/ nB. 25 S RY. E.LNVENTI.ON The. present .use aof .el ect.rodial ysi s
devi ces oper atLIJ '(I}a%ﬂf\"laﬁt‘g ﬁg’:(?\?va-g%%)ru‘v acg'cs)]ﬁéi SR G 86&5?@%‘8‘.“ ﬁ‘sﬁcc)’ﬂge‘ﬁcne&g%‘l'%t rodi al ysi s
devi ce pot ®nt icahcegeniondbsed gothatial hattel ppas.r s provi de 30 desal i nati on system
that relatively have | ower energy requirenents conpared to conventi onal
reverse osnosi s-based seawat er desalination systens. - 2 - One or
nmore aspects & t hPiscyssionmpf RelatedhArtbe directed to an el ectrodei oni zati on

devi ce conpri sing fprst i J i nected to a
source of water haS?an%Jt%idgggﬁ%}%h ‘Js?igfli&glga %%%ﬂaﬁ k’%gg(%ﬁﬁcgﬁs r‘{%pocr:onpart ment
defined at | eaompysssianistilly, ynulsiflash distillaon andadice tNlese thermmdb plante awrckbadf i r st

ani oni ¢ _sel.ectyfe (iIREAREndaod dlpiheri iRl Slilingeet SRR BERRE [ 41 Y.
connected downstream from a source of a tirst aqueous i qui avi‘ng a first
di ssol ved sol ives tpisathewsed furidemalting prddsaliniating radkamatirc &eveoe ominodis t he first
dep! eting CoMRLHiRih s UYMW RoE FHdmRLE baGh O LR SRR 1ANCIwENd @ second

depl eting conpart nent conne d downstreamtroma source of
second aqueouowgrgedwrements ayl havelswonepiil 9sdpresaling eid wgingomeesdsisat i on t hat

i's JOgreater tcbﬁ[i‘aﬁ&{\ﬁéﬁeinﬁﬁtsyﬂ&ﬁé OfU ek §FRhdidy ROBGEENEdVRLL aﬁeve?s@@smié oni ¢

comuni cation w first concentrating conpartnent through a second
ani oni ¢ sellecsysanshapfirtheraeduced the eneggpecogsunntion. Hewexer.gevsfse pseosisnvent i on can

be di rect ed T QulRbA%iEY rddhREhi 188 WBHEY s DAY 19LARPhUEIA QP C _Spect es

therein. The device can conprise, In sone enbodi nents, Irst depleting
conpart ment f [CORtERg todishigBdR pever gorsumptiocdiede Phasechgageaieeded for desalination.

If waste heat is available then processes such as membrane distillation may be used
with power requirements of as low 1.5 kWh/ m’.
25
SUMMARY OF THE INVENTION

The present use of electrodialysis devices operated at low power consuming
conditions and electrodialysis device potential generating half-cell pairs provide
30  desalination system that relatively have lower energy requirements compared to

conventional reverse osmosis-based seawater desalination systems,



15and at |east partially defined by a first anion selective nenbrane and a
first cation selective nenbrane; a first concentrating conpartnent fluidly
connected to a source of a first aqueous solution having a first
concentration of dissolved solids, in which the first concentrating
compartnent is typically in ionic communigation with the first depleting
conpartnent through one of the first anion selective nenbrane and the first
20 cation selective rrenbrane; and a second depleting conpartnment fluidly
connected to a sour secon
concentration of dl(gigo aégﬁ%ﬁg’g tﬁ%ﬁ%{’t%%én Csd?ég@lm%[édre@a\ﬂ %?%g%?eil?ng%augn
concentration dﬁfvwmcslsmﬁsmch fgsfldeplsting qornpbntmd:ntﬂhslysmomtidateap:tostdermgwater
conpartnent isy i grewﬁ t

concentrating C%V}r%éjr?%&r%ér?tsjo[} rtg%élﬁ hé@&%@ﬂm"‘hﬁ |onatse3{ 8%rttla] Ve renbr ane
and a second amaﬁnmgSelwb/@mtmblenermﬂbrfastemomc selectﬁnelembrannraéiraspect s of the
| nvention can Becgih @l SHhohnd AGANALeo R8N AR ABxNSLEN: JAS
desal i nati on system can ] nprise a one | rs el1%ect ro al'ysis device
i ncl udi ng at I@stthuscbnmdha\n@aﬁmphssplvoﬁlsqildsrpammmn hmdnnmguca f| rst depl etion
conpartment in a first
depl etion corrp%?‘r%%mrrl{e@n ﬁétéh%luaté uE e ﬂ%gﬁeﬁ%ntng @@M@ﬁg&}ﬁ@?ﬁ%ﬁgﬁlg (?glf i on
conpart ment hawmembrage; fnd @&ecmplbldemmocmmpaw fieidty donitegted doreinstredr frotn a

depl etion CoMpafufaBRl se%ﬂdl gﬁe uli 41&’}’]‘% rgof{"s%co%ﬂ%%ggv&il ﬁﬁ(ﬁs c%ng:eﬁ‘!ryt?olnﬁhagﬁw ce
including at | east one sec dd et1orf conpartnent havin

depl eti on 10 3greaterdhppdhe ﬁr@trmssplrwcbsohfi coricdtyationrané ot iewlc c@nmheca@tgm with thpf
seawat er, and ﬁrstS&ﬁ&'ﬂgatﬁl%QI;)ﬁheArgﬁknﬁ ﬁ%g&gﬂd% 1ce§elecf’i‘%qm§1tlbrlm%.a5t one
second concentration co avirig a second concentration _corrpartrrent
inlet fluidly conné¥eedmpr asprstsobihedeveptionanhedieacted andpvicehior hieatiogt | et ;  at

| east one ion excNAGYE BYsdR iolBbaes RbteinO ThEXSRBRGEEon) raak@tmg‘o'rﬁé' dly 5
connected to at least “one of the first depletion conpart outl et and the
second depl et |w0ém§raﬁ@mep@u@g empagmgnighidlpepnascidddn g spurenafither waternd  at

| east one ¢} ec&{dggl%h@?érﬁﬁf)ﬂ RAnddgY aq%stmraae&vé He&%raqgmdedtf’ir&%aﬁé}npart ment
fluidly connected to the i"on_exchanger outlet, epl et1 ng conpart nent
defined at | eaSteciygmpqmfirang; wrS%FonFerngﬁmtgaiommuee% EP’ébftqowﬁCWérﬁﬁ)? svece@hd a
first anionic sekeghéds sdmmAnangg a frst bJ&éméﬁM&%@&%@&h&QlW&”ﬁm
fluidly connected to the source of seawater, and in ionic conmmunication
with the first *%%P@PF‘??&%W%W‘WW%H@H"‘P RemmpRigatiop yith gheifistse| ect i ve

nenbrane, and @pREgORRhpdRRLR tirBLhCRARBAHE RN hnibd dtedlive ROMSEAE ndeugst ream
fromthe brine outlet and in ionic comunication with the first

concent r at thg CHPHeCtERemhians; 4 aseeqnd depletig computacat Buidinraniesien fume

150ne or nore psreet asse@éndtaa@eowmiomawﬁgmsdcanﬂﬂou&naatﬂﬁ%ahisgmch@am@yst em
conprising a source of whi ch can at | east parti al céﬁhave or

seawat er; a neAHds $f6€}tef§1€1né'&f?f\?té]OyCCPE&HPeﬂﬁng%PWFSﬁeléhtlflé{‘thil E‘o‘%"“‘ﬁ"?ﬂnosel ective

species in a fdeb&fm§@ﬂiwﬁlﬁént$stt&ﬁ@é]]ytlﬁ)ldﬂk%ﬂﬁﬁmﬁatﬁdnﬁﬁﬁh e fikdt @cShhmeHIM a
means for increasing a dissolved solids concentration in a second seawat er

streamto prodiERaHngY fireueh opeofp serqg qatiqngel coity SEIERGRAG? Eeonkmian o
portion of 2di aleiMe nsap@Ednes f or m)noval ent species in the first diluted
stream wherein th% nmeans for ex ;ff"gl cally has a second dil uted
stream outlet; and é?ﬁob‘f‘l%ta?ﬂﬁ’ﬁtﬁé g’ﬂ P5 Yreegdin 23sawatprdesalination

el ect rocheni cadystaﬁpan@ddsﬂmaﬁ&@gantcmpw@risyacheast che diegp kREtJuhIBRMRACS MENt
fluidly connec‘t%d to ﬁhe seﬁ{f g@g\“—l luted streamoutlet, and a neans for
providing a cdPCWHIE UiGa¥0ne HERCRLPUIGR EXPPAERM! e ddirsderlefiopgompgiraent

comuni cat i on jlet fluid1 CordeReEbiaRGurcOBMBAWMEnd a ﬁrst depie@i&ombarﬂﬁér@oﬁwt her
aspects of the i,nventi og_gcan be directed to an. el ectrodej oni zati on devi ce

conpri si ng’®% 8P REEasHedBiHSAIEHEATOn FOMPATMEnthaing ALY dERjeUPnCOMPUENS wat er

havi ng di ssol \mlét 400 hifigks dépieiof icompatidnebinlet; raele&eme&tetdhﬂ eletiiquRdl ysiRRVicelef i ned
at least parti.a ‘\{ by a cationic, selective ne ane and a first anionic

sel ective 30 ﬁ’é leagt ,one secondtfleplgliPn (IRt RERY a@éﬁ?“ﬁ&i‘drdqpﬁ“f”bnl c

conmuni cation with the depl eting



conpartnent. The concentration half-cell pair typically conprises a first
hal f-cell conmpartment fluidly connected to a source of a first aqueous
liquid having a first - 4 - dissolved solids concentration, and in ionic
comuni cation with the depleting conpartnent through one of the cationic
sel ective nenbrane and the first anionic selective nenbrane, and a second
hal f-cell conpartnent fluidly connected “downst ream from a source of a
second aqueous I|qU|d havi ng a second di ssol ved solids SCongentratlon t hat
is greater th th t di sol.id concentratio and. in ionic
con%unlcatlonq&F?E%PﬁunﬁtﬂgpﬁH§W?“¥gF?d@éﬂﬁﬁ?ﬁﬁﬁﬁ?“?ﬁwgﬁﬁﬁoﬁ deDIHRY ani oni ¢
sel ective nenbmamenmauouminmdQMaﬁnmes&khhbmkﬂﬁkﬂ@ﬂaﬁ@ﬁﬁﬁ&ﬁi@ﬁmgQe th?nt'On
can be directe hod of desal.i I, seawa ng reducing a
concentration g‘fonrgrﬁ%noc\e/n 2HRY U et ! Ifqgﬁlﬁ@gﬁﬁ%ﬁ‘f’%tf’ foﬁheasof‘ °p §$ 88 g%tﬁﬂ’ti ng
stage to produméapend dulet; yt leasaletiatehinglng upn askind aagoae;&hmggf wRt ?ﬁ{mgn f Ir 0 (T
i ssol ved solids

seawat er, er h ne s9 t i cal has a tot
concent r at Yg(;n Ct% necged% thlea P 'ﬁv\}“géde{ 1058‘?{5 4t UgF % tt{eéf’%’l“ di ssol ved
solids in seavcaplelnqn qompamdm bﬂl@:t lahe apihtckeahger O@RR|ahe o imt@(r; into a g
depletlng conmy ctric riven se n device; an
creati'ng a conce%‘t%% cinfzgtﬁoq o 11?8 ea"y @isﬁ/egg 1ng %ﬂpﬁgglg?ﬁ éﬂ? y gqpnegted 10 .
concentrat i on theioh e)pamrgeodiutlhh eheelepleting (ﬁ)ﬁjpb.[y'r]:‘ld'lé defered aﬂaar prfi 0Ny bfg}f@\ﬂrﬁet \A\hl l e
ronoting tra t ast a, an .o i.ssol v cies fromthe
Bar tially des%?l?&'dﬁtse%fm% TRTHE °d g?ésﬁ PHEMIG SHRSHYS Wﬁ’ﬂ? a’il"ﬂg 5 conpart nent of
t he concentor atqom_mn:feing cqnapartrneBR‘ﬂlEBlyDEﬁ@RhPt‘Bl tﬁi\koﬂ-‘ceBi'—EaBEtél\/\hxﬁ\ﬁﬁ idfic The
ccoormanyi 10, oy AL b SGE el FERRr R o
in various f|gmm@swmsmd@pﬂ@@éd@ﬁdn@yomp&ﬁkmtﬂmd@mammmﬁmdmpmﬁamggfmofh
clarity, not t e |l.abeled.in every draw ng. n the
dr awi nés: ql\{%rée %W’%ggﬂlslg ¥° o #‘m N t|het1hert‘(flrrsrt] S ceg{rgtiflgtcg????rﬁneé’&cor dance
with one or nﬁm@m@ﬁbadmd@mpmc@ﬂ&ﬁhenmnﬁemtlon' FIG 2 is a schematic

fl ow di agrgm of a ] It or nore.further enbodi nents
of the i gvgnt i on; g%é{)@&%g?pg&ggggﬁnﬁg?% CFTI 0ty éd E%%a%?" Y &Lawat er
desal i nati on $9WPUIg ansoate;egmam‘ehxvh ¢dn ablgest QaﬁlnlbrkaveQMEWmSa méark he

| nvention; = - g5 selectjvely rgde\“ ﬁtﬁzﬁgﬁg%ﬁ@e %%lﬁﬁ%gjge%[& a4 t?rst i wzﬁerp ortion of

an electrodelonlzatlo Ized 1 h one or nofe systens
i n accor dance stfathtoprrslues a ﬁifﬁ?(blusﬁdp@m agheapshbor inareasitg odissolved solids

concentration in a second seawater stream to produce a brine stream; means for
20  exchanging at least a portion of divalent species for monovalent species in the first
diluted stream, wherein the means for exchanging typically has a second diluted stream
outlet; and an electrochemical separation device. The electrochemical separation
device typically has a depleting compartment fluidly connected to the second diluted
stream outlet, and a means for providing a concentration-induced electrical potential in
25 ionic communication with the depleting compartment.

One or more further aspects of the invention can be directed to an
electrodeionization device comprising a depleting compartment fluidly connected to a
source of water having dissolved solids therein, wherein the depleting compartment
defined at least partially by a cationic selective membrane and a first anionic selective

30 membrane, and a concentration half-cell pair in ionic communication with the depleting
compartment. The concentration half-cell pair typically comprises a first half-cell

compartment fluidly connected to a source of a first aqueous liquid having a first



FIG 5 is a schematic representation of a portion of an el ectrodei oni zation
5 device in accordance with one or nore aspects of the invention;

FI GS. 6A and 6B are schenmatic representations of portions of el ectrodel ess
cont i nuous dei oni zati on devices in accordance with one or nore aspects of
the invention; FIG 7 is a graph illustrating the predicted energy
requi rements in accordance 10 with one or' 'nore aspects of the invention;
FIG 8 is a schematic representation of a Donnan-enhanced

el ect rodei oni z t| on i(_@Fl&g nmodul.e in accordance wi,th on nore aspects of
the invention; dissofved ONgERUALR, 9‘§18?%“%‘?%f‘?‘é°“r‘%‘ﬁf§%§?ﬁ'%?ﬁons of a

systemin accwodfpmmemﬂrdsngmae Mthﬂ&ftlﬁﬂi@@ﬂ&@ﬁf&m@ﬁmbﬁah@aﬂdﬂﬂ@ﬂ%ﬂ #Mbnicl SFI G5, 10A
and 10B are sch@nati C repres ntatlgﬁ‘?sJ of el ectrodi.al ﬁ(SI s trains that can be

utilized in actSFUSAEEBNTEHIGAScERd IYFectiropmptaens fludheopprsie dpymstepp es.  11A

and 11B are grtacpinss@hQqugeobh@a@earsgmufdeﬁwhg g6kcbiil digsembd md§ynt hetic
saltwater ("NaCl sol ution” ezﬂ}waftkrft relative to tar roduct total

di ssol ved sbl i WaCEBHIo0 R4 ] gr??ﬁﬂ @S@V%PP%B‘?”&?V?P AYUC j t y

standard i on 2@nSeinRefidnveithmetifsaResce]licbfpariilad) thadugh aeaeseé:ﬁ@m dectiRTbr anes
(FIG 11B) in accordance with one or nore aspects of the invention; and
FI GS. - 12A and ®¥B™¥Fe graphs showing the fractions of cations (FIG 12A)

and anions (FIG 128 odeiersgllﬁl’rﬂ’nai aPpris drfthese&m&recranrbehﬁédted&ohmethod of

el ectrodi al ysi ﬁ ut i |z|ng npnosel ective , ?ccordance
W th one o i ESruvasr Compl i N R G Ce DA EBOR B¢ The
present inye ntSeMamrSn dlfirseddsaidng Qage b p@diidepaitialy ddsaltad WhitHrCﬂ?odliamgalﬁﬁn@-S pects,
30 enbodi rrents onfiqurations, can be a er t n Sone
particularly &8 {}’gﬂ?ﬁ AL p‘%‘?feéﬁ%%f'ﬂeesoil%’ﬁgﬁ?f%w % n@‘%ﬁs?léﬁ‘{ Sé’g]dst
seawater tr eatdasaMtraymtﬂmm a0lead @Biat ihaabﬂoemamysbﬂﬁml asudlvteeedlms gies invol ving
seawat er treatnent or sal i.nat i %‘@Hg and techni ques of the

i nvention can 0 vaéeﬁtlé]g%ouéllg))wrﬁag %’a\{“’éﬁ ﬂé?élFHBti}’gﬁP?’Pmefﬁ'b di"f f er ences

i N concentr at i ebsegichidy- mn\eais@amubedewmt arﬁircr&mhg veonconmdiidi-mdeceti hRttriéAci | it at e

transport e npr e at abl e sol ved solids in the water. to be
troacod  Fot o ool sTRE el A il 7 BU B BT schalPNasVBE Shitte ong
_ techni ques thairorpmtmgndespﬁnpﬁatad:ﬂsea i@ of fdiserlvesicspavids dronnthe bamailwmkalwht er.

One or 0T e aspRe 2 ullohlR DYSOAGT SRR aNS PALIBLE i fId It o

that meets or excee ani z can be
produced fromtypi cal seawater feed vmth a total energy consunption of

below 1.5 kWh/ nB of water ?gﬁy R@;ﬁq@ b§, i nventi on can be
directed to a conbi ned el ectrodi ag SIS %‘ ang con |ng%ét€}§

el ectrodei &ni zati on system and deV| ce and novel continuous

el ectr odei oni zat i Oty RLLGHEARIPRLATL: M idhdris 6 BIGRIRIALLAN i er ences o

facilitate ion separation the I nvention can invol ve
mul tiple step qgmmgssgagg identical or nearly 1dentlcal 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 draWing.
25 In the drawings:
FIG. 1 is a schematic flow diagram of a system in accordance with one or more
embodiments of the invention;
FIG. 2 is a schematic flow diagram of a system in accordance with one or more
further embodiments of the invention;
30 FIG. 3 is a schematic flow diagram of a seawater desalination system in

accordance with one or more embodiments of the invention;



utilizing electrodialysis (ED) devices to desalinate seawater to a total

di ssol ved solids (TDS) concentration, or salt concentration, in a range of
about 3,500 to about 5500 ppm followed by ion exchange (DC) softening, and
final desalination to a TDS | evel of |ess than about 1,000 ppm salt content
by a novel version of continuous el ectrodeionization (CEDI) Qur systens
and processes of the present invention cah i nvol ve a uni que 20 conbi nati on
of existing and novel technologles wherei n each conponent thereof utilized
for reducing, or even mnimzing, overall energy consunption by

advant ageous use sﬁﬂ@fb?éédﬁgFﬂ%ﬁﬁ“¥?%ﬂﬁFP?%?@WF‘EB%ﬁSﬂEﬁ?gmgﬁﬂnun|t
operations thaﬁev&@%ﬁbﬁ%ﬁ:ﬁlbé/ut@:\t&fﬁ%ﬂ@&r &8 BREsadcbidhdcd bidd%e 6f mér r ent. ED
and CEDI devi ces. For exanp because the energy efficiency of ED devices
typical |y decr BREEL L 1pyea ﬁ%oduct TDS 25l evel is reduced bel ow 5500 ppm

typically because qﬁecsnmaea{emam RPreRatibh 304 poRibnBen WedtRIdeidMkitiohi N
phenonena, CED| devices can be used instead to further desalt water

cont ai ni ng SuctFYICH ApREdINSG #fth ong erdrore pspRetsefdbe IBRRLO%t  hi gher conparati ve

efficiency because HIBGS. dA2dideB exheRatitlrbirestaticaB oEpRH@RR GLelb@Bibless TO addr ess
scal i ng concer f.tener renpoves or reduces the concentration of

non- monol al entCong’&‘ﬁ’l"%g‘?“ﬂﬂ‘?ﬁ‘ﬂ’bd%"éf%ﬁ‘él??‘ggancelﬂ’éh PREST FOGRTEAIEM sel ecti ve

menbranes in, ieéntiexanpl e, a second, par allel electrodialysis train, can be
used to generate a ! nerat stre 0 e softening stage, WhICh
typically has a hi d{ﬁ co‘ﬁ&@ﬁ?bgg‘isﬁ'ﬁmﬁ ?i%?? SORIEY LPBHFRS in aCoprdangeher by at
| east reduas Ngwith énevdinodd dspicaasf itlegnansiomeed for external salt stream
storage. Further can include i ved pcovery.

Some further aspec%iétr)% gﬁé’“@ﬁ%ﬁf’fe&?’i‘t%‘%n&rﬁ V\%ﬁn @Eﬁe‘oa’é%‘%s t hat
can be operat e@mlmsdnﬂe‘m@t@rﬁahgedvmvw:ew&mrﬁasphm&ftheeﬁveﬁm)ﬁ, hat concentration
pol ari zati on 5and % 9 ﬁg‘ tin hare > ¢] ch reduces power, hdemand
The seawater desal Rati oSy 5% T”B?ucé?(pa[%ﬁ‘ gtm“&g TSP agontapqe vy

treat ment st agenetohabrepgiarofitiieynveadiges a concentratl on of dissolved

TPe. prosents i nvent PR 10R 3R o Rinuh® ptthen P osRRE oof Bl R 7o

i nvention, howaude ptilized incdccdridanice @dth boe dreat aslpgctmf tidindasiah.i nat i ng seawat er
and one or nore pri I eof can be.utilized to.t a |iquid having
target species to €£G$§rlr§ve%?§% SShowmgtheeﬁggwe’qu ga&f%tp&cts of the

i nventi on can dyethelicrsaltwaer (t‘Na@lrsoknhemﬂ) apbereanerzeltierio theget pedoompali si ng a
first depletin . n er havi ng
di ssol ved sol i ssg e%éﬁ&;@o%%%nfﬂja# hglfzglf@ﬁgagc?rgﬁgly%agde%gcﬁg Hr%tﬁg‘\tandI e st
partially By lﬁlxcwtmmtmrmeséﬁléctliAbe\ndmnmsahewamndoraﬁmsr@EGaIdiB@m c selective
menbrane; a fi i i.dly connected downstream
froma source {)?&aé@?@@@&%&de@%ﬁﬁ?@g{;ﬁﬂﬁ@&ﬁw aQ{il rst dissol ved solids
concentration, andH®S.i18Aiapd ¢Brangrgraphs showing thefrachiensfdf catons GfiGet2Aignd

conpart ment th.el]nﬁlgj h | ' nd depl eting
conpartnent fl ui ?9: I%:}oﬁzr?g?%%%é]& \t/\[/lﬁéltt ?g%w%?@g@e%g%ﬁogggﬂ f'SLS Eggssecond
aqueous | i qui dutiiaing mynesclseidsruendirenssliv ectosloideddthoonoomorcasiicot of hat i s
greater than th &HLM st dissolved solid concentration, and in ionic

conmmuni catl on Wih the first concentrati ng conpartment through a second

ani oni ¢ sel ective menbrane. I n sone enbodi nents of the invention, the
first aqueous liquid is seawat erDE@x&@@bhgcﬁ%@g a first dissolved solids
concentration of |ess than about wt %

The present invention is directed to a treatment system, which in some aspects,
30 embodiments, or configurations, can be a water treatment system. Some particularly
advantageous aspects of the invention can be directed to seawater treatment systems or

desalination systems and techniques involving scawater treatment or desalination. The



