ELECTRODTALYSIS DEVICE AND PROCESS RELATED APPLICATIONS [0001]This
application claims priority to Chinese Patent Application No. 200710301563.4, filed December
25, 2007, which is herein incorporated in its entirety by reference. BACKGROUND Technical
Field [0002]The invention includes embodiments that relate to a device for water desalination.
The invention includes embodiments that relate to a process for water desalination.

Discussion of Art [0003]E'ec”odéﬁi%/éﬁ%%f%%@%ﬂ@%%f?ﬂs egh used for water

desalination. An electrodialysis device may include 10n exchange membranes between a pair
of electrodes. The membranes may be may be of two types: cation exchange membranes and
anion exchange membranes. The cation exchange membranes may be relatively

RELATED APPLICATIONS

[0001] This application claims priority to Chinese Patent Application
No. 200710301563.4, filed December 25, 2007, which is herein incorporated in its

entirety by reference.

BACKGROUND

Technical Field

[0002] The invention includes embodiments that relate to a device for water
desalination. The invention includes embodiments that relate to a process for water

desalination.

Discussion of Art

[0003] Electrodialysis processes and devices have been used for water desalination.
An electrodialysis device may include ion exchange membranes between a pair of
electrodes. The membranes may be may be of two types: cation exchange membranes
and anion exchange membranes. The cation exchange membranes may be relatively
permeable to positively changed ions (“cations”) with a low molecular weight and
relatively impermeable to negatively changed ions (“anions”); and anion exchange
membranes may be relatively permeable to anions with a low molecular weight. The
cation exchange membranes and anion exchange membranes alternate between the
above-mentioned electrode pairs, with compartments between the membranes. When
a direct electric current passes between the electrodes, cations may be pulled toward
the negatively charged electrode and pass through cation exchange membranes but
not through anion exchange membranes. Simultaneously, anions in the solutions may
be pulled toward the positively charged electrode and pass through anion exchange

membranes, but not through cation exchange membranes. As a result, compartments
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permeable to positively changed ions ("cations") with a low molecular weight and relatively
impermeable to negatively changed ions ("anions”); and anion exchange membranes may be
relatively permeable to anions with a low molecular weight. The cation exchange membranes
and anion exchange membranes alternate between the above-mentioned electrode pairs, with
compartments between the membranes When a direct electric current passes between the
electrodes, catlons may,| Ied ta}ward the e atlvel har ed ele%tggedg &n& SN mrough

f on an a
cation exchange mem ranes U{) tﬁroug% amc?n EXC gbe' membranes. Simultaneousl| Y,

anions in the soletidnasnayembrprelanahapdttistpderiien bidhgeirettelrouis sHacpased
through anion exghaBgeaMmamiianes, JauipaRkiiougbsaiion-exchangasne sl ks aAs

result, com artmen . .
P Lange membranes (on a cathode side of cation exchange membrane) accumulate
the ions removed from the diluting spaces, and may be called “concentrating”
compartments. The electrodialysis process may be made continuous by flowing the

solutions between the membranes.

[0004] The rate of desalination may relate to the amount of the direct electric
current. Current density is the current per unit area of membrane. An increase of the
current density may result in an increased rate of desalination. But polarization
effects may provide an upper limit of useful current density. Polarization may be a
local change of concentration caused by depletion of salt from the solution in the
immediate vicinity of the membranes that results from an ion-transport phenomena
and that may result in an undesirably high ohmic resistance. The limiting current may
be reached when the ion concentration in the solution close to the membrane surface
approaches zero. In practice, water may electrolyze into hydrogen and hydroxyl ions
and participate in the ion transport, and such an electrodialysis of water may decrease
current efficiency. An electrolytic potential may provide an upper limit to the
effective current amount. There may be also induced changes of pH that promote
precipitation of various substances on the membrane surfaces causing membrane

damage. Such precipitation may be referred to as “fouling”.

[0005]  Electrodialysis reversal technology involves periodical reversal of the
polarity of voltage/current applied to the electrodes to prevent or to removed
precipitate or scale. Polarity reversal destroys freshly precipitated scale to allow
flushing and to avoid damage to the membrane. However, in the electrodialysis
removal operation, the function of dilute compartments may change into concentrate
compartments, and the function of concentrate compartments may change into dilute
compartment when the voltage or current polarity reverses. This reversal may require
the corresponding dilute and concentrate flow path be switched correspondingly. This
may result in a need for an unduly complicated hydraulic flow path and valve control.

And the electrodialysis reversal process consumes a considerable amount of energy.
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on a cathode side of the anion exchange membrane (on an anode side of the cation
exchange membrane) may be partially deionized by the direct electric current, and may be
called "diluting” compartments. Compartments on an anode side of the anion-exchange
membranes (on a cathode side of cation exchange membrane) accumulate the ions removed
from the diluting spaces, and may be called "concentrating" compartments. The clectrodialysis
process may be continuqus by flowjng the splutions %??t een the membranes
[0004]The rate o@g?é% aIir?][agt%W(rLﬁea?/e%{é Ia@g {t%% e gr%gﬁcﬁt?g? & 3},%8{1 Iﬂé%%ﬁceésurr%rﬁtt.h Urrent
density is the cufieirepéhalgie sransteisdmpraifblan inetedscefmedarham a@rieysiiay result
in an increased HteRfRasalRAIRB R arkzaliRaBiretmInay provide an upper limit of
useful current density. Polarization may be a local change of concentration caused by
depletion of salt from the solution in the immediate vicinity of the membranes that results from
an ion-transport phenomena and that may result in an undesirably high ohmic resistance. The
limiting current AXJFJe%EERé%TMn the ion concentration in the solution close to the
membrane surfagh @PrORChEs eI AaCle, IhIAY glarliohasplo fiogrand

hydroxyl ions and participate in the ion transport, and such an electrodialysis of water may
decrease curren¢leftedsntrrcath fEacthsiist sireris inalsiBrogidelume pHdr IR exehangfective
current amount. hhateafidaynbe algwinduteszehangesef pid thabprormatenpriecipitaton of
various substances on the membrane,surfaces.cgausin embrang damage, Such, . -
precipitation ma;c/ol:r)lér Te ércroélér ??“? as ngiﬂéﬁ.ef&%%]ﬁré%%%gﬁfgg ?gvgrs?;l%%ﬁr%o%fﬁ

involves periodicgqieadsrgad & the ssevadtylestiodhadd alhered syisat Ry dienbabidtty

prevent or to rergRuerl RERCIPI@E slogsale oPatally 1eversadesisay ofropbiviprepipitaiag scale
to allow flushing ffmd to avoidt am%ge to the membrane. Hovgﬁve{é inthe electrodialysis
removal operatic?ne,cfﬁ(%ahfﬁf:rﬁ%n oY o dte compartmen srlrrlﬁé:)a}cc Cgﬁgé into concentrate .
compartments, anpptied Rirctiovroasoensénteaternddoparnonsraisemdy ativan gEhin Ry dduste is
compartment wheg,ihevalisge eircieRhPRIaIaveisesLildlisHeversal may require the
corresponding dilute and concentrate flow path be switched correspondingly. This may result
in a need for an O8ily cbnoplcatbaihydraat clitovegialysiaddvia e bdetro firdindettide and
electrodialysis reVE{3ALRIOFSE SANSHIGS ACARPIIEIANE ATOHAARRION pdR0GpIpay be

desirable to have a device for desalination that differs from those devices that are

commercially avéipible af ssaditse RIS atirstodpstis LoRL Y ttafiEtralectn toda the

processes that mmmﬂy&yaﬂablwﬁﬂlﬁﬁ@ﬁﬁ&ﬂHBi[ﬁah'hmeB]dﬂ@r@ dinthbelimeacd, a

device includes g fifst el Ctr%ﬁl @ sg{;%,ryegle&ttggg& ér{%%‘i%féefﬁmﬁ‘yof# %&ﬁé@?ﬁﬁ%ﬂﬁsto
nge me

. es .throu
define a volume. An anion eXxc embrane and a cation exchang rane are

disposed within théoislizatien ssesptridlishidn g otiress GppsrtopeseuseerzuPRes RS frbPaYRrd

electrical sourcestecthigufigstelestraderang ie hetseaarchaleab@mdesihe £ metrivedtaien}
supply is controlled to switch frgngia first mode, of oagrgﬁié)n to a,second m d?fo o%eﬁatailon