25 typically about 3.3 wt%to 3.7 wt% and, in sone cases, the second
aqueous liquid is brine having a second di ssol ved solids concentration of
at | east about 10 wt% In one or nore further particul ar enbodi nents, the
first depleting conmpartnent is fluidly connected to .a source of water

havi ng a di ssol ved solids concentration of |ess than about 2,500 ppm or a
ratio of the second dissol ved solids condntration to the first 30di ssol ved
solids concentration is at |east about 3. One or nore aspects of the
invention can be directed to devices for treating water having dissol ved

i oni ¢ speci es PHEMENH techRiguesefithednvegiongiad yaggeouply BEyide tgated ABORM nents, a
first depletingjgRERATtdNBALN Eédékrﬁ}aﬁoﬁ%&%ﬁ?t& BélediRl & rBQANE eondRtfont L Vat er, and
at least partially defined by a first anion selective menbrane and a first
cation sel ectikel 1%{@&@%@ of aner qriare igtatt dizelvag s dhrdht et PP (raied,
connected to aRgAb &feciof theflihveftiorAUH 80 Heck@dibysR s ARV eOfidded thhtProvide
concentration of dissolved solids, the first 5concentrating conpartnent in
i oni ¢ commui c%ﬁ“ibé?nw‘%}iﬁftff?"t%?éwi“Frr%tbmﬁE‘ﬁ‘Fé’f“F’ng conpartment through one of the

first anion sel ectiom oPRERBRRsdA theliM@nfidn'cah poRidk paiei8Alid g LRI ane; and
a second depl eting conpartnent fluidly connected to a source of a second

aqueous sol ut |‘BPF‘%‘%\‘F?‘??@dSaWQ%Hﬁ*&th&fﬁﬁéifﬂ‘?’aﬁ"éﬁ]ﬂn%@ﬁ thgf e §p prduesdfiols t hat is

greater than tsbpicsllsémateefeege«nhraaétame@ clissaRlonEbaek it SxWHIRP 8f Watihe second
depleting 10 conpartnent is typical In ionic conmmuni cation with the first

concent r at i ng RBHsEH t%?ftasﬂeﬁ‘isé’ﬁ&‘? "b"ﬁ%“%‘fca&b%@éfﬁﬁﬂ eatqrgined sleseedidhsivenbr ane

and a secongl adHdRBntmAbRGIdcHSIciBAHRiIGH ¥stemnd QsEceRDAsUcNBIAtifusdE t he
i nvention, the device can further conprise a second _concentratijng

conmpartment fl ‘ﬂ?céfP'S'F“EWH‘é‘b‘fc@&g'éﬁa“‘?”e‘B%‘tu“B?Fe“’&‘?enﬁatg’& Giitegenges tg f*tCHit?tﬁl 1f53queous
sol ution havi ngpaattdal rd concentration of dissolved solids that is |ess than
t he second concentration, of di sgfégved sol i ds and tﬂg source of the first
aqueous sol ution, tRZeERRHEURAIAG I eRtion GaiIgyRive PHENE SteR PIOgeHeS

commu gi cation Nﬂ]izfﬁgbiﬁ&rcﬁlﬁz@nfﬁcmli?bévaﬁeh hﬂgieﬁﬂllﬁﬁlagéamt&f totahbﬁllkgkkoﬁfﬂﬂ?sdliﬁ;;[) he
second anion s tive nenbrane and the second c ectiv rane.
The econd MLortTERT PR Y R AR A, B e 6y oy JrabDes e F30be oni o
conmuni cat i on pint, folfolved by roatcxdﬁ@éeqﬂxmfterﬁﬁmaﬂd fireinteshlifa0oigio TS kgl ot cation
sel ective nmemrane. r#)n f%{)her onf| ulyatl ons in a(l;cordance with sonme
aspects of t he“PiAARPHA-0P R g Woélfee ERAIGVEESERST SIUBRY salt bri dges
that, for exarﬁléo&pddmﬁdadai{qamy)nnect the first depleting conpartnent and

t he second concentr art nent £ el ot her fu nbodi.nents of the
vention. the. dovidk BRTEATE PRFERA LT Hs AP g PR SRR ¢ommar t nent
fluidly Comeaioﬁﬂblrfaﬁoraifcksﬁ@arﬂmevejiechﬂitﬂ!omuwmimﬁachhemﬁmﬂtrtﬂeraﬁfueous
solution and a %{tc”e ucn urthna ueous s n S%\]/ll n

concentration o’f S : U THET"E 8 grea?@?' ‘E'rhanpﬁl ytalqv?néageous
concentrati on wt sﬂuegmlbmadersmb ddfﬁerenmkcem;@nentsdm uhinbpeulatdmpthatagg@gﬁdgpart nment
is typically in ionic _co Lon.wth can ntratlng

compar t ment ¢ Hvslse e TabAkoR b kel kOGRS EERTRFRRSRIEEY. o oo
further conprlbaeauae lhhnmaﬂgsoe:fﬁoeruyranDrt@vcarmacaﬂmdnctrea‘séusalie)prmd)mfﬂm ed to at
| east one 0 he rst ce of t he
third aquegsrjsalg%?ﬁtrig%ﬁegbeio 5§d0 8%% ?)H%F g"?% ﬁttcaogﬁdgg%us néjof |lc())ﬁl aV| ng -
9 - a fifth comsenplitng pjmnmﬁemil @EDIdee'ctescﬂmbdssddhmiteadso fuebg defudirwateny of t he
second concent i t n of

G S0l ved ol osTbinflk Sen A FOS NS0l R SA0pdlisy AT bnbRRRS BRhLP
communi cati on hm:etuhe thhhltrbrhicwde deldeadn q:rghange resm To address scaling concerns, a

softener removes or reduces the concentration of non-monolalent, scale-forming
30  species. The use of monovalent selective membranes in, for example, a second,
parallel electrodialysis train, can be used to generate a regenerating stream for the

softening stage, which typically has a high concentration of monovalent species,



conpartment through a third anion sel ective nenbrane. The third
~concentrating 5 conpartnent can be in ionic communication with the first
depl eting conpartnment through the first cation selective nenbrane and, in
sone cases, the third concentrating conpartnent is in ionic conmunication
with the first depleting conpartnment through a salt bridge. Thus, in sone
configurations, the device has no el ectr-ddes or structures that provides
external electronotive potential through the conpartnents thereof. 10In

ot her configurations of the device, the first depleting conpartnent and the
first concent rib¢rebyopt kestpaiuting,if naekminhtngkny nesdrforextesich] shivsmrsdm etaragd.r om t he
sanme source. oo Q@éamao%sémr.el pects. fattrr}e i nvention can be directed to
a seawater desalinat i ongsys S THEPdESa |?1a?ci°‘665y'system can conprise at

| east one first el Sote otihat aspicss af ¢helicenidn dan divotie K atl OEEd devionehd i r st

depl etion conpar t i a first depletion ¢ artment inlet fluidly
connect ad to A2 bR AN cByly b8 cuSR ML SRR TRRbn blaFlaiety

outl et, and atandeast spittengfare lShitaciowhieh tadates powardapard nent having a first
depl etion conpar t ”Er'ﬂls eia{;t'/I t%rt e%ﬂglaﬁ‘o fsi Etgl%'l %?Q laglt ieopan%om r?sreta 1r&ttregtl14r}cllte t; at

| east one second el €citodl a(il ysSI S device’ | h*udi hQg aPPEES one S€Cond

depl eti on conptagt tenprefecablyvgdieesseaoomhtraidml of tissnived Gpe@ypahtasend orindret
fluidly connecy . rce. of and. ecand .depl eti.on
compar s ment  odi ot FssiEe LA e SFRIAHL B AR LGN RN

havi ng a seconwiticefeommt toatdvarterc Ghpiarentiemthovenegtis fidt limited togoammpdred t o t he
source of a L, I s I [WeTe i uni t
navi ng an Ton apadddinfhutabd Siell iofdprcEhick 8RRk ARG Wk EHEWARRIRGY 0
first depl eti dnaviogtaoget speeias todetrémaeved tigrafioe. second 25 depl eti on conpart nment
outlet, and an ion : e el .0l zation
devi ce having a fi f’s%té%g@gﬂggﬁegg%@%ﬁ%%%%%n kﬁeﬁ%ﬁeg%cagﬁ%%ﬁ%e?fgﬁ 38§&Le i on
exchanger out |dsvice edreprigimgladiritdgpletmgrampartmant Geidlylsenngeted teeasoatce obwaster
partially by ' [Wetal! ' . f QN

sel ective neni?lragfﬁlg,ﬁksa&%itdrsgﬂtm s&%e?;%éﬁﬁ%eﬁ%ﬁﬁ?iﬂgﬁ alr%t‘:3 [?rgg?l?efi Iat{egﬁt[ ﬁﬁ@%‘ﬁ’r}s@ﬁt ed to
t he sour cel®f acatonie selectivavdembprancomil @ fBY agionpselectize inembapa; i firsie fir st

depl eting coMaplARatn tcbﬁgé}gﬁbnt ﬁﬁdfy'cﬁﬁecﬁ@ﬁb@lﬁ'ﬁr@mﬁﬁ'l)rﬂ%tsbyr@e GEMfsane, and a
second depl eting corrpgrt ent fluidly connected downstreamfrom - 10 - the
brine outl et, aaheeup Hauidhavingeoimrhisselied sphidygonpentrpéon; anddp iesémcent rat i ng
conpart ment  t hi,glGRicaicGHH e ARt Mplcting BoRFtnLE: (BBTEN BE&tionic selective | N ONE Or
nmor e enbodi nents of the desalination System at |east one of the first
concent r at i ng Tespsanct sdritseennd demletingcemperterap fludlysgnuesieg dowrptaam §ews not

contai n i ofy 5a%6RABGEseESRIaQueous liquid hdVirRl4\8Eond QR EHAIsBlids@BRceRfratiol ®at is
desal i nati on system the at | eas(% one €l ectrodei oni zation device further

conprises a sd¥ifa hapthedirttdissolny! whtrpecent@en. aod indepis compynieatipy wikthened by
the first ani qiliGom@h@fink ¥ompRFERNABRUgRASkHRVinimicERlebieGhenftratied! Y connect ed
to the source of seawater, and a thi r_é depl eting conpartnent in ionic 10
comuni cation wit hI"tW@eseé@%'&‘eé‘éﬁ'é@ﬁﬂ‘?vﬁ{‘ti‘}‘?g‘héﬁff’g%ﬂ“P%ﬁ‘ﬂ“{dHff Bay#ea second

cationi c sel egipivady KeRE 218t difddtlel 81id8 BorRBnttaNbedf 1bds ot la¥owt aRRact ed to at
| east one of the brine gutlet, an outlet of the first concentrating

conpart men?>, drRically abRit PStWidr to eV iSerintt saBp PSS K SeoRbateAsiauidif  sone

cases, at |eavrin@RfifHa debshdldissSiveCRNESInERIhiG oF ABAT HFBNTO wikd)eImoae Ond
depl eting conpart nmen t he, second concentrating 15conpartnent, and the

t . {
third depl eti g mOEniEherpamicularsarbodismentsothe Grshdspiiing smpargentis Brigly The
seawat er desaldopbic® o £5369Ec8 BT whibr IR 2AANEBOBA U DnEARIRWE Bsé MRS, can
further conprise gne or nore brine storage tanks, one or nore of which can

be fluidly corffePed0PBmaar ajralingf thasecqpd dissolusssolids copeepispsionte de first

concent r at 1o0Ng HREPE JoNB dondntlatih iOa1ERLE abdhit 3 he second depl eting

conpartment. One or_ nore of the Pri ne storage tanks can, .
One or more aspects of the invention can be directed to devices for treating

water having dissolved ionic species therein. The device can comprise, in some



20 respectively conprise an outlet, any one or nore of which can be fluidly
connected to or connectable to the at | east one ion exchanging unit,
exclusively or to other unit operations of the desalination system

In other configurations, the seawater desalination systemcan further
conprise a third electrodialysis device having a third depletion
conpartnent fluidly connected 25 downstreamfromthe first depletion
conpartment and upstream of the ion exchanging unit. Further configurations
can involve systens that conprise a fourth el ectrodial ysis device having a
fourth depl et i ombogmpes 4 fimndepfeting cinypacmamdinidicolovunsgitto @ amnréer afmhet igersecond
depl eti on conpar,t upstream of the ion_exchangin nit. . .ln sonme
advant ageous c%rqfa ngs& 3%8%1 sd%glii1 edﬁﬁ’ea fﬁs)rfltsaple()nmsel‘fcfglgeaem?ié"‘g% O#fgrs(ﬁa?cg} 30

el ectrodi al ysi sledéwei mentecorps fiseoneenmaitgapatmee fleidty coenaretdir aseradios posed
bet ween the at ne .first .de k.e iLon coppartment and. the at | east one
first depleti o%hrgg%ﬁlr%og'? Or%%thot ShaEB? ier SO %nerallnr%ftdlsaégﬁffcgﬁogﬁsg (?gﬁsf)art ment of

t he el ect r oflei @ncengbtingrroohpaniroat orEinnic corh@imcagiomivith thelferst defletingn exchange
medi a, such as_jion n resin, . me further aspect f the
i nvention can 1RVOl @é‘ﬁrﬁ}? %'?gt r°é1§§ # tﬁaﬁ{/\s’/ﬁ%"é?n, S%?tév era r%/nes%z\ﬁ/\’/ﬁt%és? “BF"br acki sh
water. |In one satecuimnm:mimmei guragteond sepddting hempannent fiddty cb:!nrectsdjm&ado@mati on
system can T ur ke BlbiSoflioh BRHe NGB EILAANIT O il b QRAL AR 0N Whi ch

.  is
can be fluidly conn eam-fromthe source of wate

r
0 Petreated,
whi ch can be s@eatttiem thedirstmoachiraionwhdieso]ved salids priefan thb kgconddepldtiug dl y
connect ed, ,Qr l.e.. f the at |east one
first el ect1 (sr)o I 3’[53‘2‘%’92%‘3? I(C:Agi,%{’ Log%gtog'}"gg%?dOgﬁzl{hstfe?%%ﬁgcog%een% Vi al ysi s

devi ce, and t heompartiend droughene pscterandentimi selattivemegidvine end T egomtanicd | east
one pretreat el 4Rt ARGat i on can conprise at | east one subsystem

sel ected fromthe group consisting of a filtration system a chlorination
system and a dechlosdmepmbydingyptstot e inFoatiqnr e deaterran furthai comppierat i on can
comprise, in sQUEqcORELHELILIRNST R A | i
mcrofilter, a sand fiilter,g_ an@parﬁ%ﬂ?’%@gﬁﬁ %tg%aﬁtoﬁﬁﬁfs%%g%g%%@,mt he
pretreat neht sigstcupsutipndiavios & igdreprasnization ebdispobred solide that 5 dops themthe hat

sel ectively regmyagofleMalkioh br GREFESRYER RSsctE i6n, @
nanofiltration systgm uti i zing a Fl LI\{H’ECfm Smm%g%gfir{rg%ur%%ﬁsgmkﬂg% Chemi cal
Conpany, M dl éh@l?ecmda‘?fl%ﬁ?tll’@&ﬁmb@m@@@ lpc eampipwdcatipe wish eserondit i on of at
least the sul f@bR:iSPAIpERmeMMGIEIROHE 6l bl RonsBILAR nldifRRURY the
consunption by one or nore downstream unit operations, sucﬁ as any of the
el ectrodi al ysi§cudgiioaselegiivg membrappeThecteeqsd eprsantzsing epmphsticseean, but not | n
still othegy copbdsgiiypbl AR BinRRRan VIR Be st dddRuiRY SrfiiBimht thidfe ¥ enti on,
the at | east one of the at |east one el ectrodeionization device conprises
an ani oni ¢ _spdépesiepelegiedrembiancaln fgpher copfieurationsi preortapre withgmg sal t
bridge in i onigp&RBMRIiIGRLIG HSldENcd DMpRRAShE ordfste thenrktNRgli ©r col | ectors.
The ionic species callectors can be conpartnents at 2571 east partially

defined by i orf*&BPledenically sarfiest thefystfealelingrompanment agd thesepopd one of t he’ at

| east one el echh@fRiRBicaRpirRibnt EMiolRr fulth& edtbodiBREE oPME idvkht®h, the device _
el ectrodi al ysis device, and the at | east one second el ectrodi al ysis device

conpri ses £AB thethersopapsathid fenistiae gomppsimsat Badiy sonnssted ot fepg #naofsour ce

of an aqueous tsdouick 8fthBadtoRPadlb s QbIMESh b laQbilrloraBSHERuedul SollidaCt I ode
conpart nent cg]jnp_rl sing one of a chlorine qutlet and 30hypochlorite outlet.

Further confi d@rias # 5Weh capcepirlign gbdissolved splids thais greaterhagthe fhirdst  one t he

el ect rodei oni zBhdeRitatid8 bf Gi€soiveld Solids, wiRAsi the Rfirdldepislinglofiphitastic & tysibalydevi ce,
and the at - 12 - |east, one second el ectrodi al ysis device conprising a

second el ect r dHEPMCSABAURICRYRN NPT FesPKkForcepiatngcomprtrasn ihiepgh @ thicd

30  cation selective membrane. The device can further comprise a third concentrating
compartment fluidly connected to at least one of a source of the first aqueous solution,

the source of the third agueous solution, and a source of a fifth aqueous solution having



One or nore aspects of the invention can involve a desalination system
conprising a source of water which can at |east partially have or be
seawat er; a neans 5for selectively reducing a concentration of

nonosel ective species in a first seawater streamto produce a first diluted
stream a neans for increasing a dissolved solids concentration in a second
seawater streamto produce a brine streafi” a neans for exchangi ng at | east
a portion of divalent species for nonoval ent species in the first diluted
stream wherein_ the neans for exchangi ng can have a second diluted stream

tooutlet; and %ﬁt@owmﬂwﬁﬂ@%ﬂlvegéﬂeﬁsmt Briess gn ary, of thicseeqnd CPRGRIERT cal
separation devirQRsdivdais6rdslakd h@%@m%p&ﬁ&mm oF QBRALY SR, thd ﬂmrg“ y connect ed
to the second diluted streamoutlet, and a neans for providing a
concent r at i on-GORNERMESPEBARGERIN ioni¢ eqvEnuicalion wihihe ﬂéﬁ‘rﬁ?ﬂﬁi‘%tl on with the
depl eting CONMRRRhERnt thkdhigh QTRrCAM sOERE nRADrAE. Thanf@salimaliidn system
the nmeans for increasing a 15dissolved solids concentration in the first
seawat er st eEHHPIR sadedmiosjccempygicaiopsyith theliistderieos sRipraraen| et i on
conpart ment  f | ioGvine BRIGEDR S1dcBvd ABMBAM 48, iREoREaNa! B thifNWn@ntrating
concentration conpartnent separated fromthe dﬁ(@Petl on conpartnent by a
monoval ent  selCEPIBeNiSiD oaifeomTHBiCARaR S b 1Be fivsheoplohBE FRIMRATEFRSHIPVER sol i ds
concentration dRplid}R. TREQNSoRmBRAVRIS atidhs B8 R GA hal REBIELRA AN seh@iby 0di al ysi s
device 20 having a concentration conmpartnent fluidly connected to the
source of seavb#!efovidsherienaclereonritve epteyebireshfecrBPBis BePdam The

means for pyoviding, &hé}%ﬁ%&&ﬁhg &ind d%dié@@l@la fakarplelitddo Rtladd chean
conprise a fi rst hal f - cel | g@artmant | ui dl%econnecte to a source of a

first half-cel FStfcé’éCG“‘é%“l“éé?\‘P efibarg flpidlycen ERVIsHEIB OB e BM&l  di ssol ved
solids, and a gsgeend hal f-cell conmpartnent fluidly connected to a source of
a 25second hal f-cell feed stream hayi n]%;l a second concentration of total

di ssol ved solids t Q&€ °F Borg2eRse's Pt th yeRtipn cpy hedireglgd touniepWatprglgsalinatios; 4

di ssol ved sol iggem.Thge desaimbtidiadybtem@hdl coprpadtlieneitne |ﬁ$st E]}‘,&tdaail)ls}é debitd dl 'y
connected to a source_ of segwat er and the second h artnent is

fluidly colnedPetfingstleagons Eest dgplagiop Aampagigntjiaving A rﬁ‘tﬂ?ﬂ ﬂlé’r“ °8'§' Qof the
i nvention can iflet ﬂﬁldi?ﬁérﬁnéctéd)to&rhoﬁ?@e 61 et kel @fird @t pledbndeMpStné@bilet,Si Ng a
depl eti ng corrpart nt fl %: connected to sour e of water havin

di ssol ved sol |a&§a FAst e rS‘t"ﬂ eEi‘E"’;B‘I"BP‘i"H%”‘&?H‘gEP’ St&%ﬂli’tﬁ’é‘&"’&f’“?“é
partially by danie@dnt@first dsRétRaicbmpartBibsARE aviBgt &efsbdfcﬁlﬂ e&mrMﬁEIS&EbﬁEti ve
menbrane; - I and at | east ne concentratlt hal f - C?f{ {)al rsinionic
conmmuni cati on *vﬁ‘ﬂ%ﬂ%%@aﬁé’a%‘?‘?wﬁ (?HHB%?‘)(“?P@H?‘C“ Ung B RAEER JeRISI8H hal f-cel |

pair typica | )Coﬁlﬁimﬁdnsﬁﬁet&ufdly‘@hnd&&kifte the bdureaofpesntarse,ind b is¢tond yepleaiomect ed t o

a source of a first a ue%?s ‘iitﬂgﬂiﬁ hav m(g a fir t diss Ive?Fl sol i ds

concent r at i on,“°ERYTR PBI5H AL BFATHIE 31°8 c%c?qlira HECGPBTRET G B8 Ronpar t ment
t hrough one Ofsectolﬂecméﬂtﬂﬁbmccﬁﬂ;laﬂm‘em\d&lemrﬁiy asrmeaetiotilesofitce 8f scawatani C

sel ecti ve nenbran econd .hal f artnment fluid ect ed
Gonnst r oot o Aotns et s RSEERE iaferon g 6T FRAA Rk ochie HisEGHRS

di ssol ved sol icdsnected cenleasitone bf the ftst deplegibrednegartinearvutibeantl idrestcodd ssol ved
solid concentrat,ion, and. in onmu at i |rst hal f-cel |
Commar ot (el coPBuhths o I R ROupl il b sl bl n some
configurati onseleofrodehmmed:mndewmdha\omg Zutst dn:pledmmmﬁrtmhm fftmdiﬁtonaqlmhus liquid

is seawat er . e,56c0 s UId n be. a r| [ Y,
second di ssol ge L8149 §er%lrt:l§{e)kh &%a'%m‘fmcs eﬁ" ai%awaﬂaqéﬂ%s in
sone enbodi me mtfsstmﬁtimlbeselemnnamanetahé a ﬁescmnohl@lsmMa/metnmha, el $irst
concentration to the flrst d|s§ ged sol.i sconceptration is.in a

COfil entra nﬁ ?mPartmc !.]1 con ect € SOUIce o seawater and in lOIllC
concentration ra a f'ee.

30 commumcat]on with the first depletmg compartment through the first cationic selective

membrane, and a second depleting compartment fluidly connected downstream from



One or nore still further aspects of the invention can be directed to a
nmet hod of desalinating seawater conprising reducing a concentration of
nonoval ent species of seawater in a first desalting stage to produce
partially desalted water; producing a brine solution fromseawater, the
brine solution having a total dissolved solids concentration 20that is at

| east twi ce the concentration of total di&solved solids in seawater;
introducing the partially desalted water into a depleting conpartnent of an
el ectrically-driven separation device; and creating a concentration-induced
el ectrical pottbﬂbriiralouilast adémiverrbmatihoaicnetith thafitst @hcdnlrating compartment
electrically- mu naSsee5)nadraz;t"goinEocnSi e[\/| ce | | e pronpting transport of at | east
a portion of di's speci eSUFF oM™ "P&rtially desalted water in 25the

depl eti ng conrpart rrémnaanmr@cmﬂpﬁmtsméme de:fahhah@n@ymmmt keadt baofaled firstpai r .
The net hod can fur er, sonpr east a porti.on of the seawater
through a nanoflT{ra ra thesR™ ysni’en?mﬁﬂﬁ o?eg%ﬁaatﬁﬂﬁu}ggcomgg SHALRPLEPIH igP

nonoval ent Sspezzclamg@tfesxseawater inthe first desalti ng stage. The nethod can
further conprise, if 30portion of

di ssol ved non- mnova?tgfﬁr?%gp%ga}t@gs? n ‘??55;5'3‘1({“ Scylﬁfm ‘Be %tg?atsualewat er with

di ssol ved non@latredtionigagon deyice Rﬁdlamqrsgxrfsctsel semndemﬂceﬂtatmgnc@ﬁpahhenmnoval ent
speci es of se Iectlv reduci ng the concentration of
di ssol ved rmnglé\% éaﬂf&graeﬁ%\é%wh ef(szrgteaglomﬁ sanéﬁevf gqgfng’oaaigaafld Eavm%laé'vn) {

Produci ng t he fbridlpeorsedtest todire soame biseabate, prdanbitd dngplettmgwmmmﬂncmfm adnid east a
portion of (fj' S&Rﬁﬁﬁ%aé&e\?h{eﬁe %ecgrm oﬁgenﬁ'gl%vw% a\#men?thr U %%Qc n& ea Wai er
streamflovvln I'n a concen an el'ectro |af '€ devi ce.
The met hod of Sd!@stademmthrmlg, m&dmwn&annl‘euﬂmhlercomapd ot leg$t@at oﬁlhg/bmmaal |y

sgenerating ofigyd, <fh19tr (4 BAToRAYRAE Bhflddnfent RECLT b b} (BT 7 0de
conpart ment, typi cal e anode corrpa east one o

el ectrolytic dbvliewégcoama@hmt-t Ihodinglcysss, st Wesk puzeof aedfisttrenegheaingi cal I y driven
separat | on devigfu A0 ikl KELHObMRAERORIR Lhthaof@lRh,E SLream in one

or nore conpartnents of eas ectrol yti ice, the
el ect r odi aldysicomganimens, anéﬁ?@ thitdedepleting mﬂmﬁmymdp%\r@nccsmmam@ﬁngCGM| ce.

Fur ther, the desal il e/ RLARMEAD:Eh SR sGRIRNRTBhs doBARl@AL Al | ¥

di si nf ectl ng at | east a portion of e seawater w ener at ed
chl orine, the fyeeeemrrise RYG e piinestasprsdinks, ong pr povelef which can begpndly

particul ar aspggfewed &R AALITRE ban AL &%fflrgl&&?creht%g géméal?ﬁneﬁé’&h%gs and

techni ques of the invention can involve treating wa n a system 100 as
exenpl ari |y 15Metiethesecend feplatingcompartment. Origer moeseafitkaring pioragetankocapan be

fluidly copnetoeRblyconpeelarblet Ay 6né6}%&€omméh &ﬁ%@'fﬂldﬁ}?COQﬁC&qugt ed 110.

Typically, the I'iquid to be treated has mobile ionic species. For exanple,
the 1iquid to Beorreahiet s lage coe ienswphengias vt exclirivehiey teethergins di ssol ved

solids therei rbpeﬂa{bfg@fglbgggag,gauapp}st&atl ons of the invention, the liquid to
be treated can be 20seawater, n’&el se seawater, or consist essentially of

seawat er. | n ot her Incothss onfy tg"lé"“lPﬁ' geangtep desglinagipn sy sieayrap SrHeneaeipsise dat er |

conprise brac Kmsdum{)&mys;@aev@&mﬁg a SiRIRble@dr abneamhér@%idmo\ﬂﬁ&% The
treatment system 100 can conprise a first treatnment stage 120 fluidly

connect ed o tdREn¥rsam donghe fifsydapistion coraparymspl aad upstgam ph e donepehasging sy st em

100 can unit. Further configurations can involve systems that comprise a fourth electrodialysis
device having a fourth depletion compartment fluidly connected downstream from the
second depletion compartment and upstream of the ion exchanging unit.

In some advantageous configurations of the system, the at least one first
30  electrodialysis device comprises a monovalent selective membrane disposed between

the at Jeast one first depletion compartment and the at least one first depletion



25further conprise a second stage 130, and where advantageous, a third

treatnent stage 140 to produce treated product to a point of use 190.