L7 .80 (as 1o er St positive  electr second mnegative_ electrode,.
providing electrical Curreft aving a réverse po‘farl?y during eac cy% e, The electrical current

is supplied at a tenevesilegistaasiararbieinthéaroa conwblietPiiisratomrsFiriceyicr diReisyreaiter
than about 100 heyig aid ees hanabad Lokt QDB HR-eish SppasiEinant BRvard

electrodialysis device includes a first electrode and
y e ectr?cal direct current }or a secon(? d%ration (t2). The frequency of each cycle of the

pluralities of cycles over an operating period is in a range of about 100 hertz to about
10 kilohertz.

[0009] In one embodiment, an electrodialysis process uses an electrodialysis
device. The process includes a plurality of cycles, and at least one of the plurality of

cycles includes a deionization stage, in which a direct current power supply passes a
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a second electrode spaced from the first electrode to define a volume, a power supply
capable of sending pulsed direct electric current to the first electrode and to the second
electrode; and a controller capable of controlling the device so that the device operates
through a plurality of cycles. At least one of the plurality of cycles includes a deionization
stage, in which a direct current power supply passes a forward electrical direct current (14) to
the first and secqnd, clecliodes, fofarst.duiajion (L4) #0.A5ip pawer sl Rosiive glectrode
and second negative e ectrode; and a recovering stage, in whic the power supp(fy sends a
reverse electricaldiféen étrsatadli povedichivstipestire dedirede yukensand setrde s istepde;

direction oppositerd® shectapnasdalectiicahdikast gawentdasia seeonddidralion(tdal Tdiect
frequency of each cycle qf the pluraliti f cycles over an rating period is in a range of
ot 100 hertz (3 AE0APLD FIOhEILE DD SRRy e Geim RS

uses an electrodialysisl RisaewalTiccgrowasy ifveladeeradpduratiny 0Rbydibe fiqucaeiedstashe of

the plurality of cygles BaidpsaIfeiasiZzalion g, ipewhich R sHiestis W ESI-RAUBSSURDIY
passes a forwarg elect\r?;l}():altqiéﬁé:[f urrent (b) to the first and second electrodes for a first
duration (t), so a %Zﬁ% &a ?&ggﬁlve electrode and second negative electrode; and a

recovering stagey gy yhich{hg PQYBELEHRANY SENISAJEMFERE RIREIHCAlJIGCIRILIEALL)SO

each of the first and thels,eco’nd, electrod'es in a direction ‘Qpposite‘ to the forwa(d electrical
direct current for S UEEBRANG AR o Rle JHERIPET diclifes HRv i frs ivrignire Be
cycles over an opkratdglpssideviscireergnge of ebouidt @Dthectzctodiblysis Hevikeolehtz.f[3010]In

one embodiment; an.eleciadialy SifRIOSaRS USRS ARAIECHPHAVSIRARIEENaYing auiite

compartment. The process includes flowing feed water into the electrodialysis device;
energizing an el<CFeaBMHRE B elserdipiisiavice Rith drfreasfoiab SRR fFLe
cun-ent; monitorifgafirio pre@ndenitaitentintidie chkift-tomipacimentoftie €ldctrocinlkyisist
device for an inciegse 10190, SO0 BNIRAIALASEINCAR A RIESELIOMERNE S ower
energizing the electrode with a electrical direct current of reverse polarity, before the
monitored ion cotheBriba it Peeenits RsertrZ L HRORHErBReYR98 T RRSEBAIRR B2 iblforing

an ion concentragignpitadi biaicamprstingRiseltihe elegirodialysisideiise: iehdbredaraisgacond
preset fon concentiation; and epergizing the, slectrode yith,a second forward electical direct
current in response to Fn% {0 concentration in the difite compaltment{ reaching the second
present ion concespraiero DRAI KBS Toatia | it abibdmpmarng aitaisabiodikbeckrspadters
represent like pagtesthrgstobnidtihedrawings, wherein: [0012]FIG. 1 illustrates an exemplary

electrodialysis (ED) device.

DRAWINGS

[0011] 1In the accompanying drawings like characters represent like parts

throughout the drawings, wherein:
[0012] FIG. 1 illustrates an exemplary electrodialysis (ED) device.

[0013] FIG. 2 illustrates a polarization problem adjacent to an anion exchange

membrane in a dilute compartment.
[0014] FIG. 3 illustrates a voltage-current curve for the exemplary ED device.

[0015] FIG. 4 shows an exemplary pulse signal according to a first embodiment of

the invention.




[0013]FIG. 2 illustrates a polarization problem adjacent to an anion exchange membrane in a
dilute compartment. 100141FIG. 3 illustrates a voltage-current curve for the exemplary ED
device. [0015]FIG. 4 shows an exemplary pulse signal according to a first embodiment of the
invention. [0016]FIG. 5 illustrates a first, second and third exemplary ion concentration-
current curves when a forward current signal of the pulse signal is exerted to the ED device.

[0017]FIG. 6 illusfygs a fiet. %‘?ﬁ@%‘@a@el';’datﬁléﬂ ?8&%@&%@’3@% %Q@&%&%}Z’i@{‘é&%ﬁ&%wes

when a reverse current signal of the pulse signal is exerted to the E vice. [00181FIG. 7

illustrates an exéHiFIBryBYIS &R mafoavarst At tosieed K ribeamibrotigrr it sraredinbstdn.
device.
[0017] FIG. 6 illustrates a first, second and third exemplary ion concentration-
current curves when a reverse current signal of the pulse signal is exerted to the ED

device.

[0018] FIG. 7 illustrates an cxemplary pulse signal according to a sccond

embodiment of the invention.

DETAILED DESCRIPTION

[0019] The invention includes embodiments that relate to a device for water
desalination. The invention includes embodiments that relate to a process for water

desalination.

[0020] In one embodiment, a device is provided that includes a first electrode and
a second electrode spaced from the first electrode to define a volume, and a controller.
The controller can control a supply of electrical current from an electrical source to
the first electrode and to the second electrode. The electrical current supply is
controlled to switch from a first mode of operation to a second mode of operation
during cach cycle. In the second mode of operation the clectrical current supply
provides clectrical current having a polarity that is reverse from the polarity of the
current provided during the first operating mode. The clectrical current is supplicd at

a controlled cycle rate and for a controlled duration.

[0021]  The electrodialysis device may include a dilute compartment. In certain
embodiments, the controller further controls valves that block or allow a flow of feed
water through the device so as to provide motive force to a stream through a

concentrated ion chamber, and to a dilute ion chamber or output.

[0022] The device may further include an ion exchange membrane disposed in
contact with a feedwater flowpath and proximate to one or more of the electrodes. In

one embodiment, one or both of a anion exchange membrane and a cation exchange
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DETAILED DESCRIPTION [0019]The invention includes embodiments that relate to a device
for water desalination. The invention includes embodiments that relate to a process for water
desalination. [0020]In one embodiment, a device is provided that includes a first electrode and
a second electrode spaced from the first electrode to define a volume, and a controller. The
controller can control a supply of electrical current from an electrical source to the first

electrode and to fhe serang, Slelroie, Jde GIRGH Eal GHIE HAMoR %S O ed dossuiligh

from a first mode of operation to a second mode of operation during each cycle. In the second
mode of operatioflE ¥l careirahedinsshy bwe\ﬂa@gré@f&t%ar%gﬁw%rﬁ%wmy
that is reverse fromacitepolediityheffilaeaad menhd etadtlatt dukingrthie &itiodpesating onadaeréhe

electrical current gsyppliee. 2t A SBANQIISE uele e AR L A conYalled I TRN 90211 The

electrodialysis device may inclu llute compartment. In certain embodiments, the

controller further @opdiols vederdhatchinck esalmies fioyeabiard-watenibguphdhgcdevice so
as to provide moliye force (0,8, stream (hrouafa concentiated,ion, chamber, and,{o 2 dijite fon
chamber or outpu?. %ﬁf]b]%e device m?c[\y urf er include anon exchange memultfr ne

disposed in contd¢kilgith eflfercambatansiioPthyalsdast dxhendtellns bného eonselcstanersierarodes.