The first treatnent stage nodifies at | east one property or characteristic

of the liquid to be treated. Preferably, the first treatnent stage 120

reduces at least a portion of one or nore target species in the liquid to

be treated to provide an at |east partiallly 30 treated liquid. For

exanple, the first treatnent stage 120 can utilize one or nore unit

operations that renove at |east a portion of dissolved species in seawater

from source 119mrertpewdHetheatthd fissigleplgtingaompaitingnt of datledradeiveizaton wat er

stream 121 havidighe Bardhiall d dixed belr ionABNER mbdi® Sud IR S ANRELLcin Pr of er T ed

configurations can provide at least partiafly treated water Stream 121 that

has at least 5 %I §g§m§mhemsv9ct&¢fame igeavion en ifvobimpsouraties ¥a@r, pRfdigiy

Phat has a1 ear el JRPaEoatt bR, Ay Rl B e B S ot
0

stage 120 can desdlinagen systersjgan etbérgpapriseat loash vnaetecatreantyetit episrtigewbich

reated o g, DCamurs OALEREL ety Bon L b S PRI EERR LA, M D cam

e.g., at |easib6¢aw4tm ¢ryprackishy weigr, wed, ereferating bpélpgétgodnefcfeér@r@e@eptnble

conoent at | on kAot Bl by Flesk RELAEAL AN 0L AR Py o2

Fl mit ed %/o pnvc%ﬁiéleé?fo%yses dspicefpad hephlepst 9ﬂﬂcﬁlecﬂ0dmrem@¢n mtéga‘bMSt ream

uni ! 0pera§¢ OMfgast &E?r&feaﬁﬂ%@urﬁ%&'aﬁmt hﬁk&nﬁﬁse;apﬁas%nmﬁ st dshﬁ?% @ﬁmst ream

unit operations, an in sone case e overa

treat rrgnt sy st BerBrBp consishing.of 4 fliration systens B shiganation systeos m¢ addchigrinasiog . |

change in saligitM, TRE ¥irch&Hed?¥nit Hfedifoh S4n JoﬁﬁﬁgéTﬁ{HOnﬁtcéﬂ?guﬂa%Qnscfﬁ%ebe

dependent on desalinating seawater to provid | east partially treated

wat er that is YSRBURLISAE oneof & Bigrefdist aB‘}"demt%B%‘i E%‘t“‘r“éﬁ%ﬂ@m zation device, a

nanofiltration deviiggncaR!he g@%eﬁtﬁﬁﬂ&nmakoﬁﬁﬁeaf pkeRGre-bifpendesi gn

approach of the first treatnent stage 120 can be dictated, at |east
partial |y, Yby SR EFIQ?F‘V%bﬁﬁé’P’F%fQV%&eH’é?SA{CFﬁ%’lfaﬁoﬁor@{‘afﬁﬁpé the first

treatnent st ag&néfﬂﬁatﬁﬁ%r@&n GV SHIFE M TECTP LY ibERe Atonk BRSHow @hthikl ¥ treat ed
water utilizing available electrical power at an existing facility.

20Fur t her conf$YytRaay-iNidland, Mighigan, ﬁ*ﬁ’t'?e\}‘é%d tgfredupthe pongentiatipelat kestdheage 120

can invol ve ONRIfRE spreics, whidhishONE FurihkGBduck BRtpoS8l RGSUnyEbY bj EREFEngRdle Or nore
target or predeterm ned species fromthe |liquid to be treated. For exanple,

the first tredoNEHcaaRloPEaliPns R} 3548Y B the pleptiodialysisdewresramddhe i t
oper at i onsad hadleo&bdduﬁmtlmp@ervtobal I y selectively renove fromor reduce the
concentration of diss ved | ent. species jn 25the lLiquid to be

treated. In other Eh¥Ekotherfon ’IgF’iag?"Stoth Ordpre gk theysyster)s of Biapvertongthe yt i | j ze
one or Nore unitleaQped Gﬁth@ﬂSeaEthﬁE eﬁétﬁ)ﬂbiéﬁlzaldhrcﬁdu@&on’iﬁrrs@aamahi%mc@gecﬁ:s
concentration oh one or, nore t g{ﬁs of %4 ad Species therein that is
greater than tRECLBrEAIPHEEReES SHlept Rk 20 4% Ib&‘ 8F 18 jq eammupiqatien Vityiheq t o be
treated. |n sStanbdic aidwe chtmgRcollédd@s.f THeSbnit s;eafemrect&tsagemc&m aigda a
second product strea concentratio of di ss SO |ds

30t herei n fhat'®PLP aﬁ?aﬁég‘lﬁg °Pﬁ§ﬁ°"a§ﬁ tf‘i"é‘i“'ﬂ'ﬁ nq Waéﬁ?ﬂs a%‘ﬁ’“‘é "He a
stream from a aulhdt oﬁepﬂécmfo&ﬂdsmid&ah dd:\&ceumaSSless't aiedft st detrodialiid devRp&hat i on of
L;S?Lgﬁgt 3]}/53 € atiootr%a?': gercglgcﬁé%grgﬁla]_ymi evafcrzacclolmlp%g arsl %o%g%rggarr]tmbegt f?ui&?vms,[ ream

connected downstream from a source of an aqueous solution having dissolved chloride
species, the electrode compartment comprising one of a chlorine outlet and
30  hypochlorite outlet. Further configurations can involve at least one of the at least one

the electrodeionization device, the at least one first electrodialysis device, and the at



(not shown). In other cases, the change in concentration or salinity
provided by the first treatnment stage 120 in the at |east partially treated
stream 102 can be dependent on providing a second product stream 123 t hat
woul d be utilizable in one or nore downstream unit operations of treatnent
system 100. In still other cases, the first 5treatnent stage 120 can

provi de a second product stream 123 havi-ig-a salinity that is greater than
the salinity of seawater, which has a typically salinity of about 3.5 %
Preferably, the salinity of second product stream 123 is at |east about 5 %
but sone parti kedtane epdddieceotidysdf device comprisinigiacacand mlettmde kvepatmehoduct
stream 123 havyj I f at |east about 9 % For exanple, the second
product st reanﬁggl}%}égmg% %Jllégtfg%‘ﬂuheet streamwi th a dissolved solids
concentration of atOleaasgtoreadspasts oIﬂle%vennoratanhmBrb aglbaiinati®n s@@th ppm hi

'n second pr odtiARE aantio it ShisR o el BT MRS B aRp RS T
treatment syst tmsd@Ovdpredbansd cdneammucamfumnase]q@nm‘@ecaﬁhya fiast sdaaet about 5,
gggéelntn I‘Z? irrgnaglye%? té(?g'ﬁg%%grligg?t\géd&geﬁ f%‘% Elnl?(g%fs creabmﬁt 36%061‘%% SOledsThe second
stage 130 can ¢raventration ieastcoomeawaimtstmpaltcapmdmeiahahe ftermhemedns 6at s t he at
mvent o, ¢ he hRERESERE 2045k SLARRM SRt D RRNRIBES TR G 1 o

t hat adj usts odibntegrstrpam, evlmharta@nem5§¢ne$shmglnghs&1taveksrae:td Platetlisadany t reat ed
St eam 21 bt RS Al ARy IR B SRR BB
second st age 1®?lqvfmm1daﬂ}ebasatdeblemconmfmhaﬂaciﬂseamsetdedso the s¢coed éllut@Ia’m 121 to
Pt operti o5, or L gulhrin et b FRLHRAL o ThiAQfabhR AR ATLL 30Gu ™)
particularly a¢vissemgeniogiorSdbniid dppleting exmpaitmertccor dance with one or nore
aspects of the i nvaniifilontiifilols bint RERMRE! o 3ER0Ge M GRNNGAMREISe one or
more unit operations t fize at east on stream oma gst one
upstream unft dipelvad FQMS ecensiaiion/indhedirbieseavater sbieAnt caprprisssain slecpstiaysispst r eam
uni t oper ati ongevic niNif/d 8p1eBoR EMiFthe Rl MedillfioRQ BhrcObs Ifhawi th at
| east one desi rgbcl e 6%p§e?t 0or char gct eu?(?g\tb(?cet urt her rsgg)tl&cuitér tha
configurati Onsa%smcwremwmmraemﬁ@atamrftons@agwlqwocerapaﬁmwobm one or nore
uni t oper ati ongodRaientGEIBAIVE nknBRnE Nhedhedtt Hr%{c?é%ﬁﬁggﬁﬁgol\feﬁ%l tates
treatment of the at |least partially treated stream 131 to 5uce a product
stream 141. | rcoBequirptiqn jp thespcopd afawpiebrean ey eIMRISe ahaleqtiodi hlrs device. 17 -
treat ment $§ aouwhigR cBh@ANABn BBREMBlenPiA@Y Conmitit LR Thedbarck BRleab ALY, Qﬁau“ lize
in one or nore upstreamunit operations of treatment system 100. For

exanmpl e, the aifBeRatet proyidingthashrinesireapy SThepeapiefon pigyidingdurerceniratigac ond

product st reaniniiced EIZ@HcDYor ORI Qh cORpPseW it ngi@eaﬁ&dn%ﬁm@ﬁt figfpnd stage 130
in, for exanple, a step or an operation thereof, 5as_an inlet’ streamthat

at |east parti ‘"é’l“P‘i?tefié%i‘ fqufcsob 3 ﬁb%h%‘%?‘-‘é% fEW syParp faving a fiskeopcestiptionaf fajalt 1 eat ed

stream 121 t o q§sambdl@liillands Q!é'b}ﬁithaﬁ”tc’éﬁaﬂﬂ')ﬂast%em fidiglodRasd to%%uﬂé@&a{ abl e
property or characteristic. Further preferred enbodi nents or confi gur ations

of third tFeatFesnd half-gefbf ei%reefaﬁawﬁ%Ffﬁ?@ﬂctﬁﬂﬂfen&ﬁ%qns&fﬂ%ﬂ@w@md soliflsthggn o

difference of i3gRuePRA te Ast EIMBERGHSH drIdthiCdiRbIvED@Iibd. OEHeHirdt BalbEelf r €at ed
relative to the property qor characteristic the 10 product stream fromthe

unassoci at ed PGP tyRieallyfluidly eppasateddn seusereol Spawr andife pesprddrlios

treatment syst@mcd@farinentk flhRBSonRRtkIeh botrdedf blind. at e treatment to provide
the product stream 141. For exanple, the third treatment stage 140 can

utilize the differ&REE F‘H’esf'é‘ﬂleﬁ?stp?tb‘?ftgee%&wl@ canRsifiresied @dr ce 110, as

stream 11130 r eelle%trbaeammuwn&x&akbrapﬁs)ﬁag@d@kfz@@mn%p%amm fRldly &fdcrdaab hi al 1y
facilitate reduci ngfca concentration of one or nore target species in

stream 131 t o BPEHYCEAY IpYiBRtiEtol vrd s@lids fopicimdlg degleties sompaftmep defined at

least partially by a cationic selective membrane and a first anionic selective membrane;



desired characteristic, e.g., purity. FIG 2 illustrates an exenplary
wat er treatnent system 200 in accordance with one or nore aspects of the

i nvention. The treatnent system 200 can conprise a first treatnent stage
including a first unit operation 220 and a second unit operation 222,
20each preferably, but not necessarily fluidly connected to the source 110
of water to be treated through respectivédinlets thereof. The treatnent
system 200 further conprises a second stage 230 fluidly connected to
receive, typically at an inlet thereof, one or each product streamfromthe
first unit opeamdflosst oRGopgedirative hglécelhphing i ioniggemauiiortiop 24th theqgeplstind y f r om
respective out] r 1 25conpri se
athird treat ﬁ{p s%%ﬁeﬂ%f n%a\%fltﬁl({nq}g%rg?lnFanséﬁ?&ﬁwm% glgggeﬁﬁgfé#g%lp? %‘ at | east
one of an out I@tnp@lﬁm@IhQIUlslbfG@nan@tiageS@B@of aﬁrsoaqulceus lighiddweinga firbr e uni t
operations of §ilieild {ofls ShEARI aktifhic LR ARMEGE ] Bl flunEO De treated,
and the unassocliated unit operatfon, to provide a product r to, for
exanpl e, the pompartoént ﬂswgbloﬂ‘aofsthm@zgmc sdativeameinblaps andgheetirsi anionkre  exenpl ary
embod ment Of {ofeiv® mdufbFant! dnd b stthd PG Rl B ARRABRRIA I FseBa 1
partially treated water stream an e conbi nother at. | east

partial |y tr eaffwelasauresof g sscerdrdueamlignidthadpea secomidissplred elids oduce an at
partial 1y tr ealallaRARAWES i HhdafR Maf i ard MR bid BhRLn A6 A hfigh an out | et
of unit 220 can 8 or nore characteristics that differ from
t hose of the sogwndicadaneyithsthe ﬁahha‘l&@ffhcgmpmmzthrﬁmaéaﬁwasdaramcs:;éee@wd uni t
operations,ar e, QhshfRrably designed to provide the at least partially
treated water stream 221 having at |east one target property for further
nmodi fi cation or tr &somsironfiguraiisnveidhstlenfeddgnzatipn devicecbafirsypdueowsper at i on
222 can 5 proviglg létsea@&ep%@%&@H&gqu%&mamd%%sbe mmtr%@w%bi dedpgs one or
nore particular or tar characteristics. Thus, sone confidurations of the
i nventi on contdspived @llgﬁ'ﬁopc@b'étﬁ‘altqf(@?@aSQ?@Ulef@ZT*Nﬁdt‘ serag ¢rakadimaatsyofpr ovi de
an at | east pakdindddidn, (dhe@L&H dRLIGEd ShidLRMeARHiM 1S the IR dREIVEAERAT i cul ar
characteristics while further providi ng a_second product aqueous stream 223
wi th one oF5 nuficBcealiIoa s i picgngepisation satiotthas iscah jepst abput fheee. f r om 10 t he

characteristics of oatbemdle2dil furthBeashdctsss tefifRhii® dan Bk ﬁﬁ@ct&ﬁ@aﬂ{elhloh &£ water
treating unit operations, devices, or systens such as, but not limted to

el ect rodi al ysidsHiatingseawais C@qugdér&cwmafa@qeetﬁat@wf euovalent PpRiSs 9bar t i cul ar

enbodi ment's ofseddiferiihy BRE de@ﬂtlx‘fgaé?ageﬁtyF:Ioklﬁ:e%axftﬂaﬂféesh!wdtwa%?eﬂr@&dc 2B atbiad 1S
oper ated to have | ower power consu ion relative to he secon unlt 15

operation. Theopfipyiron ﬁ?af”aE?bé‘i“‘a‘ffi”GﬁOlQ‘z‘U‘ haxine gdotplsssalvedsolids qonerptiaons r om

seawat er, N ahatliLafdastPRict tl@'cbbﬁehtbﬁﬁh 6ﬁltowa@§oma@simtin Qhwtks: Sl ng a
total di ssol ved sol i ds of about pm wth about 30 70 water recovery.

The second uni'he Rsea éitdF%HCdZ‘Qﬁerda‘ﬁ aﬁ’éplﬁ%"&f‘@ﬂ“f‘ﬂ‘t Bf Htrlecrillypiiedavat er, an

about 10 To breepi@atdf ldetite) ind¥HAY a BordbRfaby AdusealelddEicaigaanilimy i on of
greater than about 99, 000 Eﬁ&? 201 n_anot her enbodi ment (not shown), the
second stage TSBFBGRHIORG the,gecticallsfven sPRArA0R ALYiFeopule@HOOE par at el v

recei ve streanfndposr hthéhsfd PoHiorAdTdisS 610 e diddi f‘fonome rpﬁhmwsa%@ waftdin222. One
or nore pref ergéi %an‘lﬁ’gi” ations of the sec%fng an, i nvol ve one or
nore unit & 95B1YENg FPAIPALERIng @ CPRRUIMGHRY 1T rﬁ“‘&‘celrﬂ’fné“t T8¢ r eam 221
from at Ieast Mdlieodah fur@&%&ﬁ:ﬁ@’pa@ﬁngdﬂhaﬁtlal’;ﬁ)hloﬁll’o@&{eﬁ&{ﬂateﬁﬁlﬂ@%h alhe second
stage can 25thus provide a third rodti16 stream 2? @%h one or. nore

&° of mang

target char act®@Pqfiliration systgmyb F& UgiaE NgEoREREep Nt SREPES ¢ hi r d
treat nent st ageaw4d in the first desalting stage.

The method can further comprise, in some approaches, replacing at least a
30  portion of dissolved non-monovalent species in the partially desalted water with
dissolved monovalent species. Reducing the concentration of the monovalent species

of seawater can involve selectively reducing the concentration of dissolved monovalent



O her enbodi nents of the invention can involve ion exchanging units
conprising chloride-formani on exchangi ng resin that exchange at |east a
portion of sulfate species in favor of chloride species to further reduce
power requirements of one 30 or nore downstream unit operations, and, in
some cases, to further reduce the |ikelihood of scale formation in such
downstream unit operations. Thus, the exdAanging unit can involve cation
exchanging resin that at least partially reduces the - 19 - concentration
of non-nonoval ent cationic species, such as Ca24- and M2+, in favor of
monoval ent cat FRSACSPER PlegTodinlysis dgwicovaRroduging thegrriaé evlatidinycan fnolvlier conpri ses
ani on exchangi p@nsd t&ngﬂ@ttofﬁf}eés?ggﬂm&@éfgéﬁélbgd Jpgtq Sfotn {hh eafQAEENLS ation of
non- nonoval ent ani oni ¢ speci es avor monoval ent
ani oni ¢ speci eéeco@tféﬁ"% siggam %owmzmwawnﬁ@dm@empmmtmmmqmm
requi rement of S0 tion of any
of the ion eXCﬂ%I (rit’ge]?gg?dn type;slgtglg a%%k%ne@ﬁggrr%%’aﬂagﬁeﬁgﬁgg&g@aml e, a
wast e bri ne’ st B@airERAe Rfcilorineand e h)eachlanlg s@icies in an electrqdeeotrpartdert,r eat ment
stage 240 can %ﬁﬁfﬂtﬁ@a&ﬂ@cdﬁﬁpaﬂﬁt‘éﬁt e 1 a&Bﬁcr a'n%ﬂﬁtrcglgﬁ';[dev LLlf,ze the second
product water or aglt;eous stream 223 and anot her stre suchi'as a 10 water
stream 111 fr oftfdiedinlyas demiceragd thgeleciricaltyedriver sappmatien dsivice frad theitradyticallyer
product streanyeadrkti r oi nt of use
M @%t F%a@itfe\étrgﬁnfn o%@totex?ore%x‘ﬂ ?gtr lﬁe{sp?r{]

or storage 190. Fur preferred configura i ons 0 treat ment
stage 240 can FleAiEIvie devicsetiie Plaegrosiabysisrdevions mndyhe elpctmaliaqiuempa’atmam 241,
whi ch can e ushitel Ruiaf iRldclih Riod ARkIAZEA Alo AMAS! £ SANRARPS Of {he

t r eat ment system 200. For exanp t he by rodu wat er f eam can be
used in one ordiSipieeiingal ltea%ﬁé?lﬁf’i‘ 9‘;1'@3 sqawgqq@wﬂe@ea@esatedgélozsﬂ tizesgeagratediput  or
reactant duri n@peaﬁajraégpgaest Besguef . The third treatnent stage can utilize
one or nore unit operatl ons, devices, or systens such as, but not limted
to el ectrodial ysi s SR8 PRPEHArsRsSISHMbG IR, W\ epritgratipnsf te: sybtemsandat es a
seawat er desal techalgueybf MeSheMiSPniinvofe GRAHRREEr M 4 &sQRE100%s H@feﬁly’?‘s pect s
of the invent |l§> Desal i nat| on system 300 typically conpri ses I'rst train
havi ng at fras “stﬁﬁ‘}@df'}m?t el ectrodi al ysis device 321A and, preferably, at

| east one second eh\ﬁstréa@dmﬁlsygsdnﬂ(ﬂﬁ&éhE@ﬂ&a%%on@@t%abi&%éc%le%%&& 30 can
further conprisge ’ajartggcon train havin east one third electrodial ysi s

devi ce 323A arff!9fs'@Pefread 10, T§%‘E%Hd‘%€%‘€9 fodRfi tegpigd has raebile ienicaspads:s.

Desal i nati on syﬁbﬁﬁﬁpﬁé)&e&qmd&b B&r&mﬁﬂ %r%bmbﬁﬁ%at&ﬁ@vx@%&aﬁ@a@dﬂé&@ﬁ&g' ng
subsystem 330 éh at. East p?ln exchanger inlet in comuni cati on

with an out | et>°df® BEeipe yplications pfdhe igygnfian. dha llayish ta by patedtay be es

321A, 322B 3&3Ayat@rmn$a§b&ea&a&abﬂ daatlstegkeﬁtwﬂy 8MeadWiterC AN o@bSQAsBARP! | SE a
third treat merlt staﬁe 34 further treat the at |east partially

treated water S % PoHs CP%S%]?ra - CRBHENYRIG AT 6pnsishn exchangi ng
subsyst em 330.es@0ddllg of bractishebaat r odi al ysi s devi ce 321A has at | east one
depl etion conpart gt E’%D haV| an inlet flui dl% connected to a source
310 of seawater. ThHe® FGFaet &sEm %FW‘?‘*H@WE@ onf glagg B0 fRiipri ses at

| east one concemierad ioahe Lorpaf ndj[&dnto be—treRt@d 118 2AHekeatief§sg&@R 1 yo Ednui dl y
ond el ectrodi al ysis device

connect ed 550 t Sour ce 310 o (g q\é\@ The  sec
322B of th® fil} FYURTRE ¢ $ASPRLT Ay r‘?’B‘t‘ vhers adyanjageous, adbigd (rapnent pags
conpart ment 3220 @adkcatredicigasduone agomeenise #90.on conpart ment 322C2. An

outlet of the fi rs{l.hdtergttreamem&a ardt ntl 321Dl is fluidly connected to at
| east one of an inf&tH ge 'modifics at least one property or chardcteristic of the

liquid to be treated. Preferably, the first treatment stage 120 reduces at least a portion
of one or more target species in the liquid to be treated to provide an at least partially
30  treated liquid. For example, the first treatment stage 120 can utilize one or more unit
operations that remove at least a portion of dissolved species in seawater from source

110 to produce at least a partially treated water or water stream 121 having a salinity



5the at | east one depletion conmpartnment 322D2 and an inlet of the at |east
one concentration conpartnent 322C2 of the second el ectrodi al ysis device
322B. In sonme particul ar enbodi ments, the inlet of the at |east one
concentration conpartment 322C2 of the second el ectrodi al ysis device 322B
is fluidly connected to the source 310 of seawater. Preferred enbodi nents
in accordance with sonme aspects of the iLpyention 10involve a first train of
devices that at least partially treats seawater to produce an at | east
partially treated water 321 having at | east one target characteristic. For

exanpl e, the fdoh@ht 1ésk Biah s@ifwakt epklcRed @dzmghrsti&ﬁuarpﬁsvmmuea@cgfamaﬂyI y
desalinate water, preferab sel ectjvel ¥/ renmoves di ssol ved sol 1 ds species
to

| .
fromthe seawdfedfed wagr ﬁ‘feﬁ’ﬂdgg thehhagt Jeash S 7 J5siselindty) Vat 653t HOBSBYERCt wat er
stream 321 havii0gogRypefRee®Eont@h@titts can sloiadih @teHPpdraly RN GaRE thad | on

that is | ess than seawater, r_glf@atl vel y hi g,her rati o of dissol ved. non-
monoval ent di d@dpVEAS Lok lege saligity thatsepdater; d8e fipbieatBen vageltl capridize&r ¢ han

t he correspondieiigsigili kPpro¥ids £ Ak SfangPdtdifferéRYBY reBOMC@RENBALRDT Slingly SSOl ved
nonoval ent speci es concentration. |In enbodi rrenf]s t hat seek to sel ectively

renove di ssol VRSB HGHANELR bestsratedess- AR, anfgPeat iGsiRrgialn frealed lpiq v e
menbr anes. can éﬁ@gﬂﬁeﬁgd, a]E Eaﬁgiﬂﬁﬁlﬁyl?ealteﬂtwa%&.aifﬁi @@Fﬁld;ﬂégkne_eﬁmnd@@a@éﬂ on
conpartments, an preferably, a eas rti efipe concentration
conpart ment . FRSPVidedbtredirstipratmentsigee d dp 5$@?i%%6%5%31yégﬁw%8‘§ﬁ“ﬁ%\‘(?éﬂa first
depl eti on conpaébienéonditidhdlin@hdihg a8 nod Alibddol 3hydat binaske bytha cipasigyal ent
anioni ¢ sel ective nenbrane 381 and a. npbnoval ent cationic selective_ nenbrane
(not shown}? Mg OLmPiedOWNSSARR MR PRF RIS CBRPLPLHGK IreBYs of ioRe Pripprg of
conmuni cat i on thé ddwrshemAniit dpSitati@PAr] inGBmE G4¥p,alid Rl viddr dergindidiehenonoval ent
ani oni ¢ sel ective nenbr ar‘iﬁ SEl, angl, ﬁg‘%ti onal lX a second ﬁoncent ration
conpart nent ( iBEPEREWNF™RP oEftF P RRe RS RER EOCETaERT & B SPAEE e menbr ane.
Ehe second el EmliiiiqdbrabmiedsytdeﬁitscEea,’&ﬁé}BsteﬁmblQalcsmbdo%pam]?hmlai!eiajdnﬁmlgf: gured to
ave one or nore nonoval .ent selective nepbranes .that facilitate . sel ective
fempval or depAY g BRgan st Rl drAPERACLER i CRIpG 0 TRAMES AP or

st ream i nt 1pdudetedddnizatibrededizp] eidnofiltraonpiricerartiosh. thiberdadtora et max unul at ed

into the concentration conpar t hereof. - - . ri operation
of the first caseans et Bat Shims Ty MEn ey isuas Posante it e Teed as a
ggg(é(zant \rAﬂ_ti ﬁn Isafrtliatﬂam)r ef:ﬁmdnenq dpatatng cthideratdImg.t Fcatekmle:,gmﬁ'sttthrmmw 321C1 and
: ich c S e qne qr nore renoved. cie rom,t he st. ns
"t roduced 1 nt e gt st dun bt aiPRY S SEAE wab L8 sFiaE
| eavi ng conpardlenpithbpobeBa bEtxiating: fBARE2 and cont ai ni ng speci es renoved from
t he depletipon conp ment s. ¢ be dj.s [ \Q@’ﬁ r Lect stream or
be utilized in ot h?ﬁ’&‘beﬁa%“?‘ 3%;21?%00 r%’ﬁ%@%‘?&%@qﬁﬁmﬁm g“%[e 1?@%32} one third
el ectrodi al ysiisvaevine er 328Angaperbtidons Orf sefpatiedy teoope aneiod enoge tprgeiderct st ream
that is useable_i . it I, ON | J i tem
10300, "1 n acodranlintf HRSL GATEGiBEE BHLAT rel HRR. bR bRk
el ectr odi al ysi #agd ean @enpB3k utitire dre\we mate Ungaptraime tides|lest mrtialpnpar t nent