In one embodimery 45 QidA0Heal AP SHCRBFRNRM BB sl R fatidnHRx ehapak

membrane may li]e disposed Withip a vqllume d ﬁined bg/ the first and second electro es. In
. S Irom the Sensors a ows[.t e confrolier to r r%%)nd to_chan 18% ccl)ndltltgrg. UC
certain embodiments, two OF more cation' exchange membranes ma§ placed bétween the

first and second ededitiotemapnivendsdriberedidetintedtmate of thorecamietor ethehrahniéy roeivbranes
may be arranged:feMeaninsrfirst Aol /eendtrleshPRaStor the output water, or the cost or

availability of electrical current. In certain embodiments, one or more of the cycle
rate, duration, or current amount are tied to a feedback mechanism that monitors the

feedwater properties.

[0024] During a cycle there may be operating modes that include a deionization
stage and a recovering stage. During the deionization stage, a direct current power
supply passes a forward electrical direct current (If) to the first and second electrodes
for a first duration (t1), so as to power a first positive electrode and second negative
electrode. During the recovering stage, the power supply sends a reverse electrical
direct current (Ir) to each of the first and the second electrodes in a direction opposite
to the forward electrical direct current for a second duration (t2). The frequency of
each cycle of the several cycles over an operating period may be as discussed

hereinabove.

[0025] The cycle rate may be greater than about 100 hertz. The cycle rate may be
less than about 10 kilohertz. In one embodiment, the cycle rate is in a range of from
about 100 hertz to about 500 hertz, from about 500 hertz to about 1 kilohertz, from
about 1 kilohertz to about 2 kilohertz, from about 2 kilohertz to about 5 kilohertz, or
from about 5 kilohertz to about 10 kilohertz. Selection of the cycle rate may affect

performance and longevity of the device, and is discussed further herein.

[0026] As noted above, the above-mentioned cycles include at least the first and

sccond operating modes. The duration of cach cycle can be less than about 10
6



[0023]The selected cycle rate(s) affects the performance and life of the device. In certain
embodiments, the cycle rate is maintained to be uniform over a duty period. While in other
embodiments, the cycle rate is controlled by the controller to vary over the duty period.
Sensors may work in conjunction with the controller so that feedback from the sensors allows
the controller to respond to changing conditions. Such conditions may include the content and
makeup of the fecdwgter the sal'[)ni or j[op conc ntratiobn of the output water thﬁ demgnd for
SeCODhS. In orneembo HE)CP h llll'a 1011 C4n OC In ara|tr11ge rom abouf secondas
the output water, or the cost or availability of electrical current. In"certain embodiments, one or

more of the cycléoraheutopaerids.oF e Teott Ariengntaie dhedt th Bk Bask PP Harsmdtivat
monitors the feedysatar PEeRBEICHIVRBAIDNIFIRE:eh @Y Blbber 0. 008%denaRaTatng suooessthat
Include a de'on'zs%&?n%ss‘t%‘%%o%? Bolds sefongt > %g?%’%{”d%ﬁ& dgloniza '05%85 Sdgiect
current power supply passes a forward elec fical direct current flf§ 10 the firSt and second
electrodes for a firettdis aritsss (i e PPAIseRilst positive electrode and second
negative electrode. During the recovering stage, the power supply sends a reverse electrical
direct current (I 8%¢hch BISFHES t&ﬁ&‘ﬂ?@"é‘e%%‘#& t(f ecl’?otaﬁgl?ﬁ Pife t%’r?%%?ﬁb‘é?ﬁé“f'g the
forward electricaodire dhetine nf foncais eosedodd natidnofi 2petienfie gaencycsfreachecgrekéeof the
several cycles oyigh aR QRGN IIRSERLITM DA ASHISCHERES BRI /IRARAVES IR0RLT ety cle

rate may be greater than about 100 hertz. The cycle rate may be less than about 10 kilohertz.

In one embodim8Rt, ey PSRIIRNIAcliRda Siarawreipb e 1B Er D Sos5H0d: B8 hett,
from about 500 leetztionabmut thrigbodferom fitant 00w Abkiloh ezt Aitencdbout @ 0K lohwbrtat, Frésim

about 2 kilohertztg, ahaut § ddlehartz arframaRou & KicheiizdaAaut 2 kiipherz .Selection

of the cycle rate may affect performance and longevity of the device, and is discussed further
herein. [00261A8-hbtEABBYE, At b st bivauiegrds! htaiieualitadiererhret 8dd

second operating atedes2The duration of each cycle can be less than about 10 seconds. In

one embodiment, the duration can be in a range of from about 10 seconds to about 5
seconds, from ab¥38b seldsngenterBprogen sesndiformpaboef 1eksting eyEmoUEes S8conds,

from about 0.5 sgeanes t0rlolt ROOOERE LT HRM AbGHtQQB P eRBER dPeakigy e Q0005
seconds, from agqut 0.0Q005. s;zco ds to abgu{.o.og)o 05 setcollildsdc%r less tpa abc()yt
0.000005 second BH371 PRE Fatio b e TUIRLIBE o tHe SRENThe" fPs?fqrﬁoélg ofr%opgré) ion
relative to the dwestigionfitinbi¢h thassounderiodd ofmpe ruppheih kehoydketmgsy tsargeeater

than about 0.00 N £REIRIBEBPAHMEN SR S8R Bliheduiation pbeotivieinithe.Hishnode

of operation relative to the duration of time in the second mode of operation is in a range of

from about 0.01 YFUBLHPE 2 WERThodI8% 0 Pt Al TP GA" 6 MBS RBYS tXh&RItD.1,
from about 0.1 tdedibediti@<Ptimrgnratowl 10vl Zoto abpusittntS chaoge binblit OhSfato cllabengd. 15,

from about 0.154g:abgup0 e]‘gottf(;&’ép, %thgylgetgf@p@wbg'guch factors as the duration of the

third mode of operation.

[0029]  An active reversing stage may be implemented between two of the cycles.
The power supply passes an electrical direct current (Ia) to the at least one electrode

in a direction contrary to the forward electrical direct current (If) for a duration (t4).

[0030] A duration ratio of the duration (t1) relative to a sum of duration of (t1) and
(t2), is in a range of from about 1:10 to about 1:100. In certain embodiments, a
reversal current ratio, which is a ratio of the reversal electrical direct current (Ir) to the
forward electrical direct current (If), is in a range of from about 1:10 to about 1:100.
In certain embodiments, the cycle may include an idle stage. The idle stage may last

for a determined duration (t3). During the idle stage, the power supply may not
7



[0028]The controller can control the supply of electrical current from the electrical source to
one or more electrodes, and can not supply electrical energy for a determined period. In one
embodiment, the controller defines a third mode of operation in which there is no electrical
current supplied from the electrical source. The third mode of operation can occur between
the first mode of operation and the second mode of operation. Thus, the third mode can be an

dle period, allowfar. 4 defined el e, aheap allon ofeapasianse sharoepullhalhe

rate of charge buI|) In the electrodes, then, may be affected by such factors as the duration of

the third mode off8iyesitienis [t tll&rstagtive Pelieiaiilestsipaimtgpeaps HambRtErdstineen
two of the cyclesstige power supply passes an electrical direct current (la) to the at least one
electrode in a direction contrary to the forward electrical direct current (If) for a duration (t4).

[00301A durationl #83id of Presisgthddnoeasy réfedivets saudost ipatiorcisptteryadysd (d2Yis in a

range of from ab@yékidOatoRRAMdlid 812 clBca8 iRl RIAA RN iSHARYREEALeUies diadie,

which is a ratio of the re\ﬁrsal electrical direcii.
current

al e . cur.ret?\t gir%to the fonNartd Igctrlip%l %ll: ct
current (19, is in arange OVH SR A P 1T 0 Ab B LM 8l S RA R Do diman N bébcycle
may include an idkyista@e aT fretictiss dndge qorpgristidoreatisecmaified phaseition (eB¥emuting the
idle stage, the pawefSARRY T MOl iRl Q¥R BiRelusRLAHRRLEUIRILIQ pherRy, hRtbekihe
electrodes. In certain empodiments, the icge sta%e IS be&\l%ee%t%? deionization stglI%e and the
R Ry o '

recovering stage B8 F O0Ri §G L R 2P By ol ThRsesE 'Ble ERRSERAILE:
device. EnergizeMenétecinode irvtbenzigotr ddialybiscdevipertvient 2ofitse folpatardiadjestidesicdirect
current. Monitor an.iQn ¢PRGERSANARLN the diigemPaimeohihaliesiodialsis dryice