323D1 and at | s%%%t%veg{]%ﬁng%g?&@ M éﬁl#cgiﬂﬁgc%g%g{rﬁtﬁ Qﬁf dﬁ%"t)ﬂg& do’ﬁo@a@éﬁk %5%53 in

conmuni cation Wt one 0 etion conpartnents 1t hr ough
a ion sel eeti vibe hignidrodeeredsd. Inpthef easethihg fird treginewtsrage capwomeprise aplizeed
through the thyrd, h:%%ﬁ%@é Mokt h?a% 8Vih§§ %ﬁ%ﬁ&ﬂ%ﬁ% S Wb defitk£18h ofiGhe
potential to provide a pr duct water strlamtromthe Eoncent ration

conpart nent 3280lorhypésed dissmivedrspenias ¢heprie thet ie greptaritiarpihe tencgasration of the

characteri sti P&%sogz%%%gs’;ﬁg%ﬁqgg%%é e, %% bt Hfiplc s,%s&%tn@niﬂ%é&e

constructed wit ective nenbrane that' separates
provi des i oni ccaopravideiasedondprofedt wesam 1A3dadeph eenconratomplatissalzert sodg8Dl and
the concengy at &%inq}pam%}éa[g? H]tanggélg'y qu?& s@etaml, &ARh cANR a stream from a unit

operation that is unassociated with a unit operation of treatment system 100. For

example, the ancillary stream can be a downstream byproduct of one or more sources



20 fourth electrodial ysis device 324B can conprise at |east one depletion
conpartnents 324D2, defined at |east partially by anionic and cationic

sel ective nenbranes, and at |east one concentration conpartnment 324C2,
typically in ionic conmunication with at | east one of a depletion
conpartment 324D2. During operation of system 300, product water fromthe
depl eti on conpartnent 323D1 can be intredidced into the depletion 25
conpartment 324B to further treat seawater from source 310 and facilitate
production of at l|least partially treated water 221. As exenplarily
illustrated, t(net sp@\m)ubtothmtceses ftmmmmgcan d@pbretatimnorcsalhparptmw b38%D2 can be
C e e AR SR gL 5 LA TR 1L PR AT APRE ! ©
30The first trmbﬂdihglmkagdld[goddnaetxremnslr23 axadwstdwtbmhlehlﬂ@tnrcmdnamylsl s devi ces
321A and 322B r du ayi et. t ot al

di ssol ved sol |%’gﬁ(s:tge§rélgjﬁ$r g?rgtgong 3 tpe Emen?g g%nuﬁ{%la%ﬁw%&casgs gﬁ’ ﬁésﬁ over al |

wat er recover ytraaaiept dgedBO crn prevuR-Za sec@(ﬂ%rodﬁuestrbm $23 laamnhgseelomgl that is

el ectrodi al ysl reage?\{ a% S&S§12 fA‘o aw%%r wh 21 c%.i? .%1 IL (ﬁsa{)ou?

nonoval ent anion se ane ’an crry rane and,
preferably, atPrtfembly, tlhhwirhzty eﬁseeﬂndcptcrdochsangsil@ ﬂeMeasealﬁQﬂﬁd%llm fonees

nonoval ent:, ani V. Y tion

sel ective rre a’F%"gf?’lv(}q1lg %DQ%'Fgﬁm 3% t e%gmgl 3 gﬁ’aﬁtssgé%ﬁ ?’hea‘"%gtent al

t herein. smtyszéatin@t ghoai h%i ot exdimply, thh eecohd prddtandreﬁmuﬂﬂ hanbea

el ectrodi al ysi e} a brine
stream hawwng ‘gmtg gtYéa&t%léha%%%o (S:(ﬁoﬁ? ;{_%Qﬁ'{%ag qaaggs Fhoul ??% A?%ﬁaCl) in a
concentrate stabe@trwmﬁ@mrmnbl thter roaneplap pobedimerts, @matto@rﬁﬁmdtsa@m®otiﬂﬂer eof .
preferably. ! Nenkhirhébn®l SEbIHAY HeindSY|ChelF AMGHR: sl [iiheht 10amouUN!
of brine at at |ea thetar et sa erating at a wate
recovery of atitﬂatme?iosywm'ﬂﬁ@ cfroagrat h?a% Iab@tt ﬁquata?lsfl at ladet\abowt 53@418!11(3311118 be
operated 10 Pradiifobtadl whRfThe BARbIAY rehHiRAL B NG ifHRGA t a7 0C!

di ssol ved sol i%s.g%ﬁten% o}'v Eout ES p%ﬁ]hu and p?l‘a){?etr gb vdetﬁ a recovery
rate of abdut &8liod,al leastabpyt Harti cul ar confi gurati ons of the i nvention, the
overall recovery Iahesdbnd difse 155 QA% @éﬁ'l&s&ﬁ‘@ufﬁ?oﬂcﬁan@p%{ﬁuﬁge{otreatsthe The i on
exchangi ng subsi/stem 330 Configured to recelve at |east a portion of
the at |east ph W@Mﬂ@lww@mmwmﬂl dn domeepkadiments abthyiinyentien, theast one

charact eri sti GelfA85RES 13038 BorgHRO Ghd G ticie Bt GRFaGH th'apd'dﬁlsé%gg&trﬁorgf the
i nvention involve se ectlveIY reduci ng a concentration of a target
q'_

di ssol ved specihaigcteristigs qfdhecsdt laag pagigBy FP%%@L wgamA? ] Borg thei fagstagp MG tPal | y

retaining of b 4deRchatat I%Ek'i?&lﬁhly%ea&ﬁ p!r&aatstr@anp&%amdqfquiaqmt arget or
ot her di ssol ved speci es, hen "substituting at | east a portion of the

retai ned di ssdirefeablypbe sesendssags 139 modifieyadeags twe shajaseeristisof B¢ stezsp 1B anpl e,
water 221 can {hamaud shielnidive hi gh concentration of non-nonoval ent

di ssol ved speci es, such as cal cium and magnesi um conpared to seawater, and
be treated to exchdhgwidireamsaystage 340 eanmqdiy opg ofmRIe BVALHETSval ent speci es

for nonoval entchgR&6risESs of DHE Br @Sre 306 sHBAMSIAEBIn@O M pBHidudilyQBSantigedde
exchangi ng subsystem 330 can_involve at |east two exchange trains (not

shown) of %bf tORBFUEAtOPs Pageordpnce With enech Fngespesd . th&rlm?ﬂfl?lr &e high exchange

train can COWRfdaﬁlﬁnﬁsta{gead@%doﬂ%n%'@%ﬂﬁl@rebﬁﬁ ob&htiA Rt Miiz8 ad 1880620 1 ON
exchange bed, which can preferably substitute at |east a portion of the

non- monoval entSUER §m\pkigast G“es‘ﬁ’é'if?aé%“‘l“rppleﬁé‘o%\ﬁ’t‘%‘i‘d‘fy SNUACTALCAIHBIMGRYONG 2+, i n

favor of nmonovae pstdin Bt MReuSREGIpRSideUilodist MNdhm 1d@e PARITGUsd BID BULC hange
train can simlarly conprise serial |eading and |agging iqgn exchan%e beds.

During oper at i 3§25t eprdesisablepropasty of chasgotesisiic: Juatherpajtigplar configurations of ¢

30  third treatment stage 140 can involve one or more unit operations that create a potential
difference that facilitates treatment of the at least partially treated stream 131 to

produce a product stream 141. In still further preferred configurations the third



- 23 - exchange trains can have an inlet fluidly connected to receive at

| east a portion of at least partially treated water 221 and produce an
exchange wat er stream havi ng | ess non-nonoval ent di ssol ved speci es
concentration. Once the first ion exchange train beconmes saturated with
non- nonoval ent species as a result of the non-nonoval ent for 5 nonoval ent

i on exchangi ng process, the second ion exthange train can be utilized. The
first train can then be regenerated by introduci ng an aqueous streamrich
i n nonoval ent di ssolved species to replace at |east a portion of

non- nonoval ent (speehistagh ourpiodue tivther prodest sty 2t ca befutitifeein baslorex change

beds. The ion I n.c | ] of .iagn exchange resin
such as those %@?ﬁ#%@&%ﬁ%ﬁg@ {g@%@%&%éﬁfl%gﬁm rlled ,&l@ﬁé ETTmresin
from Rohm and Hiesiost sPednh ddfedap b a byPedwabyrisv@nil aroduct streamReidjesttiyation of t he

i on exchange mggli e [ A ine sol ution 261 wth
sufficient sali nlrﬁﬁ@ﬁ%ﬁoﬁs&fg Sﬂzfgi%n‘%j Er}T’ %déék%&blgialr%%pgf %)nr%{)ﬁreah?'hﬁ’ﬁre 0. A
di schar ge st5r eapnB8BRt $treom thay at least braticdiyrigrils atbssamv@rnB30hc atedsepadiaighar ged as
a 15reject streg i ni S0 €l .at he |on. exchange nedi a
can be at a Ieve%ﬂac%ﬁ%%hgzggoaég‘fgéé%hgg?#égﬁ% yngSnJl@ ar?leetgsltg ea‘%é‘éﬁ’;essoci at ed

wi t h bi ndi ng t Ireoppidnermbaedalising Fapecprefredembrlireonthargeigyetinisaf third The
third treatnent,g 4 : L | ect rodel oni zat i on
device. In sorreee&%‘%&%ge%(g&gfl&t%ﬁgu}lﬁg%eg%}fbgﬁ{ha{%%f] %id?t%r?nrc% tanperﬂ?c%gt age can
conpri se 20at [oeghstacirgticofl the ligoidve ht ireated reletiwat thegedperty eatharctedieicitiee as

i Tustratedyg n a6 éa"i”rpﬁrﬂl{m‘q. ' G | QN ' vice. as
illustrated in Fl QtSSC. st h%%ﬁ%?ﬂ@n#%%ﬂ&a%ﬁlg&%e%ag% F'diice with one
or nore aspect $pyftion|ef trpaimenitsydem 1@(He at loqst partialbyfecilitat tsttaget te proviemper | se
one or nore el gefihQdRLAS B11C ¥R &AHBISHE RliQANARL! ) GRSz e

el ect rodei oni zgti on device illust ?attedmlu%qﬁg%@ehﬁs?atggg%{%%ﬁﬁl?l%gﬁri ses at

| east one depl éifferrgociBpiitypéprewaie frem thegpurce hEY, asirears d hi eviativatd thy

conpar t ment  41Zing, SPRR&H 12814k Rl pRtiall LAt 1eaRn £ REn GRARE bPhe or
conpartnent 411. Each of the depleting ‘and concent fgatl ng conpartnments are
at | east pdfti HIra agelsperaes 1b§ireamyl 3 to pradusa 2 predyel|vetar il ¢ ehavingiat ket o&EM and a
cation selecti u@,irg@mf@{éﬁstg?%_, piticgontrast to 30 el ectrodi al ysi s devi ces,
the conpartnents of el ectroderonization device contain cation exchange
resin and ani on exci&nddlpEdesin eremplamy Weiss fraatiment switeh 2¢fhinjaeqeotect wifect r i cal
current, Catl 0Bhforsiteshepts SUindsuidR! ThelueRinfedl dy¥co0 BhbohBrite £ENOCE ()
of the device - 24 - and anionic species, such Cr, typica m grate

toward an anod&eqm§nt siage Reludiag p fest ugibopersian 32 By aseqond phijerertiop2dhe AEM and

the cati on 2sel efhiphferaByiibuene sedchMily TRRIY &find0 8 tHeRBurdd 1 10FRSRP o HeNd
di ssol ved speci es, --and cr, in respective concentrating conpartnents

| Cr .
412 as reject HEgdhrough resneativedalgrs hsreor oHie tratment wsish 20p & OBIPFipRY A

Sconmpar t ment s b&goridyseige @B Fuiif@ometbice REdce Eir?icﬁltlyr KM} thefdoPBhd Heabipn
exchangi ng subg%ljatem 330. The product water tfromthe depleting conpartments

can then be st BPEY! Yreagdrqny the Ligst ppit gpersion 220,40 thegsgondrunigpaatipnRe?: suppl i es

(not shown) tygpRaly fYor E3pdctSotle® Ghdidof.ATheARAEN L §steRONB kadd Rrthde
el ectrodei qni zati on dﬁ\%/rhce 400 that facilitates separation of the target

di ssol ved $pecfBPrise g fatggaistage 24Qhavingsy injet fluily eqnaeated te gf leasberneenf gy i s

utilized to di asatiaifehenaédl stage 230, anehiRilotbne 5PR6Hk @it odhRioRONRRe BPP! Y can
be controlled torﬁrow de a desired or target current level, desired or

target vol t ageTGFMPbEB FgsoYresA| wates (P iRedrand Y uipgspgjated unit operation,

to provide a product water to, for example, the point of use or a storage 190.
As illustrated in the exemplary embodiment of FIG. 2, the first unit operation
30 220 can provide a first partially treated water stream and be combined with another at
least partially treated water stream from unit operation 222 to produce an at partially

treated product stream 221. The first water stream from an outlet of unit 220 can have



FIG 5 exenplarily illustrates a nodified el ectrodeionization device 500
that can be utilized in the third treatnent stage of the treatnent system
The devi ce 500 15conprises at | east one first depleting conpartnent 511,
which is typically at least partially defined by a first cation selective
menbrane 521 C and a first anion selective nenbrane 531A at |east one first
concentrating conpartnent 521, and at |ead8-one first concentrating
conpartnment 541, which can be at |least partially defined by a second anion
sel ective nmenbrane 532A, and in ionic comunication the first depleting 20
conpart ment 511°T€ieF Bativhanactbristiss that difertfionmthade of the sédon® vaepdtietn feal w6t | ve

menbrane 521C. sbherHeN; rther conprise a second depletin
conpartment 512, whi %ﬁgsfﬁlﬁg%fl(r&lgg“ éégr%deagss?m Brgéqub {egizpsr g Poxids e 3 leptton
sel ective nenbrREfRIEIoaBd water stram @Rl Bavingramlent oad tagst prbpekty Fdidurtier St

concentrating cQiRadisELM r ast_ a portion of t second
anion sel ective menbrane trfgg%.n{iﬂﬁg&gpétc%er%’géi%%ﬁef&di“&ﬁ PR 52500 can
further conpri stovdesssemd peasiucistreaal2Hh ghivbppderabip hids ond 8r glekipagidulatorl east
partially by a }hRidHacalif j .ane.523C. The second |
concentrating cgﬂgrrpgrt ment. %Aﬁhg’%%@g?%w%gg'}g{}m&& F‘gérévfntbogrcf’i“ﬁ’i“?(}tei“ﬁ"i oni ¢
communi cat i on VAPERUeNSE29 prdsd22 dlend celicciglcpoyide dore hast pAdiallhreue@hwdidie i rst
ani on sel ecti veu BB aleh oa fhlgdﬂ i.onj zation devi ce 500 ca
further conprise a third de;oféntol n gégffﬁpgéa?a(r%geﬁf“%f llgg’rﬁgf*reﬁr%‘?’g'f}??s?ﬂ’g‘?crned by
a third ani on FEpMeiiAROUARIBIMAIS WEBIAe offinere Chrracterides| et iypirattpaiprar fislNt 513
is preferably ahedhgashidRl &d fbi) 26D RN .cation.wth the. second
concentrating conpart _rr%nt 542 ﬁgrogg%&?hrgugﬁ%%aé?Faé}nut%%‘f‘gﬁ § {8 e nbr ane
523C. - 25 - THEOBrapns.dgeresnirAasttonsudiees, be n60@mitedno elatthodidnas davicanode
conpart ment 56Znd@bStcddodtaiRRNAdResaNd a cat hode conpartnent 564 housing a
cat hode. I n accordance with other aspects of the invention, the

el ect r odei oni zat i onFHEWGT Y cmbpdimerte of the invention dephedlemfisompar t nent 511
cont ai ni ng cat iopéra@Haha AR @h AR ower 3PQR j a such as. cation
exchange resin CX and a%ﬁ exchange régi n A@%ﬁg&gﬁlﬁ%%?mpsﬁ?%déﬂty
defined by the °PFRY- CBE fishunibenseatipy 820nantbe oprsat @0 Qresingt frove sdaiwatt, anai on

Sel ective nenbﬂ@ﬁf%)a{ﬂbﬂ\y ﬁ&im % Ei)?@du@fﬂr)ﬁtréaﬂﬁlaun%%ttotggﬂ g]&é&%ﬁ&&%ﬁél}tn‘ent or
only the conpartments receiving or fluidly connected downstreamrrom any of
the depl etion @éﬂﬁaﬁ’%ﬁﬂ@%ﬁ(’t &vafsr EepYestli Hieperiond dutopestion 2R ¢ahdei on

exchange unit opimmed ®9sodibe RBEEIWARE Ldn\uBollBE ALl Shlufich Jia%ggé?s@ﬁv resin,
and t he ot her C@%artmant‘s are free of ion exchange nedi a. “For exanple, in

some confi gur atT BAECRGERUAHEN & sreaterdhpsiabont 22000pPmRlevi ce 500, each of the one

or nore first depl ehiaAgh&QRMBBLINERIhSt SHOPB! he G omilstag? 19 &Ectopl?gseq{voiop n
exchange resin, and.each of the one or nore first concentratring

conpart nents 5P Y OPAtions thatsrparateligsravesapAns framythe Sinss and seeondsinE12, t he

one or 15 noreomeaiond2200me 21.1 Oid GndrOPRAFEAERIMNiBuRtis offAd sdcBfd Qe 23p o7 €
third depletin EiJ‘(‘i%l)‘?’ggartm&*nts 513 do not contain ion exchange nedia. In

operation, po ¥h 92° BOMET UBii opsrtiqus et dispitngastane progesy eflisletstieaal  ener gy

for an el ectri @2fffrah at leashoreiinit SpériminCAkefirs i8AIBH sBGL OFS: LhEq
el ect rodei (}Fi za]tui on .devi.ce 500 through the anode efflag t he cat hgﬁéﬁ'caﬁat er to

be treatedTrom” PO e FPLdug SUgyR Pk With oppordeqrs eres ehagrsterigicseand hangi ng
uni t 330 ent er hicheandepineter fight@DinERs thit®idatichlsthdyrapgh an inlet thereof. The
water to be treat eq)tgas'ng’i (?sol ve? speci es that can migrate under the

i nfluence of the el SetFMROPMSPLE O the inyention ey wER¥s GAE 8IRE Wét9i ce 500.

Typical 'y, theceaguisiogshistidesfarth 3didn 6RhiindSesin 1RhGREHan R WAL HordRlget

di ssol ved nonos\{lzfrlat%rgtecsgﬁglj es, N§+ _‘fnd Cl-, relative to dissolved

non- nonoval ent " SPEErEES BHRYY SL cypridaraesiosio Bitherredisn Brweg resuiseraenss ofipneini t

oper ati on 380. orfimusdoviBtednsenit dpraBomy,) iid, B soRB 848y tASRAG réduedin t h pronoti ng
transport of nﬂ%ﬁt‘{o%lde?t Ii?%Reci es can bﬁ? relatively | ess than the associ ated
amount of energy 11 Pt oRtt PR Auphfevnsteaniut fippraiense dhuss heci es,

addi tional capitiEngiap dnioparimtalvedaGeéx@hdnging SREARA ablRAYFarBAR I{s&meﬁﬁe reduced,
if not elimnated. The nonoval ent species typically mgraté to the
correspondi ng attracting



30 el ectrodes and further through the anion or cation selective nmenbranes
into one of the first concentrating conpartnent and the second
concentrating conpartnent. For exanple, cationic Nat species can be drawn
to the direction of the cathode and typically - 26 - pass through the
cation selective nenbrane 521 C whereas the anionic Cr species can be drawn
toward the anode and typically pass throudh the ani on sel ective nenbrane
531A. The product streamfromthe outlet of the depleting conpartnent 331
wi Il typically have a reduced concentration of the target dissolved solids
speci es. 5l n s6PRSCRHEEHPR furoatpepnsalest catlppicispsceast sudngs Ga”'sand ddgtt, hafavergpfa i r st
concentration gfoneia880da¥68sm8kd deenl LR, €1 d a concentrating
streamto collect the r?i‘grfapt%i ng tara_geta’ [ sg)gﬁ?e\fgogyglz K0S IHEE B For

exanpl e, a seafkphangingrpsnivatal leagipaitialjy eedsess Ihniconcentfatiab of iondndnoYaleran be used
as the concent hablifghesity, SMal ROLPIESH: df LRt pEQRCEnt L aki ng
conpartnment 541. Thg)eslt reamal ea@i’ng tﬁ‘ed ﬁoﬁgxﬁaﬂ?g{%&% Slpg%l?snsgucﬁﬁ%é‘npart ment
541 will thés KBichy iedice fhertfegtmenhpaves ragigeneent ofepne at momw downarh@mnis peci es.
Thi's stream cagpdafiof, SERateRRin 3P aMBTHS 185 b [ERIDR p AL sQ, duri ng

oper ati on, anot her fegglé%st ream’| s typllﬁclaﬁf %ngtﬁ]%cr)%ﬁjnc%%q:cﬁ?%e eﬁ%"%e cond

depl eting conp¥ithripifxample, aiepie hineshi¢amihayingldessilvgNa'omp €1t ment 513. The

el ect r odei oni zat i onrHdeMikCRa6Q0 & j4gr5rh§r CONPLL kI concentration
15cel |l pair 531 _and, opti or?al ly, Qéz} segon e ongcge?%to?g’tol?eo%né) %‘rfm%}ﬁi?hrapSBZ, each
of which is pr&flie fisisgcond progugt svates arampeiasiresm 233tahd arwehef streatn, slephed i ng

conpar t mentio 51Waterldt@arh it § BEroh QRGEN] FAb ifé&ﬂité%@!r%auﬂéxit b BSthir Whes 8.]2985&3 e afirst
0

hal f-cell conpartnment 541 fluidly connected a source of a“first aqueous

li qui d havi ng repm23] apd Ievifle/ Eeptadoprogust walsttetherneint ohuse anstoiage 199ni ¢
communi cat i on Ririter $rbRrretPeInf ki Gors QFRALH ki
cationic sel ectLver[;r;engr an([a1 ézrl C, and a’ﬁ%&‘rﬁ%&%@&%%&% rr{drl%éﬁ% 512.
The second hal # PPEPAUCICHARS QF BqnsAs Strearp Pt shtichwar be ysexhineone ormroneiupsiteamn Wi t h

the first hal foGRvhsie@RRAEESBE Me t@ﬁ&nén%ﬂ!éﬁ@ﬂb.hﬁoﬁﬂéxggeﬁﬁé l?)@;'dd\ﬂ&\m?é?b rane

532A. The optional second concentration cell pair can conprise a third
hal f-cel | conpiFRRERR Pesised igege g1 mpigni opgiptions ) the seapndastaga@?R assw SnpuTere t hi r d

hal f-cel | 25 crenguas turdigtopbratidnyéest. e tHirditRRthienGRIEE AN lﬁﬁ‘i%%% I} ge& e
depl eting conpartment 511 through the anion sel ective nmenbrane B31A" The
fourth hal f-cePHeTH9% Q55 Msteinsisuch a5 Jput Betilimited tq elestrediglypipan cati on with
the third hal feleablecigspas devas, 542 t hrough the cation sel ective nenbrane

523C. Further adva%ml%eﬁus features of fhe invention can involve
establ i shing a 30 Concentaies ancayafer drsalinatonysiRmeiol inifcaerdpnce mdthjong gr

provi di ng emnpoat bipeaabi te Biveritoar Deasipamhisystent SROyStANEBFpRYE a Wid Rain
differing con enIratll ons 8_1 dksso(iived onstituents. The - 27 -

concentrat i on ‘g1 P'f 8y 'ERERNeJu &fostradialysindrvics £7 L} andg prgferably, adeast eregesnilv e
potential E (iekcWdialyfiedevican2t® Besalieanh syent 308lchy e tohiphigth f¥odahe Ner nst

equation, RT Itpa[inha(,%gq

? llegs%one third electrodialysis device 323A and, preferably, a second
electrodialysis device 324B. Desalination system 300 can also comprise at least one

25 ion exchanging subsystem 330 with at least one ion exchanger inlet in fluid
communication with an outlet of at least one of the upstream electrodialysis devices
321A, 322B, 323A, and 324B. Desalination system 300 can also comprise a third
treatment stage 340 that can further treat the at least partially treated water 331 from at
least one ion exchanger outlet of ion exchanging subsystem 330.

30 The first electrodialysis device 321 A has at least one depletion compartment
321D1 having an inlet fluidly connected to a source 310 of seawater. The first

electrodialysis device 321A also comprises at least one concentration compartment



(conc2) E - nF where concl is the concentration of dissolved solids in the
stream 223 introduced into 5the second half cell 512, conc2 is the
concentration of dissolved solids in the stream 111 introduced into the
first half-cell 541. Ris the gas constant, 8.314 J/(nole), T is the
tenperature, typically 298 K, n is the nunber of -electrons transferred in
the cell reaction, n = 1 for seawater angpbrine, and F is the Faraday
constant, 96,498 coul onbs/ nol e. Thus, sone preferred configurations in
accordance with sone aspects 10of the invention can involve utilizing a

brine stream 23?23cmapf¢fagb19ﬂdidgswnu&ekdsehieqeiu&on@%ﬂgaa@hﬂepnnﬂrs&%h@r than the
di ssol ved concentrati on awat er stream 111 i ntroduced into the first

depl eting conpdstatiaysis fl”rYé;e@??lﬁ af e fisshprpin txpisabutamprises At Kgstanadipletipry of at

| east about 8 c&npamﬁém@rmWanatat le8aShe RQMEratdh cYimpaRent@IR D Ef Eak)ry. at
| east about 12 % or a dissolved solids concentratl on of at | east about
e

80, 000 ppm 15hpliest deplehipr companmentsi2 liRh i fluidigcoppertssiippt Isgstonesf an Bl Pkr abl vy,

at | east abputind £Qe40Mhe RBIR AR RBarHSRE3RT90M af Inlc@ 8fthe Adedsiéde0duced into
the second hal f-cell —conpartnent 512, and preferably also into the fourth

hal f-cel | conpfRREaRERionsempartment 32AC2qf theseqoad plectpdiplysis doVirrP32Re Iastiind and

fourth hal f- cqiakuc@mddmtssth'élﬁe@ﬂdmi@-ﬁame ShdntraltA\BmParkth@i 381dne.
content, relative to seawater, can _be directed to storage in a brine

storage tank X8 ﬂ%@fﬂﬂ#ﬁ@ﬁff@%ﬂﬁﬁ%ﬁﬁ?%ﬁls ﬂH{dwoC&a%fétfdwhesqqﬁ@ F1Pok ¢

hal f-cel | comasy4ENPrepdrd emBEdiRRAL AIvREINandt H#@h bdhe dspdcisths AR ifveafbd
conpartnent 542, can_be seawater or an aqueqQus stream having a salinity of

about 3.5 8 orin¥elys &frs) ‘(PébOféﬁvlF?féh%éh‘E%*hPﬁI%%"iydWa%PeaWégéémtRﬁ capbilt 36, 000

ppm The abovae@o%@ﬁhl@x@ﬁtm Fhidr mnﬁvi&lg QBasCH3 tﬂé&\éhﬂ@:t@fgﬁwwe%wol ts per
concentrati on g?b i nvention can advant ageousl Yy

Th t
25gener at e el &6 Pt ﬂ%‘l‘ éﬁftleéﬁg‘iiélp’“f ﬁﬁgrefeﬁ'g{lﬂ’eﬁ“iagﬂ’ desafinale Ve prefirablias al i nat i on

of seawater. E¢RBINE rdmbek awscpm\sbm;a&xd@%hﬁﬁe ganeetasloRt enhiladks based
on exenplary conditions (;:n utili zi ng first stream an seg{gﬁg stream
in a concent r RBHY FEted BaFuct wilRLIERm SEhaving Ay aresqr e Rt pdissgived spdidht r at i on

of dissol ved &Q:hd:dﬂ&at@fn&l@dt 8less lftean GavaeRirElafiveBihigter €6 9DdivRHed abi-ds of the
first stream

- | n..sone.cases, e or re devj ce of the third
{1 oot mant - ot ngBOSAE isslved PRSI SE Bro B G PO ol | paire Lo
provi de subst mhb@bhq&n@ﬂaho biweawedtacind alaWcrpﬁhc&ﬁﬁatﬁh of gigusive@chonovaasal i nat e
t he product stream 33

f h
devi ce can cor?ﬁ?‘il%secoﬁcegté&o“b e%lbbr ’(“i‘FSfSﬂgaﬁﬁ?ﬁk?o SC%Y on I urat Lﬁgant ©

5el ectrol yt e trharoeilent spatieh, cas opab@ssinoalain k«wcndemémbﬁmhcunbe:ﬁsle@td de, that
o oL SN NEES o s AR SR RARRI AR o WSS e ©
conpart ment 5Xkifint § tonaenyratidn cbaphenemg Faaxpaple mendledirbdiabysid détie: SmArctaﬂn
v el Comakt B0 oo it 981 kb VRRO HE R UARRAR e, 1,
accordance w tdnionidselectbo menhsqne 38 bagifa mdnmvalmeaﬁdnmxpleasvebmmhgarﬁajnman
potential assi 5%5\99) 2la a%r%oncentrﬁ%g%gx%gg‘tm%l){ Bﬂ%\flm 10n1cT:Q§unun1catlon with the
25  first depletion compartment through the monovalent anionic selective membrane 381,
and, optionally, a second concentration compartment (not shown) through the
monovalent cationic selective membrane. The second electrodialysis device 322B can
also be optionally configured to have one or more monovalent selective membranes
that facilitate selective removal or depletion one or more monovalent species from the
30 water stream introduced into the depletion compartments thereof and accumulated into

the concentration compartments thereof.



device 600 can conprise a circular cylindrical shell 601 housing at |east
one first depleting conpartnent 611, each having liquid to be treated 331

i ntroduced thereinto. The device can further conprise at |east one first
concentrating conpartnent 621, each 15having a first feed stream 111

i ntroduced thereinto, and at | east one second depl eting conpartnent 612,
each having a second feed stream 223 intppduced thereinto. The device 600
typically further conprises at |east one second concentrating conpartment
622, each having a third feed stream 112 introduced thereinto. The first
depl eting conpart N8 Hking dperfiRn ob e dRd bl cdiv eﬁ:@tré’d?;il?& &91ceS tdawaieBIane
641A and a cation 20 selective nenbrane 651C. The rst concentratr ng
conpart ment 629e¢ s BCeHBRIMSEHCY fepdingintp Hhesancepiratipn compasineEAts 328k #ndas
nmenbrane 641A, 32209, whiGR&MBds habhOt riit RElVMEpIEEIT AN e SPcins ifttodee@pl ari |y
illustrated, the first depleting conpartment is in ionic commnication wth
the first depli@©ithrfeplstpmeanneimenth TirgRosraiionsucasIRVIrgIcemBEHEHS depl et i ng
conpart nents 6131 eaand2de hhdeshdiin@spatd Mol iRt ihY e dgrarasm&ﬂ Fariiiglis25 second
ani on sel ective nmenbrane 642A. Preferably, the second depleting conpartnent
612 is in |onr‘Ef‘“é%ﬁ\frﬂ’r‘i{gééﬁ%Waﬁf\'fr‘P‘Helffﬁé“?a‘i“r%ftbe(‘:‘éh%?éﬂ?tH%‘"l“l‘i@SS%‘é“}fﬁbrtrrent 621
t hrough cati onys@k®RsRi ve menbrane 652C. The second concentrating
conpartnment 622 can be defined by an _anion sel ective nenbrane and _a cation
sel ecti ve nenbr ane Thppideast efs tird ?I?Fémé‘é]d&‘ﬁae"é‘i?r?@%tci“‘h?q epfigwefiaPEdridst is in

ioni ¢ communi Cagrb@idt Mehi thad & SEHRNA 2 ABwALARAR lihiDEpeF@BR of déaaihhn&.ls%stmr ough
t he second ani on sel ectlve menbr ane 642A. Further referred configurations

can i nvol v& haiPnd 3crerdance giith a@amicwat suhodimgnt Hisihird slestrediphysts deice 3

comuni cat i on ¢ah hivetabRadt bhSdepttfiph EdrhpigimeAARED1 a‘mtt 1adtlont BérRbtdhtion 29 - one
of a salt bri d and thg:gtclrtrst cation, sel ective nenbrane 651C. Menber 661
can provide i a%'ﬁ‘c‘f“é ipjlnig cqmyrypicaiph kit Iggs gne gthe deplettony o) support
for the corrpardo?@?&rﬁentsrm?a QK0tich dcleﬁﬁéléi:hfr@ﬂeﬂﬁﬁraﬁe 382D iPefdrhbly, hﬁ%}e&nﬁ
concentration o i ssol ve i ds erein that is .grea er an the
concentration cé’f’e‘ifhaggli?fj%fi“é’c}}’? g‘érdf:t‘?“fqﬁl&‘lxsfsrd'gf‘c‘f %75‘& RIPYIEy Ciei‘t and

pref erabl yjs a|1ﬁ:ﬁmgﬂ&6.b1©mdb B produdtayvate BeR fidh thekomknetitios cbniReineal 323611 n t he
third feed stream 112 ncentrations of dissol ¥ed sol 1 ds of each of
the first feecflaéfir’rg@&‘?r?ra{ﬂ?{e P‘F‘i’get‘frml?c& o falept Sharastesics nFYS* ARl s ame or | ess

t han t he concesdctradihlgsis ddvicdiz23alcmedsot@l dofssruttad Wik a Imofjovalbnt @ldegvd r eat ed 331.
As descri bed above cone entrati. on . di.f ference e paired

t h
o f e ael | %6 e ane i s GRS Dol ShiOR 9 et aps e feolefiSy Py
facilitates tranppanént323INGindnik doheenspimi compiriroant 23 1d aht ettlemgor&orrpart ment

611, as il ust a uce r oduct ream o the

el ect rodel ‘é‘%‘/}} ‘géwg%@&'f %v"%fe%gﬁég%wp"ﬁ %tsl geql?{’oﬁlcﬂnp%’%e’ nprises a
second cel | peﬁZﬁDiZnEﬁmﬂlang:aa pdmrallﬁby aagommmaammﬁele&l\& menbraenaedhr at i ng 15
conpart nent 621 8SREGLI v amm av ne%t$ﬁ tstr qglo}llchO%qln%cl4 F eq stream
113 can be bri ne ?rom nf) rodr ysr S device 3%03’ and feed
stream 114 carledseoxre@ﬁmelﬂmohrcomparhmnsm E&ijﬁg o;ﬁ:reploumakjstemiﬁ)ﬂ gnraahrcs of

depl eting and t t|| bri ne
streans to adv‘gg{}gl%glottq}gfi?l&gﬂe a?gergng%g% entie éip rgqucecﬁgﬁ’ttﬁ i flrlror\l/e t he
treatment 2§ aompagsent PR toafhﬂtl}ertrezea¢aa~dtev\rﬁ'bmrsourhaf\/i0rnyd éacﬂibatdp@dmitmed sol i ds
concentration I gt water
havi ng a targe agﬁispéﬁéﬁm o %Qgginlcéhs e ﬁm 11§u%tr§le<9(?h C'd(t)llcp‘g‘rﬂabout 500
ppm QO hdroncthn ﬁbrgumtcpmpmm@n 324b2aian be am}blmdemmrpromucewér 32h érofreed

streans 111 a i Qgﬁ{

treated Waterr{g’::wl%i)ﬁvvﬁ’!l (Jnn?ca%negﬁizépgy %mgreaeg?le%’g %%al%ltyetgetaregﬁ‘%cfg ??{erence
rel ative to brfumter geatwenrn 223. 25Furt her notabl e differences include
countercurtent flo ! ] f T8, .:

compar t merte, As i I PEEElh tRaR RS Bk R LG TR 4L A RHAS F Ena

count er - cur r er32eF cimheraperatd dio protiecetvaeer having a epatent distived sdolspar t ment 621,
relative to t i f e depl eting
conpar et o7 rtiEh: 5 &arbll SERLM L SEHER G kB kb B

i ntroduced into the second depleting 30 conpartnent. Concentration

di fferences between the second and third streans can create a potenti al
driven by the half-cell reactions associated with mgration of dissolved
speci es, such as Na. and cr.



- 30 - Any of the nenbranes in devices 600 and 610 can be nonoval ent
ani on sel ective or nonoval ent cation selective. In sone configurations of
the invention, an electrolytic device (not shown) can be used to generate
an aqueous sol ution conprising a disinfecting species such as 5chlorine,
chlorite, hypochlorite, and hypobromte. In other configurations, at |east
one of the el ectrodei oni zati on device angh . any one or nore of the

el ectrodi al ysis devices can be utilized to generate any one or nore of an
acidic solution, a basic solution, and a disinfecting solution. For

exanmpl e, a rel3tsg VeltirRtuhe sdBhEdlectbiiSR 88ited 821 Hd0E @sh dtiliz@atlifRr anode
conpartment (+) to collect and aggregate species to produce an 10 acidic

. : H+ spe i
out | et st ream&aof mepoxalgny agion peedive mambrangandicptinn sglectisiebig d ol uti on can

be introduced grfferablf e fast ifeTeldtridING detich 98ien RBahbATRAkntafichaci i tate
generation of a disinfecting species such as chlorine and a hypochlorite

speci es. GasedE&ctiyy deayenesAng mrgralenteplechye crEnR wipctve BemAY: ¥BiCRi schar ged.

Any of the yvarhQusaIsS¥&ice By scaliddRfnidl iiRkdie, and unit operations of the
15i nvention can utilize one or nore controllers to facilitate, nonitor,

and/ or regul ate opdhaterdnd HaePelding tbe Brwad faprth glegiggigl iy devicen BB AAdwn)

noni tors and, 3284 GpR&RA to FOMide Albfin@akehn Ahvih 8 ERIRMARNE et oftde Syst ens
of the invention. The controller ma i npl enent ed usi ng one or nore

| y D&
conput er syst affst 2bepid 0% RGN acoRceRirts§iiFaig drom e oF P9 foacenyation
gener al - pur poSBmpAHMAtsQhersdfC Prefeatly) ARehiRPOESodlySS dévicd prbdilces NI ) - t ype
processor, a I\/btorola,PovverPCSg[r;l)5 processor, .a_Sun U traSPARC(r) processor,

a Hew et t - Baci@oyntshbrgestas Igashiig Lacgst saligity lexs) whvlp gpergtinget pvalst GEQEE0or or
combi nati ons tdasR0T0 BAThE Fdtath ie)éirddial fsiQle GiOEB2MBan BY Shaed@Yrddied wee
specially progr Qse har

nred, eci gl - pur dware, . for exanpl e, an

appl i cati on- sﬁ‘é@??i’%‘hiﬂﬁ}?‘é"&eﬁt“@ reg"l‘?ﬁﬁ tf“gﬁbéi,’\%olé’f’d ?f’g‘ﬁf ?%‘Fq?lg?fsabi“ﬁt ended for
anal yti cal sy&gml lpm?ﬁfﬂhﬁef@x@ﬂilghﬁlﬁl'a ra:y)sér@mt@mbbm@kswﬂg@a@e ParticaMre ]
processors typic . connected to one o nore nenor evi.ces, ich can
conprise, for CBSKfaé\gr‘rﬁ ns ‘gﬁv’ Ig¥RRtign. thefverall recqvegy Wr%ﬁg?f&c?{’gwm ®flash
menory devisce,absutBOB. menory device, or other device for storing data. The
menory device is typically used for stqgrin rograng and. dat.a during
operation of the tﬁ%’t"ﬂﬁﬁ%‘a@%}%ﬁ%‘ yé‘ﬁﬁ‘/?’gbci"ﬁléepc Bﬁ%ﬁ%%?r%‘i‘i’s?'f"é‘wasﬁ%r exanpl e,
t he 30 nmenory pdeiochoethBayleBepitan ifeted Stilf 22100k cadvert iof albdithadtdeaktainat i ng t o
the paraneters,over.a peri of ti as | | as operati .dat a. Sof t war e,
i ncl udi g pr ogPamsirise fsteal' Selte crginaR pLois s abr SR S RE R ent i on,

can be stored imnvola selectivelyaeducing d abhoentadnids of a targdtldissoived speaidt ef avonarab ati | e

recordi ng di.u and, th typiLcally.copied.i.nto the device erein
[t can nelh bt BeuBlpule B Ry iR SR ol e SRR Do
written in anyootarget pt ethaldissylval sppricsgandnimnsgbstianigy ages: a patioreofahpl e, Java,
Vi sual Basi c, . . 0 ++ . Fortran. Pascal .. Eiffe Basi ¢, (EO% or any
of a variety 5%%%%%’%’5&%%‘58 ‘fvﬁltéghgéq{get %sso{ilveégﬁ%bersl‘e hOTCRaPPlE YR f(":rorr}%ut er
system may be cambgyk @delirivedighi cobeneaion ef bonamomyalsniisolveddpeds, sml as ncl ude

one or mor e DUSEES: ol nhendhh VSRR GONBONANE Snh Balke Moo LALEGELA Rl W LI N &
sane device andlor & NEPWor Kk 'e. g., between ’corrponenets that T ési de on
separ at e disscpettien gfihe ces moidmalenndpericsdonmantavalantspaiiransusimag sppiuga|Soyeenabl es

10 communi cat Ok Bufaridns of‘?ﬁe}]&cha{nnﬁg trss%%s'té’n’??sé &n P&oﬁé%bf%&%{’o %%ﬁa‘@ﬁg :
conponent s t hereot. e COF{D er-system can al'soI'nclude ofie or nore
i nput devi ces trafs(no¢ xtewm) ef sofiereeydybedsthf iomruslenge medik bBld firstidecespiigrne, touch
screen, val V€Srainl38 'ccgr}xlg)rﬂe h ?&hﬁlgg&r&chai&e%sg followed by a lagging ion exchange bed,
which can preferably substitute at least a portion of the non-monovalent dissolved
30  species in the water, such as Ca® and Mg?*, in favor of monovalent dissolved species
such as Na®. The second ion exchange train can similarly comprise serial leading and

lagging ion exchange beds. During operation, the one of the first and second ion



sensors, tenperature sensors, conductivity sensors, pH sensors, and
conposition analyzers, and one or nore output devices, for exanple, a
printing device, display 15screen, or speaker, actuators, power supplies,
and valves. In addition, the conputer system nay contain one or nore
interfaces not shown that can connect the conputer systemto a

comruni cation network in addition or as.gzn alternative to the network that
may be formed by one or nore of the conponents of the system According to
one or nore enbodi ments of the invention, the one or nore input 20 devices

may include seRafhg: s cHPRAEhA Hiet BRI IonABR el S R AR QKIS Ritichdeart r eat ment
system Alternatively, the sensors, the netering val ves and/or punps, or

al | of these JdeAISHBHY deqiedwaier 224 Anberpdige foexehaBARANT SERAMJRVIRBIERRR t hat i s

operatively Cqhgo@derk BisfohRd SRUTRY EiceRbEibie NOncE e RXAGPERhangE REAbEORY be
configured as input devices that are directly_connected to the conputer

system and neEffed g IBopEwngYREnssPepighS IR obHe Ban-EAPYARIF 98 as out put

devices thal ahr&ocAsH RaleRchah@ng HEck MREEEInd ShSk8iling&iMsln Bdybe@Bzl THOT € Of
t he above nay be coupled to another conmputer system or conponent so as to

communi cat e wiftrH tinear e bt weensiplddmipHAdpciag MAIHERTS SEEEMLIFPR PIRBYYEIeYSuch a

confi gurati on &IEdspediiRo FPRSOAL 180t DR hETImBhovaleRi Gdiés Hoam todliest ance
from anot her sensor or allow any sensor to be |ocated at.  a significant

di stance fromighsrchingepedianl thoonsrerangaReds: e §xchangG ARIfSCARERATSHR oy di ng

dat a t her ebet WgiRdh bedld€iof @RENaMel rEin GRA ad MR6dcWdMmRRAMIIQavAIRBR agONPUt er st or age

medi a such as readabl e and/ or witeabl e non}iﬁol atil reﬁgiﬁﬂ%i?ng medi umin
Viagsy Philace ai

whi ch si gn#l s AMBERBITE ) prsyAMBERJET™ mesip frgmRofm agd e executed by
the one or norgupwReassors. The nedium may, for exanple, be a disk or flash
menory. In typical operation,, the op]e or re processor.s can capse data,
such as code that Bﬁ%“%fﬂ%‘?ﬂ thsran Gichanse SRS HURREFLENSFOY Y Z*flﬁegﬂ?ﬁ on, to

be read from tsbRtiet 2o1agM sTHRidAMalinityY sethHE Akvuy 16%( fi6h Wibeiné fiadagadahiond®. 5 f or
faster access t8, the infor

tion by the one or I rocessors. than does
the medi um THeYSEREP 5T tf{?ﬂ’blof‘gx‘ithﬁ‘ﬂﬁ“t%ﬁupiymﬁg\?’gﬁﬁ% L'I"”ed,elscﬁ‘éfr‘%fftflo‘??f’laccess
Menory sucls asejactdiydiadli Sl IO € RASEenefaEbieioDEANIRE nitintche bamadivgl SRAM or
ot her suitabl e devi ces ﬁhﬁt facilitates inf or.maii O(:)lvRI ranafber to and from
the processor . PASYRGHGAIGAE™E G ARCTLCE HERRINBYE OB exanpl e as
one type of 1GnéovgMi: efeciey®itBarxehaige whirixh vari ous aspects of the invention

may be practiced, | houl d be ciated that the invention_ is not
linited to being i hr%‘f%ﬁgﬁfgﬁe?tﬁgg‘g?&/ﬁ%?mwse%e PHEOTR SiE| dlgirp N em as
exenpl arily shievice. ThReiaeembadirhdnes oftrliecinveantiix, énehitcicaonent foge @ aoppress a

general purpose, c uter syste the.controller. of,C n S, Or

Jubsect | onil ¢ HEFETPRE HroRiep bl e bAGoRLoh oflce R ABPTIG Ba g
15syst em or asmalifibd@diec@ddetbnpaigrdenizabd Mudtagddn EIGhtr @ dtérotikC or in a
distributed control system Further, it should b regi that one or
nore features °8?633§a618}c{i’§' E“c:)cforcl?d & ‘ivﬁb%nr?tolrénr?mr?éf/ec Sé)?iﬂ%gﬁ‘éeﬁg%r?gh%q?l% sof twar e,
har dwar e or f itreauvniestage careqvynpciondierva iiocrel¢dredadat confipnous deiepizgionone or nore
segnent s of ane‘qil gorithm execut able by the controller can be perfornmed in
separate conpu &FS: which in turn, can be 20 communi cation t hrough one or
nmor e net worsks. Exalfie dectrbbgorfization demicedtabtrady anklfigé sypodally basprisesad leasther

nbodi t f t i, i t h I
bel ow, whi oh (P} A RE EHEeAraiila Bledsbble Ao MO ShRRMheaEEs, 1 P TP
systems and t elidpnicd adjsceof atidagt anmwtiht dephetivg cordpariment £)e Hath ¢fythe deplefing | scope
O e e ot iRh Lohpdhbndt e RERPRIiRly dRReAUPRGLEH ARt 1ol that

can be generated by
selective membrane AEM and a cation selective membrane CEM. In contrast to

30 electrodialysis devices, the compariments of electrodeionization device contain cation
exchange resin and anion exchange resin. During operation with an imposed electrical

current, cationic species, such as Na®, typically migrate to a cathode (-) of the device



concentration cell pairs in sonme configurations of the devices of the

I nvention. Table 1 - 33 - bel ow provides cal cul ated potentials based on
concentrations of streans introduced into the half-cell conpartnents
according to the Nernst equation at roomtenperature. The table bel ow shows
that the ratio of concentrations of the feed streans is preferably as |arge
a possible to increase the generated potesntials. For exanple, the
5concentration ratios can be at |east about 2, preferably at |east about 3,
nore preferably at | east about 5, and even nore preferably at |east about

10. Table 1. GRiGhiofiohfediek stanatit, sppidally Mifratd tolvafl £ ahBdel(+PofQbOddvRte 200.00 1
0.118 The anion selective membrane AEM and the cation selective membranes CEM trap the
migrating or transporting dissolved species, Na” and CI', in respective concentrating
compartments 412 as reject streams R. The feed into one or more of the depleting
5  compartments is typically the softened water stream 331 from the ion exchanging
subsystem 330. The product water from the depleting compartments can then be stored
or delivered to a point use. One or more power supplies (not shown) typically provides
electrical energy or power to the electrodeionization device 400 that facilitates
separation of the target dissolved species. In some cases, a portion of the electrical
10 energy is utilized to dissociate water to H and OH species. The power supply can be
controlled to provide a desired or target current level, desired or target voltage or
potential level, and current polarity.
FIG. 5 exemplarily illustrates a modified electrodeionization device 500 that
can be utilized in the third treatment stage of the treatment system. The device 500
15  comprises at least one first depleting compartment 511, which is typically at least
partially defined by a first cation selective membrane 521C and a first anion selective
membrane 531A at least one first concentrating compartment 521, and at least one first
concentrating compartment 541, which can be at least partially defined by a second
anion selective membrane 5324, and in ionic communication the first depleting
20 compartment 511 through at least a portion of the first cation selective membrane
521C. The device 500 can further comprise a second depleting compartment 512,
which is defined at least partially by a second cation selective membrane 522C, and in
ionic communication with the first concentrating compartment 541 through at least a
portion of the second anion selective membrane 532A. The electrodeionization device
25 500 can further comprise a second concentrating compartment 542 defined at least
partially by a third cation selective membrane 523C. The second concentrating
compartment 542 is preferably at least partially in ionic communication with the first
depleting compartment 511 through the first anion selective membrane 531A. The
electrodeionization device 500 can further comprise a third depleting compartment 513
30  preferably defined by a third anion selective membrane 533A. The third depleting
compartment 513 is preferably at least partially in ionic communication with the second

concentrating compartment 542 through the third cation selective membrane 523C.
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The electrodeionization device 500 typicaily has an anode compartment 562 housing an
anode, and a cathode compartment 564 housing a cathode.

In accordance with other aspects of the invention, the electrodeionization device
500 comprises a first depleting compartment 511 containing cation exchange media and
anion exchange media such as cation exchange resin CX and anion exchange resin AX,
and at least partially defined by the first cation selective membrane 521C and the first
anion selective membrane. In some cases, only the first depleting compartment or only
the compartments receiving or fluidly connected downstream from any of the depletion
compartments of the electrodialysis devices and the ion exchange unit comprises
clectroactive media such as ion exchange resin, and the other compartments are free of
ion exchange media. For example, in some configurations of the electrodeionization
device 500, each of the one or more first depleting compartments comprises 511 a
mixed bed of ion exchange resin, and each of the one or more first concentrating
compartments 541, the one or more second depleting compartments 512, the one or
more second concentrating compartments 542, and the one or more third depleting
compartments 513 do not contain ion exchange media.

In operation, power from a power supply (not shown) provides electrical energy
for an electric field, which is typically created across the electrodeionization device 500
through the anode and the cathode. Water to be treated from, for example, an outlet of
second stage ion exchanging unit 330 enters the depleting compartment 511 through an
inlet thereof. The water to be treated has dissolved species that can migrate under the
influence of the electric field in the electrodeionization device 500. Typically, the
aqueous stream 331 contains a higher amount of target dissolved monovalent species,
Na+ and Cl-, relative to dissolved non-monovalent species because of the ion
exchanging process in unit operation 330. Thus, because the amount of energy
associated with promoting transport of monovalent species can be relatively less than
the associated amount of energy in promoting transport of non-monovalent species,
additional capital and operating costs for second stage 330 can be reduced, if not
eliminated. The monovalent species typically migrate to the corresponding attracting
electrodes and further through the anion or cation selective membranes into one of the
first concentrating compartment and the second concentrating compartment. For

example, cationic Na* species can be drawn to the direction of the cathode and typically
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pass through the cation selective membrane 521C whereas the anionic CI” species can
be drawn toward the anode and typically pass through the anion selective membrane
531A. The product stream from the outlet of the depleting compartment 331 will
typically have a reduced concentration of the target dissolved solids species.

In some configurations of the invention, a stream having a first concentration of
dissolved solids therein can be used a concentrating stream to collect the migrating
target dissolved solids species. For example, a seawater stream 111 having a salinity of
about 3.5 % can be used as the concentrating stream introduced into the first
concentrating compartment 541. The stream leaving the first concentrating
compartment 541 will thus be typically rich in the migrating cation or anion species.
This stream can be discharged as waste or reject stream R. Also during operation,
another feed stream is typically introduced into the second depleting compartment 512
and the third depleting compartment 513.

The electrodeionization device 500 can further comprise a first concentration
cell pair 531 and, optionally, a second concentration cell pair 532, each of which is
preferably in ionic communication with the first depleting compartment 511. The first
concentration cell pair 531 can comprise a first half-cell compartment 541 fluidly
connected to a source of a first aqueous liquid having a first dissolved solids
concentration, and in ionic communication with the depleting compartment 511
through the first cationic selective membrane 521C, and a second half-cell
compartment 512. The second half-cell compartment is typically in ionic
communication with the first half-cell compartment 541 through the anion selective
membrane 532A. The optional second concentration cell pair 532 can comprise a third
half-cell compartment 542 and a fourth half-cell compartment 513. The third half-cell
compartment is typically in ionic communication with the depleting compartment 511
through the anion selective membrane 531A. The fourth half-cell 513 compartment is
typically in ionic communication with the third half-cell compartment 542 through the
cation selective membrane 523C.

Further advantageous features of the invention can involve establishing a
concentration difference between adjacent cell by providing compositionally similar

respective feed streams but with differing concentrations of dissolved constituents. The



21.4 - 34 - The following listing provides the ionic concentrations
of typical seawater. The predom nant cationic species in seawater are Na+,
K, Ca+2 and M, and the predom nant anionic species are cr and SO42-. The
respective concentrations of the bicarbonate and carbonate species wll
depend on pH of the water. Species Concentration (PPIn) Chloride 19, 353
Sodi um 10, 781 Sul fate 2,712 Magnesi um 1,284 Potassi um 399 Cal ci um 412

Car bonat e/ bi car bonate 126 Bromi de 67 Strontium

concentration difference generates a potential, e.g., an electromotive potential E (in V),
that can be at least partially quantified by the Nernst equation,

RT ln[m]

(conc2)
aF

E=

where concl is the concentration of dissolved solids in the stream 223 introduced into
5 the second half cell 512, conc?2 is the concentration of dissolved solids in the stream

111 introduced into the first half-cell 541, R is the gas constant, 8.314 J/(K-mole), T is
the temperature, typically 298 K, n is the number of electrons transferred in the cell
reaction, n = 1 for seawater and brine, and F is the Faraday constant, 96,498
coulombs/mole. Thus, some preferred configurations in accordance with some aspects

10 of the invention can involve utilizing a brine stream 223 having a dissolved solids
concentration greater than the dissolved concentration of seawater stream 111
introduced into the first depleting compartment. The brine stream, typically having a
salinity of at least about 8 %, preferably at least about 10 %, and more preferably, at
least about 12 %, or a dissolved solids concentration of at least about 80,000 ppm,

15  preferably, at least about 99,400 ppm, and more preferably, at least about 120,000 ppm
can be used a feed stream 223 introduced into the second half-cell compartment 512,
and preferably also into the fourth half-cell compartment 513. Each of the streams 341
leaving the second and fourth half-cell compartments 512 and 513 may still have a high
brine content, relative to seawater, and can be directed to storage in a brine storage tank

20 260. The feed stream 111 introduced into the first half-cell compartment 541, and
optionally also the third half-cell compartment 542, can be seawater or an aqueous
stream having a salinity of about 3.5 % or a dissolved solids concentration of less than
about 36,000 ppm. The above-noted exemplary conditions can provide about 0.026
volts per concentration cell pair. Thus, the present invention can advantageously

25  generate electrical potential that facilitates treatment or desalination of seawater.
Example 1 below provides expected generated potentials based on exemplary
conditions when utilizing a first stream and a second stream in a concentration cell pair,
wherein the second stream has a concentration of dissolved solids greater the

concentration of dissolved solids of the first stream.
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In some cases, one or more devices of the third treatment stage comprises
sufficient number of concentration cell pairs to provide substantially all the electrical
potential required to desalinate the product stream 331 to a desired level. In such
configuration, the device can comprise a salt bridge (not shown), typically having an
electrolyte therein, such as potassium chloride or sodium chloride, that ionically
connects the half-cell compartments of the device. For example, a first end of a salt
bridge can ionically connect the second half-cell compartment 512 with any of
depleting compartment 511 and the fourth half-cell compartment 513.

FIGS. 6A and 6B illustrate electrodeless continuous deionization devices 600
and 610 that may be characterized, in accordance with still some aspects of the
invention, as being Donnan potential assisted or a Donnan-enhanced EDI device. The
device 600 can comprise a circular cylindrical shell 601 housing at least one first
depleting compartment 611, each having liquid to be treated 331 introduced thereinto.
The device can further comprise at least one first concentrating compartment 621, each
having a first feed stream 111 introduced thereinto, and at least one second depleting
compartment 612, each having a second feed stream 223 introduced thereinto. The
device 600 typically further comprises at least one second concentrating compartment
622, each having a third feed stream 112 introduced thereinto. The first depleting
compartment 611 can be defined by an anion selective membrane 641A and a cation
selective membrane 651C. The first concentrating compartment 621 can be defined by
an anion selective membrane, such as membrane 641A, and a second cation selective
membrane 652C. As exemplarily illustrated, the first depleting compartment is in ionic
communication with the first depleting compartment through membrane 641A. The
second depleting compartment 612 can be defined by a cation selective membrane and
second anion selective membrane 642A. Preferably, the second depleting compartment
612 is in ionic communication with the first concentrating compartment 621 through
cation selective membrane 652C. The second concentrating compartment 622 can be
defined by an anion selective membrane and a cation selective membrane. Preferably,
the second concentrating compartment is in ionic communication with the second
depleting compartment 612 through the second anion selective membrane 642A.
Further preferred configurations can involve having the second concentrating

compartment in ionic communication with the first depleting compartment 611 through
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one of a salt bridge and the first cation selective membrane 651C. Member 661 can
provide ionic and electrical insulation as well as structural support for the
compartments.
The second feed stream 223 typically has a concentration of dissolved solids

5  therein that is greater than the concentration of dissolved solids in the first feed stream
111, and preferably, also greater than the concentration of dissolved solids in the third
feed stream 112. The concentrations of dissolved solids of each of the first feed stream
and the third feed stream can be the same or less than the concentration of dissolved
solids in the liquid to be treated 331. As described above, the concentration differences

10 between the paired half-cells 612 and 621, and 612 and 622, can create a potential that
facilitates transport of Na* and CI” species from the depleting compartment 611, as
illustrated, to produce the product stream.

Similar to the electrodeless device 600, the device 610 illustrated in FIG. 6B
‘ comprises a second cell pair including a depleting compartment 613 and concentrating

15  compartment 623, respectively having feed streams 113 and 114. Feed stream 113 can
be brine from, for example, electrodialysis device 323A, and feed stream 114 can be
seawater from the source 310. A plurality of pairs of depleting and concentrating
compartments utilizing seawater and brine streams to advantageously generate a
potential sufficient to drive the treatment of at least partially treated water, having a

20  dissolved solids concentration of, for example, about 2,500 ppm, to produce product
water having a target dissolved solids concentration of, for example, about 500 ppm.

Other configurations can involve any one or more of the feed streams 111 and
114 at least partially comprising at least partially treated water 331, which can provide
a greater concentration difference relative to brine stream 223,

25 Further notable differences include countercurrent flow directions of some of
the streams through the compartments. As illustrated, the second stream 111 can be
counter-currently introduced into the first concentrating compartment 621, relative to
the direction of the stream introduced into the first depleting compartment 611 or, in
some cases, relative to the third stream 223 introduced into the second depleting

30 compartment. Concentration differences between the second and third streams can
create a potential driven by the half-cell reactions associated with migration of

dissolved species, such as Na* and CI".
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5The

operation of the treatment system and/or the computer system. For example, the
30  memory device may be used for storing historical data relating to the parameters over a
period of time, as well as operating data. Software, including programming code that

implements embodiments of the invention, can be stored on a computer readable and/or
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system to a communication network in addition or as an alternative to the network that
may be formed by one or more of the components of the system.
According to one or more embodiments of the invention, the one or more input
20  devices may include sensors for measuring one or mo re parameters of the treatment
system. Alternatively, the sensors, the metering valves and/or pumps, or all of these
components may be connected to a communication network that is operatively coupled
to the computer system. For example, sensors may be configured as input devices that
are directly connected to the computer system, and metering valves and/or pumps may
25  be configured as output devices that are connected to the computer system, and any one
or more of the above may be coupled to another computer system or component so as
to communicate with the computer system over a communication network. Such a
configuration permits one sensor to be located at a significant distance from another
sensor or allow any sensor to be located at a significant distance from any subsystem
30 and/or the controller, while still providing data therebetween.
The controller can include one or more computer storage media such as

readable and/or writeable nonvolatile recording medium in which signals can be stored



20 Reject fromconpartnment 321Cl: Inlet to depletion conpartnent 322D2:
Inlet seawater to concentration conpartnent 322C2: Reject from conpartnent
322C2: 25 Product water 321 from conpartnment 322D2: Brine fromED train

222: 49,929 ppm 10, 000 ppm 3,100 m/hr 2,067 nB8/ hr 49,929 ppm 2,500 ppm
99, 500 ppm Second ED Train 222, Third ED Device 323A and Inlet seawater
to depl etion conpartnent 323DL: 30 | nl et 35eawater to concentration
conpartment 323Cl: Qutlet Brine fromconpartnment 323Cl: Inlet to depletion
conpartment 324D2: Inlet seawater to concentration conpartnent 324C2:

Rej ect from cdhpdpineeprogsam obe e3scu@gttiydhe dne opmersmpecetsprsnThamadiom ma¥ourt h ED

Devi ce 324B 4, % | 10, 000 ppm
5,277 nel hr 42@5%‘2“9{5%23?‘%%‘89%%”%“‘ g }% mé&;tﬁme%’étg%édg"ﬁ%ner 330: 2, 500

ppm Processors can cause data such as code that 1mp]ements one or more embodiments of
the invention, to be read from the storage medium into a memory structure that altows
5  for faster access to the information by the one or more processors than does the
medium. The memory structure is typically a volatile, random access memory such as
a dynamic random access memory DRAM or static memory SRAM or other suitable
devices that facilitates information transfer to and from the processor.
Although the computer system is shown by way of example as one type of
10 computer system upon which varicus aspects of the invention may be practiced, it
should be appreciated that the invention is not limited to being implemented in
software, or on the computer system as exemplarily shown. Indeed, rather than
implemented on, for example, a general purpose computer system, the controller, or
components or subsections thereof, may alternatively be implemented as a dedicated
15 system or as a dedicated programmable logic controller PLC cr in a distributed control
system. Further, it should be appreciated that one or more features 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 performed in separate computers, which in turn, can be

20 communication through one or more networks.
Examples

The function and advantages of these and other embodiments of the invention
25  can be further understood from the examples below, which illustrate the benefits and/for
advantages of the one or more systems and techniques of the invention but do not

exemplify the full scope of the invention.

Example 1
30 In this example, the expected potential that can be generated by utilizing

concentration cell pairs in some configurations of the devices of the invention. Table 1



- 38 - Third Treatnment Stage El ectrodeionization device 340 Inlet to

depl eting conpartnent 511: Inlet seawater to first concentrating
conpartment 541: 5lnlet to conmpartnent 512 (brine): Qutlet brine from
conpartment 512: Product Qutlet fromconpartnent 511: 10 Table 2. ED
overall ED/EDI overall TDS in feed to prgguct stream 35, 700 ppm 35, 700 ppm
TDS in feed to reject stream 35,700 ppm 35, 700 ppm Recovery 39.9 % 32.9 %
Fl ow rate per nmenbrane area (fl ux)

below provides calculated potentials based on concentrations of streams introduced into
the half-cell compartments according to the Nernst equation at room temperature.
The table below shows that the ratio of concentrations of the feed streams is
preferably as large a possible to increase the generated potentials. For example, the
5  concentration ratios can be at least about 2, preferably at least about 3, more preferably

at least about 5, and even more preferably at least about 10.

Table 1.
CONC1 CONC2 E (volts) E (mV)
1 1 0 0
10 1 0.059 59.1
100 1 0.118 118.2
1,000 1 0.177 177.4
10,000 1 0.024 236.5
2 1 0.018 18.8
3 1 0.028 28.2
4 1 0.036 35.6
5 1 0.041 41.3
6 1 0.046 46.0
7 1 0.050 50
8 1 0.053 534
9 1 0.056 56.4
5.68 1 0.044 44.6
2.3 1 0.021 214




1.79 gfd 0.0030 rn/hr 1.60 gfd 0.0027 m hr Product TDS 2,500 ppm 500 ppm
Reject TDS - Stage 1 thru Stage 5 99,467 ppm Reject TDS - Stage 6 thru
Stage 7 42,664 ppm Total power 1,706 kW1,799 kW Total energy required per
uni t product 1.39 kWi/ nB 5. 27 kWh/ Kgal 1.47 kWh/ nB 5.56 kWh/ Kgal
Menbrane area per flow rate 0.560 ft2/gpd 329.9 nR/ (n8B/ hr) 0. 627
ft2/gpd 369.1 n2/(nB/ hr) Product flow rad® 1,225 nB/hr 1,225 n8/ hr Reject
flowrate Stage 1 thru 5

The following listing provides the ionic concentrations of typical seawater. The
predominant cationic species in seawater are Na*, K*, Ca*? and Mg*?, and the
predominant anionic species are Cl” and SO4*. The respective concentrations of the

bicarbonate and carbonate species will depend on pH of the water.

Species Concentration
(ppm)
Chloride 19,353
Sodium 10,781
Sulfate 2,712
Magnesium 1,284
Potassium 399
Calcinm 412
Carbonate/bicarbonate 126
Bromide 67
Strontium 7.9
Boron 4.5
Fluoride 1.28
Lithium 4.173
Iodide 0.06
Barium less than 0.014
Iron less than 0.001
Manganese less than 0.001
Chromium less than 0.001
Cobalt less than 0.001
Copper less than 0.001
Nickel less than 0.001
Seleninm less than 0.001
Vanadium less than 0.002
Zinc Iess than 0.001
Molybdenum less than .01
Aluminum less than 0.001
Lead less than 0.001
Arsenic less than 0.002
Cadmium less than 0.001
Nitrate 1.8
Phosphate 0.2

Example 2
This example provides exemplarily electrodialysis trains that can be utilized in

accordance with some aspects of the invention.



525 nmB/hr Reject flowrate Stage 6 and 7 1,319 nB/hr Reject flow rate,
total 1,844 nB/hr Reject flowrate, EDED total 2,504 nB/hr Total
proj ected nmenbrane area 404,068 n2 452,171 n2 - 39 - Table 3A. Stage
3 TDS in feed to
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FIG. 10A exemplarily illustrates train of electrodialysis devices that can be used
in the first train 220 of the first treatment stage. Train 220 can comprise multiple
stages, each operating at optimum voltage and current density to minimize energy use.
As illustrated, the train 220 can have four stages of electrodialysis devices.

5 In the first train, the depletion compartment can be serially connected and
dilution streams are in series, with the product from one stage serving as a feed to
downstream depletion compartments. Fresh seawater is used as feed to each of the
associated concentrate compartments in each stage to minimize any concentration
difference between the dilute and concentrate compartments in each stage.

10 Each stage can also have a number of ED modules operating in parallel.

The second train 222 can also comprise multiple stages of electrodialysis
devices, having serially connected depletion compartments. The respective depletion
compartments can also be serially connected to increase the aggregate NaCl
concentration in the brine stream therefrom to a salt content of about 10%. As

15 illustrated in FIG. 10B, the second train 222 can have four electrodialysis stages, each
of which preferably utilizes monovalent selective membranes.

The third train (not show) can also involve a plurality of electrodialysis stages
to facilitate reducing the dissolved solids concentration of the water stream to be in a
range of about 3,500 ppm to about 5,500 ppm.

20
Example 3

This example describes expected performance of a system utilizing the
technigues of the invention as substantially represented in FIG. 3 with a device
schematically illustrated in FIG. 4 for desalinating seawater at a rate of about

25 8,000 m*/hr.

Two trains of electrodialysis (ED) device were simulated with finite element
calculations with a softener and an electrodeionization {EDI) device. Several stages
were used in the finite element simulation; stages 1-5 were designed to generate a brine
stream with at least 10 % NaCl; and the final two stages were designed to reduce the

30  dissolved solids concentration of the product stream by the softener and the

electrodeionization device. Table 2 and 3A-3C below list the simulation parameters

ED

2



product stream 35700 ppm 30000 ppm 25000 ppm TDS in feed to reject stream
35700 ppm 52800 ppm 64467 ppm Total voltage drop per cell pair 0.0584 Volt
0.0632 Volt 0.0744 Volt Recovery 75.0 % 70.0 % 70.0 % Fl ow rate per
menbrane area (flux) 25.0 gfd 0.0174 gpm ft2 0.0424 m hr 25.0 gfd 0.0174

gpnm ft2 0.0424 mhr 25.0 gfd -6

i0

15

20

25

30

and calculated results. Table 4 summarizes the predicted energy requirement for the
ED/EDI system,

FIG. 7 graphically illustrates the expected energy required in desalinating
seawater to produce product water of various target characteristics.

The incoming sweater was assumed to have about 35,700 ppm total dissolved
solids (TDS) after being pretreated with a 10 micron prefiltration (not shown) using
commercially available pretreatment equipment. It is noted that extensive pretreatment,
such as pretreatment typically associated with reverse osmosis systems is unnecessary
for ED/CEDI process of the present invention because the water is not forced through
the membrane in these processes.

The feed water is split into ED train 1, ED train 2 and a concentrate stream
(brine) from ED train 2 is configured to feed to the CEDI train.

ED train 1 is passed through two stages to optimize the power utilization for
each stage. Train 1 produces 2,500 ppm TDS quality product at about a 30% recovery.
Standard electrodialysis modules are expected to be used in this train. The use of
monovalent selective ion exchange membrane in stage 1 of this train should minimize
the potential of scaling in the concentrate compartment.

ED train 2, stage 1 is designed to produce 10% NaCl (brine) solution in the
concentrate stream. The brine will be used to regenerate the softener downstream and
as one of the concentrating stream in the CEDIL module. This Electrodialysis stage
would utilize monovalent selective jon exchange membranes to produce 10% NaCl
solution in the concentrating compartment. Stage 1 in ED train 2 would operate at
about 70% recovery to produce the brine solution. ED Stage 2 has an estimated
recovery of 48%. The overall recovery of ED train 2 is about 40%.

The at least partially treated product water has a TDS of about 2,500 ppm with
high content of calcium, magnesium ions from the two trains. The at least partially
treaied water stream would be softened the softener or ion exchanging unit to exchange
calcium and magnesium ions therein for sodium ions. The softened feed from the
softener to the downstream CEDI train should not have a tendency to form scale during
desalination to the target drinking water quality. The softener is periodically
regenerated by the 10% brine solution supplied by ED train 2, stage 1.



0.0174 gpm ft2 0.0424 m hr Product 'I1DS 30000 ppm 25000 ppm 20000 ppm

Rej ect TDS 52800 ppm 64467 ppm 76133 ppm Total power 196.7 kW 186.8 kW
220.1 kW Total energy required per unit product 0.161 kWh/nB8 0.61 kWh/ Kgal
0. 153 kWi/ nB 0.58 kWh/ Kgal 0.180 kV/11/nB8 0.68 kWh/ Kgal Menbrane area per
flow rate 0.04 ft2/gpd 23.56 nR21(nB/ %) 0.04 ft2/gpd 23.56

n2/ (n8/ hr) 0.04 ft2/gpd 23.56 n21(nB8Fhr) Product flow rate 1225 n8B/ hr

The electrodeionization device provides transport of Na* and CI” ions from the
brine stream (10% NaCl) into a reject stream. Transport of counter-ions from the
diluting stream into the reject stream should maintain electroneutrality. The net
thermodynamic voltage across the streams is reduced because at least a portion of the

5  DC voltage is generated by the half-cell pairs. Although not illustrated, any of the EDI
reject streams can be recycled to the feed into the ED devices.

The effluent from the brine compartments can be discharged to a storage tank
for use as a softener regenerant.

Some of the simulation parameters (TDS concentration and flow rates) include

10 (with reference to FIGS. 2 and 3):

e Inlet
Seawater inlet: 35,700 ppm
25,277 m’/hr
15
e First Treatment Stage
First ED Train 220, First ED Device 321A and Second ED Device 322B

Inlet seawater to depletion compartment 321D1: 3,100 m*/hr

Inlet seawater to concentration compartment 321C1: 5,167 m>/hr

20  Reject from compartment 321C1: 49,929 ppm

Inlet to depletion compartment 322D2: 10,600 ppm

3,100 m’/hr

Inlet seawater to concentration compartment 322C2: 2,067 m3/hr

Reject from compartment 322C2: 49,929 ppm

25  Product water 321 from compartment 322D2: 2,500 ppm

Brine from ED train 222: 99,500 ppm

Second ED Train 222, Third ED Device 323A and Fourth ED Device 324B

Inlet seawater to depletion compartment 323D1: 4,900 m’/hr

30 Inlet seawater to concentration compartment 323C1: 2,100 m*/hr
QOutlet Brine from compartment 323C1: 99,467 ppm (10 % salinity)

Inlet to depletion compariment 324D2: 10,000 ppm

Inlet seawater to concentration compartment 324C2; 5,277 m'/hr

Reject from compartment 324C2: 42,664 ppm

35  Outlet from compartment 324D2: 2,500 ppm

¢ Second Stage
Inlet to softener 330: 2,500 ppm



1225 nB/ hr

1225 nB/ hr

projected cation nenbrane area 28862 nR2 28862 nR2 28862 nR Tot al

ani on nenbrane area 28862 nR 28862 nR 28862 n Tot al
area 57724 nR 57724 nR 57724 n -

10

¢ Third Treatment Stage
Electrodeionization device 340

40 -

Tabl e 3B.
-38 -

Reject flow rate 408 ns/hr 525 &au 525 nB/ hr Tot al

proj ect ed

proj ect ed nmenbrane

Inlet to depleting compartment 511: 8,000 m*/hr
Inlet seawater to first concentrating compartment 541: 2,667 m’/hr
Inlet to compartment 512 (brine): 2,100 m*/hr (10 % salinity)
Outlet brine from compartment 512: 91,848 ppm
¢ Product
Outlet from compartment 511: 500 ppm
Table 2.

ED overall ED/EDI overall
TDS in feed to product stream 35,700 ppm 35,700 ppm
TDS in feed to reject stream 35,700 ppm 35,700 ppm
Recovery 399 % 329 %

1.79 gfd 1.60 gfd

Flow rate per membrane area (flux) 0.0030 m/hr 0.0027 m/hr
Product TDS 2,500 ppm 500 ppm
Reject TDS — Stage 1 thru Stage 5 99,467 ppm
Reject TDS ~ Stage 6 thru Stage 7 42,6064 ppm
Total power 5,706 kW 1,799 kW
Total energy required per unit preduct 1.39 kWh/m’ 147 kWh/m®

5.27 kth;Kgal 5.56 kWhQKgal
Membrane area per flow rate 3 290951225;'31%33 3 69.01.1212/ f;élghpg
Product flow rate 1,225 m’/hr 1,225 m°/hr
Reject flow rate Stage | thra 5 525 m’/br
Reject flow rate Stage 6 and 7 1,319 m’/hr
Reject flow rate, ED total 1,844 m>/hr
Reject flow rate, ED/EDI total 2,504 m’/hr
Total projected membrane area 404,068 m” 452,171 m”




Stage 4 5 6 TDS in feed to product stream 20000 ppm 15000 ppm 10000 ppm
TDS in feed to reject stream 76133 ppm 87800 ppm 35700 ppm Total voltage
drop per cell pair 0.0892 Volt 0.1110 Volt 0.1160 Volt Recovery 70.0 % 70.0

% 65.0 % Fl ow rate per

menbrane area (flux) 25.0 gfd

-30.-
Table 3A.
Stage
1 2 3
TDS in feed to
]
product stream 35700 ppm 30000 ppm 25000 ppm
TDS in feed to reject
siream 35700 ppm 52800 ppm 64467 ppm
Total voltage drop 0.0584 Volt 0.0632 Volt 0.0744 Volt
per cell pair
Recovery 75.0 % 70.0 % 70.0 %
Flow rate per 25.0 gfd 25.0 gfd 25.0 gfd
embran Parca (flux) 0.0174 gpm/ft* 0.0174 gpm/ft* 0.0174 gpm/ft*
© 0.0424 m/hr 0.0424 m/hr 0.0424 m/hr

Product TDS 30000 ppm 25000 ppm 20000 ppm
Reject TDS 52800 ppm 64467 ppm 76133 ppm
Total power 196.7 kW 186.8 kW 220.1 kW
Total energy required 0.161 kWh/m’ 0.153 kWh/m® 0.180 kWh/m®

er unit product 0.61 kWh/Kgal 0.58 kWh/Kpal 0.68 kWh/Kgal
Membrane area per 0.04 ft*/gpd 0.04 ft*/gpd 0.04 ft“/gpd
flow rate 23.56 m*(m*hr) | 23.56 m¥(m>/hr) | 23.56 m*/(m’/hr)
Product flow rate 1225 m’/hr 1225 m’/hr 1225 m’/hr
Reject flow rate 408 m’/hr 525 m’fhr 525 m’/hr
Total projected
cation membrane 28862 m* 28862 m? 28862 m*
area
Total projected anion 28862 m’ 28862 m? 28862 m?
membrane area
Total projected 57724 m? 57724 m? 57724 m?
membrane area




0.0174 gpm ft2 0.0424 mhr 25.0 gfd 0.0174 gpm ft2 0.0424 m hr 25.0 gfd

0.0174 gpnm ft2 0.0424 m hr Product TDS 15000 ppm 10000 ppm 5000 ppm Rej ect
TDS 87800 ppm 263. 8: kW 99467 ppm 328. 2 kW 44986 ppm 342.9 kW Tot al
0. 215 kW/ nB8 0. 82 kW/ Kgal
kWh/n8 1.01 kWh/ Kgal 0.280 kWi/ nB 1.06 Kk)}/ Kgal

Tot al

energy required per unit product

Table 3B.
Stage
4 5 6
TDS in feed to
product stream 20000 ppm 15000 ppm 106000 ppm
TDS in feed to reject
stream 76133 ppm 87800 ppm 35700 ppm
Total voltage drop 0.0892 Vol 0.1110 Volt 0.1160 Vol
per cell pair
Recovery 70.0 % 70.0 % 65.0 %
25.0 gfd 25.0 gfd 25.0 gfd

2;‘;’;:;;1’;;% x| 00174 gemii? | 00174 gpmit | 0.0174 gpmife

0.0424 m/hr 0.0424 m/hr 0.0424 m/hr
Product TDS 15000 ppm 10000 ppm 5000 ppm
Reject TDS 87800 ppm 99467 ppm 44986 ppm
Total power 263.8 kW 328.2 kW 342.9 kW
Total energy required 0.215 kWh/m’ 0.268 kWh/m’ 0.280 kWh/m®
per unit product 0.82 kWh/Kgal 1.01 kWh/Kgal 1.06 kWh/Kgal
Membrane area per 0.04 ft*/gpd 0.04 ft*/gpd 0.04 ft*/gpd
flow rate 23.56 m*/(m>hr) | 23.56 m*(m’hr) |  23.56 m¥(m’/hr)
Product flow rate 1225 m’/hr 1225 m’/hr 1225 m’/hr
Reject flow rate 525 m'/hr 525 m’/hr 660 m>/hr
Total projected
cation membrane 28862 m” 28862 m” 28862 m®
area
Total projected anion 28862 m? 28862 m? 28862 m?
membrane area
Total projected 57724 m? 57724 m? 57724 m?
membrane area

power
0. 268



Menbrane area per flow rate 0.04 ft /gpd 23.56 n/(nB/hr) 0. 04
ft2/ gpd 23.56 nR1(nB/ hr) 0.04 ft2/gpd 23.56 nR/ (nB/ hr) Product flow
rate 1225 nB/ hr 1225 nB8/ hr 1225 nB/ hr Reject flow rate 525 nB8/ hr 525 ns/ hr
660 nB/ hr Total projected cation nenbrane area 28862 n2 28862 nR 28862 n?
Total projected ani on nenbrane area 28862 nR 28862 nR 28862 n2 Tot al

proj ected nenbrane area 57724 nR 57724 -

Table 3C.
Stage
7 EDI
TDS in feed to
product stream 5000 ppm 2500 ppm
TDS in feed to reject
stream 35700 ppm 35700 ppm
Total voltage drop 0.1133 Volt 0.0788 Volt
per cell pair
Recovery 65.0 % 70.0 %
Flow rate per 250 gf‘% 600 gf‘%
membrane area (flux) 0.0174 gpm/ft 0.0417 gpm/ft
0.0424 m/hr 0.1019 m/hr
Product TDS 2500 ppm 500 ppm
Reject TDS 40343 ppm 40367 ppm
Total power 167.5 kW 93.2 kW
Total energy required 0.137 kWh/m’ 0.076 kWh/m®
per unit product 0.52 kWh/Kgal 0.29 kWh/Kgal
Membrane area per 0.04 ft*/gpd 0.02 ft*/gpd
flow rate 23.56 m¥(m’hr) | 9.82 m*/(m’/hr)
Product flow rate 1225 m’/hr 1225 m’/hr
Reject flow rate 660 m’/hr 525 m’/hr
Total projected
cation membrane 28862 m’ 24052 m?
area
Total projected anion 28862 m? 24052 m?
membrane area
Total projected 57724 m? 48103 m?
membrane area
Table 4.
. Combined
ED Train | | ED Train2 | SOrae" | EDI Stage | ED and
tages
EDI
Product
Flowrate, m’/hr 8,000
Power
Requirement, 3,938 6,824 10,762 11,390
kW
Energy
Requirement per
cubic meter of 0.492 0.853 1.345 1.424
product,
kW/m®




57724 n2 41 -

Table 3C. Stage EDI 7 TDS in feed to product stream 5000

ppm 2500 ppm TDS in feed to reject stream 35700 ppm 35700 ppm Total voltage

drop per cel

pair 0.1133 Volt 0.0788 Volt Recovery 65.0 % 70.0 % Flow rate

per nenbrane area (fl ux)
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Example 4

This example describes a Donnan-enhanced EDI device in accordance with one
or more aspects of the invention. FIG. 8 shows a schematic of the Donnan-enhanced
EDI process, with four cells identified as the “repeating unit” in a module.

In the absence of an applied electric field, anions in the brine stream B1 are
transferred towards the concentrating stream C1B on the right across the separating
anion exchange membrane due to concentration difference between the brine and
concentrating streams. To maintain electroneutrality, an equivalent amount of cationic
species, on a charge basis, would typically migrate from the diluting stream D1 into the
concentrating stream C1B, across the cation selective membrane CM. Similarly,
cationic species typically migrate from the brine stream B1 into the concentrating
stream C1A across another cation selective membrane CM. To maintain
electroneutrality, anionic species typically migrate from the diluting stream D2 into the
concentrating stream C1A, across the anion selective membrane AM. In effect, transfer
of ions from a brine stream into the adjacent concentrating streams due to concentration
difference can be considered as promoting migration of ionic species from the diluting
streams to the concentrating streams to maintain electroneutrality. The diluting streams
are therefore deionized.

If a direct current DC electric field is applied, the ionic transfer due to the
electric field can be augmented by the ionic migration phenomena due to the
conceniration difference between the brine and adjacent concentrating streams in a
process referred to as Donnan-enhanced EDI, which is based on the Donnan potential
that arises as a result of a concentration difference of ions across an ion exchange

membrane permeable to those ions.

Example 5

This example describes alternative configurations of the treatment system and
techniques of the invention, utilizing ED devices, with softening and EDI devices to
desalinate brackish and seawater.

FIGS. 9 and 9B show further embodiments of the treatment system in
accordance with one or more aspects of the invention. In contrast to the system

illustrated in FIG. 2, the treatment system 905 further utilizes a third train



25.0 gfd 0.0174 gpm ft2 0.0424 mhr 60.0 gfd 0.0417 gpm ft2 0.21019 in/hr
Product TDS 2500 ppm 500 ppm Rej ect TDS 40343 ppm 40367 ppm Total power
167.5 kW93.2 kW Total energy required per unit product 0.137 kWh/n8 0.52
kWh/ Kgal 0.076 kWha/ nB 0.29 kWh/ Kgal Menbrane area per flow rate 0. 04
ft2/gpd 23.56 n21(nB/ hr) 0. 02 ft2/gpd439. 82 n2/(nB/hr) Product flow rate
1225 nB/ hr 1225 nB/ hr I

electrodialysis units ED TRAIN 3 disposed to receive the at least partially treated water
and further treat the water stream by removing at least a portion of target species before
ion exchange and further treatment in the third treatment stage which can be a Donnan-
enhanced electrodeionization device (DE-EDI). FIG. 9B shows another exemplary
5  treatment system 910 that also utilizes a third train electrodialysis units ED TRAIN 3,
which is also disposed to receive the at least partially treated water and further treat the
water stream, but instead utilizes a conventional EDI without a brine stream, or an EDI
with polarity and flow reversal (EDIR), rather than an DE-EDI device.
The EDI R device is disposed downstream from the IX softener and may
10 tolerate higher hardness feed streams which can allow lower softener hardness removal,
or higher hardness breakthrough before regeneration. Higher breakthrough conditions
would increase the time between IX softener unit regenerations and may also reduce
the size and capital and operating cost of the softeners.
Further variation or modifications of the systems of FIGS. 9A and 9B may
15  involve, for example, disposing the IX softener before ED TRAIN 3.
Such systems may be utilized to desalinate seawater as well as brackish water

from estuaries, rivers and/or even groundwater.

Example 6
20 In this example, desalination experiments were performed using electrodialysis
modules which had either standard or monovalent selective membranes. The initial
feed solution was either an about 35,000 ppm NaCl solution or synthetic seawater with
about 35,000 ppm total dissolved solids (TDS).
FIGS. 11A and 11B show the calculated energy required per m® of ED product
25  as the target concentration in the product stream was reduced from about 35,000 ppm to
about 500 ppm, using standard ion selective membranes (FIG. 11A) and monovalent
selective membranes (FIG. 11A). The monovalent selective membranes used were the
CMS cation selective membrane and the AMS anion selective membrane from
Tokuyama Soda Co., Tokyo, Japan. FIGS. 12A and 12B shows the fractions cationic
30  species (FIG. 12A) and anionic species (FIG. 12B) remaining relative to electrodialysis

stages utilizing monovalent selective membranes.



Reject flow rate 660 nB/ hr 525 nB/ hr Total projected cation nenbrane area
28862 nm2 24052 nR Total projected ani on nenbrane area 28862 n2 24052 nR
Total projected nmenbrane area 57724 n2 48103 n2 Table 4. ED Train 1 EP
Train 2 Conbi ned ED Stages EDT Stage Conbi ned ED and ED
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For both types of ED modules, the energy consumption is higher when the feed
is synthetic seawater. The ratio of energy consumption for seawater compared to the
synthetic NaCl solution range from 17% - 32% for an ED module with standard
membranes and 21 % for an ED module with monovalent selective membranes.

5 The energy consumption is much higher for an ED module with monovalent
membranes, almost twice that of an ED module with standard membranes.

The energy consumption increased steeply as the target product TDS was
reduced below about 5,000 ppm.

Seawater contains divalent ions such as Ca*?, Mg*?, and SO4? in addition to

10 NaCl, as shown listed above in Example 1, which can affect the divalent ions energy
consumption, as illustrated with the data between seawater vs. and synthetic NaCl
solution.

Because monovalent selective membranes preferentially allow passage of
monovalent ions relative to divalent ions, it is believed that the that the ratio of

15 concentrations of divalent to monovalent ions in the diluting compartments would
increase as seawater is desalinated in a series of ED modules. FIGS. 12A and 12B
show the fraction of ions remaining in an experiment with ED modules with
monovalent selective membranes. The data show that the membranes retard passage of
divalent ions relative to monovalent ions. The selectivity of the anion membrane is

20  almost 100%, which is consistent with published data on the Tokuyama Soda
monovalent selective anion membranes. A perfectly selective anion membrane would
result in no transfer of SOy ions and therefore the amount of SO4 ions remaining would
remain at 100 %. It is believed that the increase in SO4 concentration is due to a
electroosmosis phenomena, whereby water is also transported through the membranes.

25 Based on FIGS. 12A and 12B, it is believed that the higher energy consumption
in ED modules with monovalent selective membranes is due to the increase in ratio of
concentrations of divalent to monovalent ions. It is also expected that remoyal pf
divalen-t ions in the feed water, pérticulafiy S0, would reduce the energy ‘clorisumptioh
in both ED and EDI modules. Removal of divalent ions as part of the pretreatment to

30 the ED step by nanofiltration (NF), for example, would reduce the energy consumption
of both ED and the EDI step. The NF product would therefore contain primarily NaCl

and KCl at a lower concentration than the starting seawater and would require less



Product Flowate, n8B/hr 8, 000 Power Requirenent, kW 3,938 6,824 10, 762
628 11, 390 Energy Requi renent per cubic neter of product, kWn8 0.492 0.853
1.345 0.079 1.424 - 42 - Exanple 4 This exanpl e describes a

Donnan- enhanced EDI device in accordance with one or nore aspects of the

I nvention. FIG 8 shows a schematic of tpg Donnan- enhanced EDI process,
with four cells identified as the "repeating unit" in a nodule.

energy to desalinate to 500 ppm. Thus, in some configurations of the invention, NF
operations as a pressure driven process can be utilized to facilitate recovery, and the
energy spent and remaining in the NF reject would further reduce the system energy
consumption. Energy recovery devices, originally developed for reverse osmosis (RO),
5  are believed to be applicable also to NF unit operations.
Alternatively, a salt regenerated anion exchange step ahead of the ED devices or
between the ED and the EDI devices would also reduce the overall energy

consumption.

10 Some aspects of the present invention provide systems and techniques of
seawater desalination through electrically driven processes. Transfer of ions facilitated
by an elecirical potential is described as a relatively efficient process because the
resistance to ion movement is limited by the membranes that are used to separate
purified water from the waste/concentrated water. Additional features and aspects of

15  the invention can pretreatment operation as described herein.

Having now described some illustrative embodiments of the invention, it should
be apparent to those skilled in the art that the foregoing is merely illustrative and not
limiting, having been presented by way of example only. Indeed, some exemplary
configurations of the device, systems, and techniques of the invention and particular

20  components implemented in such configurations are considered a part of the present
disclosure. For example, each of the unit operations when described herein as being
connectable or being connected, such as fluidly connected, involve respective inlet and
outlet ports that provide such connectivity. Non-limiting examples of connecting
structures include pipes and threaded or welded flanges secured by bolts and nuts, and

25 typically sealed with gaskets. Numerous modifications and other embodiments are
within the scope of one of ordinary skill in the art and are contemplated as falling
within the scope of the invention. In particular, although many of the examples
presented herein involve specific combinations of method acts or system elements, it
should be understood that those acts and those elements may be combined in other

3¢ ways to accomplish the same objectives.

Those skilled in the art should appreciate that the parameters and configurations

described herein are exemplary and that actual parameters and/or configurations will
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species typically mgrate fromthe brine stream Bl into the concentrating
st ream Cl A acrdepadan dierspecificpplicatiorinewitichbe systetps anbtediviquivofiied investian

el ectroneutraldf Yoq SHIAOGIARERE SR hoRl 68 dobabObActiple'oRct it dishilhd N9
stream D2 into the concentrating stream QA Across the anion selective
menbr ane AM  |morefhiag cdufing expershentation Sequivalientn to the spesific binperkments efdhg i nto t he

adj acent conc e.h\’ie%é&{ Irlﬁla %r%;eg(?rgtﬁ)l %ﬂﬁg%@mg&) {ﬂgtetﬂé én%o'dﬂﬁl: Ey c{egc@%gdq@é_??iﬁ 3 be

consi dered as prono Ionic species fromt iluting
streans to & hereemedhyt watof pgarsple ezlpend hatrwitlin tierscape of the aprendeddlding . The
diluting stre - r L on| ol bih&%kiseGhtn 28 QteclfCalf) €CtTiC
field is appl ?agg f&'{lﬁaééﬁgﬁl%étgttﬁ%ﬁg%@@h éﬁigbg glfa(t:tﬁe %1 el sé:ct rni c@éeicel d%Jcan be
augrment ed by tdeecribehi ¢ m grati on phenonena due to the concentration

di fference between ' ' Blie§ RRGRNMNAlHoR % ElcbE@Feall) a
process referred tgﬁg%vg)hg}goﬁ?deug%%r?c%gﬁEﬁf? %ﬁcﬁ ielistobased.or] the Donnan
potenti al t hatfeanisasemssubsystemuprttechpique deserihsa berginjapd agl gombinatenofdwoi ons
across an ifpn )ﬁﬁlaga% RIRLANS R IRAE! EcnhRulsRSGibkPRSein 2md dganpl e 5

Thi s exanp?de) d':gscrl %greg:% ernatg‘f vggtcon itgurg‘ﬁsons of th%lntreﬁnent system
and t echni quescopbinatien of iyent e feaires, sysien, sEDYsems.ced/or ppthedssibsicini ng and
EDI devices t.q'egﬁ%élsi(s CouBb Rkl SthddRHnaGR YRR muAfy FonsRepf)d 9B show
further enbodiments of the treatiment systemin accordance with_one or nore
aspects of t hecontidasesttp bp within thepwsepesaftheripventien aspatbedied in thadliigselufiinr G 2,
the treat ment QyustgRe0md idhehisdisdeliofSSn BonhébtibA with@h&lembodftdent are not

el ectrodialysis units ED TRAIN 3 disposéd to receive the at |east partially
treated wat®er iakerdo e barxeludeddzam o pignilagroky in ot ppROBMGErovi ng at | east a
portion of target $RecidERrALREN PhrBiPhRRAGs Aslof HErk Rehs bfc@mipbRAls. i N t he
third treatnment stage which can be a Donnanenhanced el ectrqdei oni zati on
devi ce ( DE- EDI¥he taps camprigihigns inghiginger cawéifp| 4rYns. 5 opeiingaatdsy st em 910

that al so utildiz@figs thdid fo B RrifbedebdrpbRbithd SaikRiahd thERkd, RAY d¥ed, Which is
al so di sposed to receive the at | east part;jall ¥%t reated water and further

treat the wat einded Empni-c o mepn dpeluding byt pptlated 1o fhus thedise Pf BEl it fout a

brine stream @Aéantdd eFdmpakstthe BPhsAlsteld Yhedddtter AdMqLRNIBAHS BlercoE R W1 a9 at her than
an DE-EDI device. The EDI R device.is di sposed.down trggm fromthe I X

.. 1NE POS |
sof t ener and radgitionn! itging r Qalk theipAEHONALPIIAES CORELRE o 184 e can al | ow
| ower soft enereﬂfbﬁﬂﬂil}&%ﬁ afeQik I&hE&br,Sﬁﬂﬁ-clh%je_ﬁh@ﬁsitﬁtﬂlémmﬁl dSs_, Blspakivdly, Guigitedpedior e
regeneration. Hi gher breakthrough condjtigns, would ncrease t t.i
bet ween | X soft dFlaigh Ysealg BIToHS %g{;%yseﬁ?‘?o rﬂé‘&ﬁc%“dtthn%ﬁ?i"ig‘%and
capital and opg#imb td¥godifGicldh eldi@nSdiet RA®K Htself connote any Priskity) precadafidepdri on or
nodi fications of the s;rste of FIGS. 9A E\nd 9B f‘%ﬁ 15 Lngol ve, for
exanpl e, dPSpd¥ieigl PIeElak clegiepavst Qe T heEEmpIA) e in which ady 042 oy st ens may
be utilized t anélB&Pdré pittobm&d BuGkEiiscahewd) ds 188lshe aistighlzhvad esint dlanant
estuaries, rivers and/or even gro nd\F/;@ter. ExarTFI e 6 Z%I n, t hi s _exanpl e,
desal i nati on 38508 ASETAILIARRE é""géli‘f BeRidAYine 2Pane oot 5 ofB%ul es whi ch
had either st angiasderdio aROARGFhERY clsisl ebbidnise menbranes. The initial feed

solution was either _an about 35,6000 ppm NaCl solution or synthetic seawater
with about 35,000 PP issaPdSssol ved solids (TDS).




FI GS. 11A and 11B show the cal cul ated energy required per nB8 of ED product
25 as the target concentration in the product streamwas reduced from about
35,000 ppmto about 500 ppm using standard ion selective nmenbranes (FIG
11A) and nonoval ent sel ective nmenbranes (FIG 11A). The nonoval ent

sel ective nenbranes used were the CMS caté{' on sel ective nenbrane and the AMS
ani on sel ective nenbrane from Tokuyama Soda Co., Tokyo, Japan. FIGS. 12A
and 12B shows the fractions cationic 30species (FIG 12A) and anionic
species (FIG 12B) remaining relative to electrodialysis stages utilizing
nonoval ent sel ective nenbranes. - 44 - For both types of ED nodul es,
t he energy consunption is higher when tdilised is synthetic seawater. The
rati o of energy consunption for seawater conpared to the synthetic NaCl

sol ution rangelfrorglqu/&- 32% f.or .an ED modul e wi th standard nmenbranes and
21 %for an ED modUlM LGP NV LRTe SOBPEYPE ve nenbranes. 5The ener gy
consunptionsi s nucha fivstglagietifgaomparikeh Mol @nidcted t@@ﬁ’tﬁl‘i@b@%teﬁﬁﬂh{%ane&

al nost twi ce that, of D nodul e wi.t h st andar ranes. he ener gy
consunption i n%?sé)eiavs?gcsioq@f g’@%fryﬂlgsde?]ﬁté"gtcé‘%’é’?mﬂ'r‘gﬁtnlf%ggﬁ’%t il dddced bel ow
about 5, 000 ppertiofie salaties membraae arel adirvianiic stlenie sigabraas; Ca2, Myn, and
SH-2 in addition tachrgtocml]\é%% (in23 shown H‘shled abogq? in Exanple 1, which can
affect the dival ent® 'O ERESE CRBRUTMRSE ITGAY cqueptey dRysUeaRirin fROYFe dat a
bet ween seawat efra first. aquaods Bguit hevinga iNa@sseiotdkolidconcentratiddegdus ®nonoval ent

| ecti nmb - pI. ef ti.al | | f | ent |
el ative ta di vt Gy o ik e SRy afpiitmg semBeat Bradeh fesioe sPlseis o 15

concent r at i onsmombmdieratdent to nmonoval ent ions in the diluting conpartnents
woul d i ncrease as ' alinated jin a series of ED nodul es. FIGS.
12A and 12B show t%“g@‘}@gg‘%ﬁ%‘?\’ggg‘%}’%&rﬁmﬁ g‘rﬁlﬂiuyﬁf"h'beﬁf%d%‘ﬁ"sg‘%‘é PHB5PUEs ¢ ED
modul es wi t h nd$eoval agerous iquidhavirg awecdndalived vedBoldstah@nsdtiow thdn Rtgrdabee

menbr anes ret Lhval .ons. relative to nonovalenpt .ions. The
selectivity o?tli"l ﬁ@%ﬁsﬁ%ﬁsoﬂéﬁ%ﬁéﬁcgﬁ%@u@w AP PR EERmURIGTR "I"b‘ ‘Q%W@f st ent

wi t h publ i $hedcogeangrating comparfodod thaorgh 8sckmndramioniatadmtivesmémlatne/e ani on
menbranes. A perfectly selective anion nenbrane would result in no transfer
of SO4 ions and therefore the amount of SO4 ions remai ning would renain at
100 % It is believageck¢epdeiphizationaedesef daim3IOfthacin derfirstatucons liqidise to a

el ect r oosnosi JeTcTae=) r.J . r 0 t hrough t he
menbr anes. 25%%52% on E?g%%?%%@aéﬁ Fogé?h??@%uégB}elfggiﬁlagﬁ’%{nﬁgtm?%e hi gher
energy consunption in ED nodul es with nonoval ent sel ective nmenbranes is due
to the incgease |nhabikorBliofOfCRAER iind! Wil R Mbech JRAALENL 1 ONS:
It is also expected that renoval o ivalent’Tons in the fesd witer,
particul arly winehyneg aseeed dissolverbsotidecagpentratinayafpt keasnationt Kowt%.ED and EDI
nodul es. Renoval of divalent ions as part of the pretreatnent to 30 the ED
step by nanofiltration (NF), for exanple, would reduce the energy

consunpti on of% bot AhEHewiedeipnizatiomdeyeas clamnd, Wrergin duiiest depleting t her ef or e
contai n pri mardomypart¥adat isafush nédiectola Qe M&'ﬂ&\ﬁ%& %%oiﬁ?@ol{d@e starting
seawat er and would require 1ess - 45 - energy to saltnate to 500 ppm
Thus, in s®me CHHFREYIR &f letriBanaborte500ppent i on, NF operations as a pressure
driven process can be utilized to facilitate recovery, and the energy spent
and remaining in the NF reject would further reduce the system energy
consunption. Ener gyhs decodsionization dedce of clagm hawheyeinia vasio@bthd s¢aond r ever se

osnosi s (RO, dissolved solids concentration to the first dissolved solids concentration is at least about
3.
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5are believed to be applicable also to NE unit operations.

Alternatively, a salt regenerated ani on exchange step ahead of the ED

devi ces or between the ED and the EDT devices woul d al so reduce the overall
energy consunption. JoSone aspects of the present invention provide systens
and techni ques of seawater desalination through electrically driven
processes Transfer of ions facilitated by8an electrical potential is
described as a relatively efficient process because the resistance to ion
nmoverment is limted by the nenbranes that are used to separate purified

wat er from t hed.wastlevatorizemenbdea e WattertingAduérthgngdlisfobugd inmécsspedied aspect s of
15t he inventi atment operation as described herein.

Havi ng now degt@rr:é 8&5@53511%' | lustrative enbodi nents of the invention, it
shoul d be appar ent atfigstidbpletngskinpdrmabni Auitlyeornetted et sotise of e wgist. aad #ts ner el y
illustrative i , WaorQkcEXRMPI e
only. | ndeed, al@gsrrg ieydqrgégy%ggofﬂng:égg?g‘?%ggzﬁgﬁﬁsﬁéﬁgéﬁ}fscte 0snysteems and

t echni ques of mhebmmwentl on and parti cul ar 20 components inplenented in
such confi gur at i ong, o fQARk PR duigl Bl BRGBb LA U e For
exanpl e, each of the unit oper SCri ed herei n as being

connect abl e oradueduagoletinmvieeingd firss capheraratién ofi ctsﬂsylvedmhé% thedirsticpneghtoating
respective inlgh,and filt cBAmbickddA il Vil QRGE: Yiirbieh
Non-limting exar?’pqﬁegrﬁgi Oc%rcl_nectﬁlﬁgt strluéturles CP u g{bpl pes an toﬁ?eaded
or wel ded fl anefdke fsretcaaroedelbgnvgmembraanwdm@ Srst egiign sedectiypinenbrage; gedal ed with
gaskets. Nygrerous ng eI lﬂgﬂr d! mbtgmta% Aot fBdfa the scope
of one of ordinary s%“’{“ ?aptrlltt 0a t an l cont enp atoed gs falling within
the scope of t#aedwvelpidndnying psqsand ¢Q§I9¢Dér|ﬂﬂ°"eﬂftdﬁé‘ﬂw selidpthais grepserdhainpl es
presented her ey f&s[‘c\,’dﬁl:éﬁ?raﬁcﬂﬁﬁ'dfskcﬁv&l%mésnﬁ%'s&@ﬁd p1eial BRbaRElefit iRonky St €M

el ements, it should be understood that those acts and those el ements may be
conbi ned in otmnwamwtweée&@mwehns%@@awemélwpquvega second  Those
skilled in the.gbh it HedRRSnl ak&ohd@liof RRchR@ BIRSRles and configurations
descri bed herein are exenplary and that actual paraneters and/or
configuratitons will - 46 - depend on the specific application in which the

systens and teghni cgfede dtfBRich BMBAdr 08m i sEhgbSBEbnd THRS Riratihs bdRphrintent he art
shoul d al so recognl ze or _be able to ascertain, using no nore than routine

exper i ment at i ofidlggenngetpdaieastage ohasaEsof o thirdaaprous T'Pé‘Ht"é' bgying #dhidyent i on.

It is theref or@nptQigonbrdREHARENIds IR isl1BR neraRdietma condfftioh bedsdregi N are
5 presented by way of exanple only and that, within the scope of the

appended cl ai molidhandabsoviss efthe firshagueus solufign. fheweqond 6PCARitE% practi ced

ot herwi se phancoapainesiif iofRlcbMmdBisRIdnRAM the secondMeple®mpomphitmedi@bikhal so be
appreciated that the invention is directed tq each feature . é]ﬂmg
510 or

subsystem or EChHIEgERONY @YY “"Ief?éﬂ"erfé‘?"ét?rf‘f’e&'ié therseeopd Aiion elpsive
nore features, systens, subsystens, or t echni ques descri bed herein and any
conbi nati on of two _or nore featgres tems subsyst ens, and/or net hods,

i f such featur®s, Shedeviee ofslgir s"t’l?fﬁ"é" ﬁ‘c’fof"eﬁ(ﬁﬁ? fug comipapient iy iepis) | y

i nconsi stent, éoﬁuﬁ@ﬁtﬁh&ﬁbﬁdmé firsb@eplitinp compiencacopRg0fhe FiRe citwesition as
embodied in the cJains. Further, acts, elenents, and features di scussed
only in cohecPfBPl t h one embodi ment are not isintended to be excluded
froma simlar role in other enbodi nents.

9. The device of claim 7, further comprising a salt bridge ionically connecting the

first depleting compartment and the second concentrating compartment.

30 10.  The device of claim 7, further comprising a third depleting compartment fluidly
connected to at least one of the source of the second aqueous solution and a source of a

fourth aqueous solution having a fourth concentration of dissolved solids that is greater



As used herein, the term"plurality" refers to two or nore itens or

conponents. The terns "conprising,” "including," "carrying," "having,"
"containing," and "involving," whether in the witten description or the
clainms and the like, are open-ended terns, i.e., to nmean "including but not

limted to." Thus, the use of such terns is 20 neant to enconpass the itens
listed thereafter, and equival ents thered?: as well as additional itens.
Only the transitional phrases "consisting of' and "consisting essentially
of ," are closed or seni-closed transitional phrases, respectively, wth
respect to t heMl i filrd copegnigtiop piyissglved salids tie fhird depletipg cempartmentdp ond,
“third,” and tiagiclod@uhibation Qi iRl 8®onk CodtAttatifg Sortlattineh@hBHEH (h#@ERioROt DY
itself connote any priaqgrity, precedence, or 25 order of one claimelenent
over anot her of'FHE RERY¥Eal order in which acts of a method are perforned,
but are used nmerely as |labels to distinguish one claimelenent having a
certain nane from another el enent having a sane nane but for use of the
ordi nal terin tb-di dPFAGIGOh clapi 1Q futhet enmpvising & thisdcqpeenuatipg spmpagtmest  _ 47 -
CLAI M5 1. An el madly cslpked bat ledd ofte)iaGBurcO8MIhd Sist@ueddd sdlhdch! the eqlr&tdng
conpartment fluidly connected to a source qof water having dissolved solids
therein, the o‘g% H P OLPEPE- Rt £ soREre 9h @ dithpayeausolusigr piving 40y a cati onic
sel ective nmenbicagatraiv o dissolviel salitis @ik 6 168 kA khVer thisdbdnaRBacefrdtioh ot
concentrating on&q&tnent BhggdHX connectg& downstream from a source of a
first aqueous Y¥SGUPLSOHEYFHghefopsth canegpitradey) of dipsdyd sglidse thp dutdhcPagePEHingand i n
ionic 10 ceyMuddinfpalimen inVohib céhuficdimh w@ﬁ@iﬁeﬁhird\&p@ﬂ?adrﬁﬁmﬂienﬁtmoﬁgl&h the
cationic seleq%%%e.ne rane; and a second depl eting conpart ment

fluidly connecfBU*HOMGELHEIRTRY YN a source of a second aqueous |iquid
havi ng a second di ssol ved solids concentration that is greater than the

first dissolved soljd concentratjon, and in ionic conmunicatiqn wth the
first 15 conce&‘t r aﬁ’ﬁ&ev&% gf’%jsintwrﬂf'f‘ﬁ“otg@ﬁ"g CUREURY AT EC T 9BKS ve

menbr ane. 2. Thenmluazhtiondeitiohe figt dopletidgvémmraientah@bgh the fikheition reldchiee f i r st
aqueous |iquid iﬁ)seamater having a first dissolved solids concentration of
| ess than abod*®H % 20 3. The el ectrodei oni zation device of claim 2,

wherein the second aqueous liquid is brine having a second di ssol ved solids
concentration of at.|east out 10 w % . 4. Th | ect rodei oni zati.on
devi co of ol ai b 3 TRRGSEeST ERE 17, PoPrelaps wir! sop EOMInE CHRImeS § Pty
connected t o aosounceticnfwitiethefirshdeplenige eocropagtaphiiixdugiod datidridge. concentrati on
of | ess than about 2,500 ppm 5. The el ectrodei onization device of claim
1, wherein a ratio of the second

20 14.  The device of claim 6 having no electrodes.

15.  The device of claim 6, wherein the first depleting compartment and the first

concentrating compartment are fluidly connected downstream from the same source.

25 16. A seawater desalination system, comprising:
at least one first electrodialysis device including
at least one first depletion compartment having a first depletion
compartment inlet fluidly connected to a source of seawater, and a first
depletion compartment outlet, and
30 at least one first concentration compartment having a first depletion
compartment inlet and a first depletion compartment outlet;

at least one second electrodialysis device including



di ssol ved solids concentration to the first dissolved solids concentration
is at least about 3. 30 - 48 - 6. A water treatnent device for treating
wat er havi ng di ssol ved ionic species therein, conprising: a first
depleting conpartnment fluidly connected to a source of the water, and at

| east partially defined by a first anion selective nenbrane and a first
cation selective 5 nenbrane; a fit¥- concentrating conpart nent
fluidly connected to a source of a first aqueous solution having a first
concentration of dissolved solids, the first concentrating conpartnent in

i oni ¢ conmuni cati on wi tatleasioné seceid déplelien ¢ompagoensaptingnseceddrdsplgtiorone of t he
first anion select iy ARIRANTMY diiald oife GRLE BfeAThEChIURIRID! ane: and
t oa second depl eti ng ‘conpar rrent f (fy connected to a source of a second
aqueous sol uti on hdeplatign eorspactoredt @dricandt r at i on of di ssol ved solids that is
greater than the first ¢RGSAlLAMAMAhutRLShSESRhiviR 2 blifgsecond

depl eting conpartment in 1onic comunication rst concentrating
conpart ments t hr oughengeneratifn eompecment ideitfluiHy ewineatad to therpewrbe efseavatet. a second
ani on sel ective nmephrang. od@. 7- The device of claim6, further conprising
a second concentrating conpartnent fluidly connected at |east one of a
source of a third adersows ienoixohanging haw havingantion exghangercelat fluidly epnnggted

di ssol ved sol |t9§t lg;ﬂﬁéneofthlaﬁ?s%%iéﬂi%ntc&g atnkil tﬁ%ﬁ%s‘feﬂ;nhg&lgf di ssol ved
solids and the source o I'r st aqu ous sol ution e secon

concent r at i ng cRGpytmpaeuties aed amion oxrbangenenighiredat i on with the second

depl eting npart g@,&d ani on sel ective nenbrane
and the seg)gnd ca{r?t(r)l%lasé egté?ﬂl??/dgfb?ﬁgg d&@méﬁ . The device of claim7,
wherein the second conc@efinstr@Plieh@%mﬁm@mféhtdlﬁ@nmﬂtﬁd@é’@m@éﬁfon Wi th
the first depletin f 25
menbrane. 9. The gg&?%@%aﬁ&nﬁaﬁh&%rd %hg:g at:%%p?frg?ln@?aﬁggﬁg Mt?\r{c? dge

i oni cal | y connect i piectiffemeinbrgpe Qiléﬂlféﬁtlan'gn@éﬁ%#”?ﬁ@ﬂ]ﬂm&ﬁd t he second
concentrating conpart Mg c%Qéeqerth@ HRYhERer®fuilydoMetied tdiht Bkce@@NPr i sing a
third depleting conmpartnment tluidly connected to at | east one of the source
of the sectnd aquedd¥2snput indeniaprmmunieipt with fhedirt depletins£amBBHLTE ol ut i on

having a fourth coaﬁﬁﬁﬁq@tﬂrgr&alqjmpgeﬁ:gme\,{ggn&melQﬁ that is greater - 49 -
than the third concentration of dissolved solids, the third depleting

conpartment in ionic conteRddspiPwne sompAtpens fidioanceisA danpsisam dgm the
conpart ment t hr ougBrig dubkd £hdGAidnR toihuRfchiioitw BB Fis0 €oncentrating

compartment through a second anionic selective membrane.
20
17.  The seawater desalination system of claim 16, wherein at least one of the first
concentrating compartment and the second depleting compartment does not contain ion

exchange resin.

25 18.  The seawater desalination system of claim 16, wherein the at least one
electrodeionization device further comprises
a second concentrating compartment at least partially defined by the first
anionic selective membrane, and having an inlet fluidly connected to the source of
seawater, and
30 a third depleting compartment in ionic communication with the second

concentrating compartment through a second cationic selective membrane, and having



511. The device of claim 10, further conprising a third concentrating
conpartnment fluidly connected to at | east one of a source of the first
aqueous sol ution, the source of the third aqueous solution, and a source of
a fifth aqueous solution having a fifth concentration of dissolved solids
that is | ess than any of the second concentration of dissolved solids and
the fourth concentration of dissolved soPlds, the third concentrating 10
conpartment in ionic conmunication with the third depleting conpartnent
through a third anion sel ective nenbrane. . 12. The device of claim 11,
wherei n the t HiRjetdBilerrnnefisdig aclstspana dhehebring oytishap oeshAl M B5ti on with the
first depleti r&n&ﬁﬁmgwiagémﬁéaf,@hwﬁh dumst dfitkeSbeona@béAing @bAF4rinve:. 15 menbr ane.
13. The device of claim 12, wherein the third concentrating conpartnent is
in ionic comunication with the first depleting conpartnment through a salt

bridge. 2014. Tibe dewué s@wabr dekindlidh Havhdgclbieh B, ¥étRdERast b Ik @SV ce of
claim6, wherein the first depleting conpartnent and the first

concent r at i ‘hg CBFREHIEEARPATREDE e safopd denisrie cemPaEmG thesssffr om t he same
source. 2516. Aos@aiaingodpamhdnt) ahd MB HEMIHeBlingGOMPhrtiHdnd Boes Abt doBaiiopne first
el ectrodi al ysis device including at | east one first depletion
conpar t ment  h&FFREEeHr st depl etion conpartnent inlet fluidly connected to
a source of seawater, and a first depletion conmpartnent outlet, and 30at

| east one first concentration conpartnent having a first depletion
conmpartment i MP%t dAGSAVRETdepaligatitmeysien oL glagalt ﬁ%‘ﬁ‘?r CmPrigipg aBing east one
second el eqd r QeliraleYakIludiy tdhfedidib ddefPone of aoutlet of the fiRi conhfrhine second
depl eti on conpart nment haviqg awéecond gegletion conpartment inlet fluidly
connected to tNEPEHTEE N oudehoh thesecogd denletiog ¢ f-eti on conpart ment
outlet, and at | east one second concentration conpartnment having a second

5concentration, co rtment inlet fluidly_connected to the source of
seawat er, andn)d' bp}%ﬁ%seﬁﬂ?tf’re‘ie?ah“am“ sysipmjof glaim %Jné’g?%’ﬁ e g Stprasg EE15‘Ei t havi ng
an ion exchangemptists ai oftletfleitily comitorble asltht at 1edst dreas exehagial uhite first
depl etion conpartnment outlet and the second depl etion conpartnent outlet,
and an ion“exchanger outlet; and 10at | east one el ectrodei oni zati on device
havi ng @22 i r The staphtet deBina BRGSO tlai 24, dirhecconpesingd i t he i on
exchanger outlet, t.he.depleting conpartnent defjned. at |east partially by a
first cationiéﬁ§39%§¥?@§gﬁﬁhﬁ?%ﬁ%gﬁﬂ3qngFﬁQF@%H?gﬂp?dgéP@E??@e menbr ane,
downstream from the first depletion compartment and upstream of the ion exchanging

unit.

20
23.  The seawater desalination system of claim 22, further comprising a fourth
electrodialysis device having a fourth depletion compartment fluidly connected
downstream from the second depletion compartment and upstream of the ion
exchanging unit.

25

24.  The seawater desalination system of claim 16, wherein the at least one first
electrodialysis device comprises a monovalent selective membrane disposed between
the at least one first depletion compartment and the at least one first depletion
compartment.

30



a first concentrating conpartment fluidly connected to the source of
15seawater, and in ionic conmunication with the first depleting conpartnent
through the first cationic selective nenbrane, and a second depl eting
conpartment fluidly connected downstreamfromthe brine outlet, and in
ionic communication with the first concentrating conpartnent through a
second anionic sel ective menbrane. 20 17%Fhe seawat er desalinati on system
of claim 16, wherein at |east one of the first concentrating conpartnment
and the second depl eti ng conpartnment does not contain ion exchange resin.
2518. The seawadder d&%saPAEE destlingyan ypemiof elpim P4, phereiptika fiptdiepladngat | east one
el ectrodei oni ZahipAndR¥f BE elbbifdabiBhizARAREVIEEONAIR AR te@BEBRELALAJT
conpartment at |east partially defined by the first anionic selective
menbrane, and B&# ng an inlet fluidly connected to the source of seawater,
and 30a third depleting conpartnment in ionic comunication with the second
concentrating conpartnent through a second cationic selective nenbrane, and
having - 51 -26an (The sewpteidegalipaiqsysiemed claign I, fyrdbgsomprigingft ledseonsr i ne
outlet, an outirgfea@ient hift dpbfafidn GAMG DBk B HREPRf B sonBGE iRt | et of
the second depleting conpartnent. “19. The seawater desalination system of

clai m 18, whera®f ypgiean ghaitleashfue of the gelest pag first elesiredislysisdeviegy thetiprtst nent

the second depighidfi AQMRAaNSEAtvicd BRI BERADME: R RRENERh-RbnGBRRAN t ment , and
the third depleting conpartrnent does not contain ion exchange resin. 20.

The seawat er desalination systemof claim16, further conprising a brine

10st or age f@nkyi | Uittt YeaGRB RGAIRE IS5 yibm| o faim 26)Vhetkindkk A Wabt@he Of the first
concentrating conpartnent and an outlet of the second depleting

conpart ment . BQUreatpicat Witapeiaen eAEPEESh leRY A SrEtIStor calp it S, ergiiter ei n t he

brine storage doasiing 8MPliinG8én @&eﬁgg Efbrirfalioh Sk¥mCONRBBEAMMR s§stent, AR At | east

one ion exchanging unit. The seawat er desalination system of

claim 21, furtBESUESHFIEHNG a third

t5 28.  The seawater desalination system of claim 27, wherein the pretreatment unit
operation comprises at least one of a microfilter, a sand filter, a particulate filter, and a

nanofiltration system.

29.  The seawater desalination system of claim 16, wherein at least one of the at
20  least one electrodeionization device comprises an anodic collector, a cathodic collector,

and a salt bridge in ionic communication with the anodic and the cathodic collectors.

30. The seawater desalination system of claim 16, wherein at least one of the at
least one electrodeionization device, the at least one first electrodialysis device, and the
25  atleast one second electrodialysis device comprises an anode compartment fluidly
connected downstream from a source of an aqueous solution having dissolved chloride
species, the anode compartment comprising one of a chlorine outlet and hypochlorite

outlet.

30 31. The seawater desalination system of claim 16, wherein at least one of the at

least one the electrodeionization device, the at least one first electrodialysis device, and



el ectrodi al ysis device having a third depletion conpartnent fluidly
connected downstream fromthe first depletion conpartnent and upstream of
the ion exchanging unit. 23. The seawater desalination system of claim 22,
further conprising a fourth electrodial ysis device having a fourth
depletion conpartnent fluidly connected downstream fromthe second

depl eti on conpartnent and upstream of thé&ion exchanging unit. 25 24. The
seawat er desalination systemof claim 16, wherein the at |east one first

el ectrodi al ysis device conprises a nonoval ent sel ective nenbrane di sposed
bet ween t he atth¢ gdeast ameecond elecipdiplysisidovicawmpars geerond plgcttade at | east one
first depletio - 30, o - The seawat er desalination system
of claim 24, \Aﬁg&%&?%@ﬁs}n cggsﬁllcgtg?%a@gr}partnent of the

el ectrodei oni zati on device contains a m xed bed of ion exchange nedi a.

526. The seawatgr degall0at] ﬁ)égalﬁbéﬁ&?&?stgﬁl o LB Loherdid ik BAEsEGERGA Si Ng at

| east one pretreatnent unit operation fluidly connected downstreamfromthe
source of skawacengmgadnitpynprisesnhidridadormeanion caplanging [H@- at | east one first
el ectrodi al ysis device, the at |east one second el ectrodi al ysis device, and
the at | east one el ectrodeionization device. tO 27. The seawat er

desal i nati on s35st e dfsalglatgmaystemn, ¢omnrising: t he at | east one pretreatnment unit
operation conpri se%sgﬁrcégiasggwég&? subsystem sel ected fromthe group
consisting of a filtration system a chlorination system a dechlorination
system and a pr esgugans f9r selesively reduging A @no@trytinn of apRATEEFFSPEAIsSHRL | on

syst em of q# ai ﬂ?slzszaw%}%h@dn?tot &“E%Q]Eifﬂ &ifi&Nkreatlti t Operation conprises at

| east one of a mcrofilter, san ilter, a particulate filter, and a

nanofil tration systmesns for inpasimredissoliph sdids ensentiafien ingrieepd s@¥alsf cl ai m 16,

wherein at | eagl,ARep@hudeA®rifl stelm! €ast one el ectrodei oni zation device
conprises an anodic collector, a cathodic collector, and a salt bridge in

i oni ¢ comuni cat i ormsgng for exchangingcit leagt g@ortiqn obdivaeny seecics fargrangyadent 30 The

seawat er desal {patd @SB bu&h? il®dlns MNSLRIRBIBhalif 2B becBREdiREedt he at
| east one el ectrodeioni zati on device, the at | east one Tirst

el ect rodi al'§si greg@ppde; angnd the 25 at | east one second el ectrodial ysis

devi ce conprises an,RReESheARRRALLIRML dEitd Khivihgconnect ed downstream from a
source of an aqueous sol ution haviq?rg?di ssal ved chl ori de g%e%i es, the anode

conpart ment conprising @deplginsgompihpgnhHuiglycrriectsd ip th 376 PiedsTR | et . 30
31. The seawat er desghibadd on system of claim 16, wherein at |east one of

the at | east one the el ectrodeionization device, %:He at . | east .gne. fijrst
el ectrodi al ysi s devi ce, MgAR for prawding g ganceptratignrinduesdelecical RPealidd ¢ 198i al ysi s
device conpfi ses a GaERAAGaEdnOFik Mel8eplaipashp@imiencoNpri sing a caustic stream

outlet.
34, The desalination system of claim 33, wherein the means for increasing a
dissolved solids concentration in the first seawater stream comprises an electrodialysis
device having a depletion compartment fluidly connected to the source of seawater, and
25  aconcentration compartment separated from the depletion compartment by a

monovalent selective membrane.

35. The desalination system of claim 33, wherein the means for increasing a
dissolved solids concentration in the second seawater stream comprises an
30 electrodialysis device having a concentration compartment fluidly connected to the

source of seawater, and a brine outlet providing the brine stream.



32. The seawater desalination systemof claim®6, wherein the at |east one

i on 5exchangi ng unit conprises chloride-formanion exchanging resin. 33. A
desal i nati on system conprising: a source of seawater; means for
selectively reducing a concentration of nonosel ective species in a 10first
seawater streamto produce a first diluted stream means for

i ncreasing a dissolved solids concentratf®n in a second seawater streamto
produce a brine stream means for exchanging at |east a portion of
di val ent species for nonoval ent species _in the first diluted stream the
means for exch¥ngi M8° fRaNHomsYSERH glayp Putvdgreinsie meahfgpreetne 4nd an

el ect rochem Calon&gRalonlihdeAQ¥duGaI idlkomprises & depl eting conpart ment
fluidly connected to the second diluted streamoutlet, and

means for provi di ngTst bghedompergemtifyiieunceredds # susge ohafishbalbrell n i onic

20communi cat i qRedvrbdin hivgndeRlselonAGuaRIRA AR ol vedbolidshgddesal i nation system
of claim33, wherein the neans for increasing a dissolved solids

concentrati®on in t B&cPpd Balf-ccllppmpatmen Auidly coBRgstef dpgsoyre of ascPrthalysi s

devi ce havi ng @j @42RkedahPthvaRIReidnIBaceiitaibhlbitoGPNEBREE shidOHatie geadr Ce Of
seawater, and 25 a concentration conpartnent separated fromthe depletion

conpart ment bythap thphisteonesriraien fdetahdissaledichdfe.  35. The desal i nation system
of claim 33, wherein the neans for increasing a dissolved solids
concentration in the second seawater stream conprises an 30 el ectrodialysis
devi ce havi ng H- codtefesplinatignsxstrpclam A6 hetrnying e e leamPy P Ssour ce

of seawat efip aMFdIR chinkA&] BULsbBte B @M AErnEd tHaeddhd RAf-&dlllc@@Partment &4 - 36.

The desal ination _system of claim35, wherein the nmeans for providing a

concent r at i on- WY Eepegird@sPRSE oSNt i al conpri ses a first
hal f-cell conpartment fluidly connected to a source of a first half-cell
feed stream having a first concentration of total dissolved solids, and 5a

second hal f-celd cORFRCIAMIIFYIoR AW FeCORdt%d to a source of a second
hal f- cell feed st negfediiongadnst 0t @afeeats Aiduese opvateohaingdi ssol ved
solids that is greater, than the first concentration qf total dissolved
sol i ds. 1537@‘%@@“51%%‘3? ?hﬁlﬁt"i’gﬁdg?}‘s'?“@rﬁog‘i’ar&m"é’it ﬁ?fl?éd ataﬁaétrwlé’ﬁ’é 4 i rst

hal f-cel | conmpatibiiefdlectie hOmbiatt sidya fagnniesi eclediive membtane@andf seawat er and

t he second hal f-cell conpart t .is.fluidly connected to.a.source of brine.
38. An el ectrodei or?ici”é‘iefq%ﬂ“’ag%lp?:aér 186%‘?‘?"??’%5’.”3 Orﬂ‘g‘ﬁqg‘wﬁ’ég’é‘gmart ment

fl ui dl y connecdoatpaiten, thOtincentationedlgniravpisingl 5di ssol ved solids therein,
the depleting compart mep hrsggg}{lge ldco%tparltnei‘gi tﬂuf%%rgoim?‘écle}ﬂ tob A scirce of a first
20 aqueous liquid having a first dissolved solids concentration, and in ionic
communication with the depleting compartment through one of the cationic
selective membrane and the first anionic selective membrane, and
a second half-cell compartment fluidly connected downstream from a
source of a second aqueous liquid having a second dissolved solids
25 concentration that is greater than the first dissolved solid concentration, and in
ionic communication with the first half-cell compartment through a second

anionic selective membrane.

39. The electrodeionization device of claim 38, wherein the first aqueous liquid is

30 seawater.



cationic selective nenbrane and a first anionic selective nmenbrane; and

a concentration cell pair in ionic comunication with the depleting
conpartnment, the concentration cell pair conprising a first half-cel
conpartment fluidly connected to a source of a first 20aqueous |iquid
having a first dissolved solids concentration, and in ionic comunication
with the depleting conpartnent through oré-of the cationic selective
menbrane and the first anionic selective nenbrane, and a second

hal f-cell conpartnment fluidly connected downstream froma source of a
second aqueous4(.i quihd ettawéda@naatﬁmadeeolﬁ@zﬁmIWe\thh ihd sec@bd aqueanstliqaidi on t hat
is greater than ,the first di id concent i.on i onic
conmuni cati on Wlbtnﬂe lt“ﬁ’mgfa’lSrec'éotn f?v f’fﬁs Concemr i O{Eﬁtl ?toaBO ']E] Wsttg’cond ani oni ¢
sel ective nenbrane. 39. The electrodelonlzatlon deV|ce of claim 38,
V\Iher EI nt he f : r t aﬁlg%%(liléodelo 1zatﬁjon|dsev OfSC?a\Naj% he Il ara%o Oft {clcs)eco;]ré]e'
electrodelonlza i on device o K10 Fﬁ aqueous I|qU|d

i s brine hayi ndisslhsésdiud calicerglioed thmﬂinscthssobert@hﬂsrramcemnat@dn iagt Iéaseabbutabout
10 % 41. The el ectrodei oni zati on device of claim 38, wherein a ratio of
t he second 5di Ssol ved solids concentration to the first dissolved solids
concentration is at |east about 3. 42. A method of desalinating seawat er
conpri si ng: n con of nonoval ent speci es of
seawater in a 2rsz3§§§€?ﬁ%§§ agezﬁécprg%p partlally desalted water;
produci ng a brlne suhmm@@NOManﬁseaﬁa®$wﬂemhgumwwﬁsmwakummdhﬂhamhmg atota
di ssol ved i at least twi ce the concentration of
t ot al dlSSé %igﬁﬁpﬁﬁ&k g%baﬂé%gﬁh&iEr introducing the partially
desal t ed wat er i nt eredudiep bk btingsplutionramt seevdtergthe bimesBlutiechavingal tbtgl dri ven
separ ati ondev v affiaf bRl RmEADGAEY @hdeUl: doREMR AR BENTiCRL
potential in a concentration ce pa r the ectrically

separation devﬁé@SUWﬁﬂW§WpronDt|ng transport of at |east a portlon of

di ssol ved speci es flﬁ%élﬁ?ﬂl@%%ﬁ%l?}' deXaift@Sale: G X‘@épf‘e‘ixngﬁ?r{lﬁ%ﬁn{éﬁtmf% ' ng

conpar t ment into a conpar the concentration pairr
15  electrically-driven separation device; and

creating a concentration-induced electrical potential in a concentration cell pair
of the electrically driven separation device while promoting transport of at least a
portion of dissolved species from the partially desalted water in the depleting
compartment into a compartment of the concentration cell pair.
20
43.  The method of claim 42, further comprising replacing at least a portion of
dissolved non-monovalent species in the partially desalted water with dissolved

monovalent species.

25 44, The method of claim 42, wherein reducing the concentration of the monovalent
species of seawater comprises selectively reducing the concentration of dissolved

monovalent species in an electrodialysis device.

45.  The method of claim 42, wherein producing the brine solution comprises
30  promoting transport of at least a portion of dissolved species from the seawater into a
second seawater stream flowing in a concentration compartment of an electrodialysis

device.



20 43. The nethod of claim42, further conprising replacing at |east a
portion of dissolved non-nonoval ent species in the partially desalted water
wi t h di ssol ved nonoval ent species. 25 44. The method of claim42, wherein
reduci ng the concentration of the nonoval ent species of seawater conprises
sel ectively reducing the concentration of dissolved nonoval ent species in
an el ectrodial ysis device. 45. The met hod5S®df clai m 42, wherein producing the
bri ne solution conprises 30 pronoting transport of at |east a portion of
di ssol ved species fromthe seawater into a second seawater stream fl ow ng
in a concentration conpartnment of an electrodialysis device. - 56 - 46.The
nmet hod of cl aijg 42, I 809 . electrolytically generating
one of chlori nlga'anJhg%%ggqu%frﬁﬁz’eﬁgtgggfggnsl"}?'an anode conpartnent of at

| east one of an el elecrdyicallxgaesaiingonenh cldprinetand dhgpoghlogtedpediesén and t he

el ectri Pa| ly- din'oéf@&n@@ﬂrﬂérﬁ”of ﬁrfeagledﬂe%?an é}&qrolsylic ?e\‘?ée?;%\tél&lt%&i'aggig Pé’vic%ener ating
a caustic streamin one or nore conpartnents of at |east oné of the

el ectrol ytit caditheeelectrisallyedeien separagipy dévicedandi ce, and the el ectrically

driven separation QQ}flir(ﬁﬁicaﬂjpge%Zragﬁf? PRt incdn@iomnéx@cRBiHﬁﬁrH&fts &aPr ising -

at least partially disinfectTng east a portion of the seawater with the
gener at ed chl deasheneey theyleeierlyin devise dpedparedialygs Tvicenpndribrielemtriealin drives?
further conprigjpgioR@deatdg at least a portion of the seawat er through a
nanofiltration System before reducing the concentrati on of 15npnoval ent
species of seawater in the first desalting stage.

10 47.  The method of claim 46, further comprising at least partially disinfecting at

least a portion of the seawater with the generated chlorine or hypochlorite species.

48.  The method of claim 42, further comprising passing at least a portion of the
seawater through a nanofiltration system before reducing the concentration of

15  monovalent species of seawater in the first desalting stage.