for an increase in ion concentration relative tq a first preset ion concentration. Energize the
electrode with arf @& ELacHirabALGr TSR U SRSBOBM A DI KT HE AR dPethsotilute
concentration becanpesdowetdtidangtihe firstingneseinicnncancentagation. Monitor an ion
concentration in a dilute compartment of the electrodialysis device relative to a second preset

ion concentratiorl 0833 rgiRe frEngl xSt e nithi Huseatbrrce festipdiehete iV airsct G insludesn

response to the ipigoBRERSRLIDN idthe dikie-tompRIInepicaaghinghthiraaegentfyagent ion

concentration. 1 21Referring. to FIG,,| illustrative electrodialysis (ED) device .10
iudes a rot R Ae T & dsene F SRR U A R TR SR, ¢
define a volume. IbugtHisionrxdhm ghavicrabta¢rid belesen the o prise Beghgesaiasniianes! 96, an

anion exchange mgnbgaag teRatwest) hRlyoeatianexabante Mapiy anes Ihdandisndirect

current (DC) source 20. The Itern%e frran ed apion and cation exchange membragnes 16,
cXehange membranes greglsare erred to as a membrane stack. membrane
18 are also referred toas a membrane stack.” Thé membrane stack may iriclude more

membranes. A fetidkstresaincREdloars intmbhaEDAdBeitstre@rid afivectitnt iRl iddtigeie in

membranes. The, fage.flreamaA2 MAYHNGHAR.SA8e dinsohued SatiansAMA) SHeRa@s Nab

Ca2+, and some anions (r) such as cr, and CO33, . ) i 5
dissolved cdtions (M) such ag Na', Ca®’, and some anions (X") such as CI’, and CO;".

[0033] Upon closing of the circuit including the DC source 20 and the first
electrode 12 and second electrode 14, one of the first electrode 12 and second
electrode 14 may be energized as a positive electrode and the other may be a negative
electrode. The cations M" migrate toward the negative electrode, while the anions X
migrate toward the positive electrode. This migration leads to a separation of the
dissolved cations and anions in the feed stream 22. A compartment adjacent to a
positive side, which may be nearer to the positive electrode, of the anion exchange
membrane 18 may be a dilute compartment 24. While a compartment adjacent to a
negative side, which may be nearer to the negative electrode, of the anion exchange
8



[0033]Upon closing of the circuit including the DC source 20 and the first electrode 12 and
second electrode 14, one of the first electrode 12 and second electrode 14 may be energized
as a positive electrode and the other may be a negative electrode. The cations Ise migrate
toward the negative electrode, while the anions X- migrate toward the positive electrode. This
migration leads to a separation of the dissolved cations and anions in the feed stream 22. A
compartment adjacent to azposmve side, which m be ne reratfcl) the OSI ive electrogjei1 of the

anion exchange MEMEHE f%%e?fﬁgnéeafﬁﬁ ﬁgﬁ?ﬂt c(a)trﬁ’ﬁlaﬁFn

adjacent to a negétitecsigperitich2th aydbemeatetetodhparegativé @ﬂecmdfél,vefytwehamm
exchange 8 memirang.l&mayde a concentrate compartment 26. The streams that exit out
of the dilute compartment 24 and concentrate compartment 26 are respectively dilute and
concentrate stre§@i34]  The mitigation of the anions and cations may lead to polarization at the a

boundary layer in the dilute compartment 24 adjacent to the membranes. Referring to
FIG. 2, polarization of the anion exchange membrane 18 is shown as an example.
For a conventional ED process using a DC source with a substantially constant
operation current density (I), at the beginning, ion concentrations in the ED device 10
are all the same as that of the feed stream 22. Once the DC source begins to send the
DC current to the first electrode 12 and second electrode 14, cations M are driven by
an electric force to mitigate toward the negative electrode and away from the anion
exchange membrane 18, and anions X are driven to mitigate toward the positive
electrode and through the anion exchangeable membrane 18. As a result, the
concentration of cations adjacent to the anion exchange membrane 18 may decrease.
On the other hand, the anion exchange membrane 18 hinders or prevents cations in
the concentrate stream 26 from mitigating into the dilute stream 24. Therefore, the
concentration of cations adjacent to the anion exchange membrane 18 further
decreases. A concentration gradient 28 may form adjacent to the anion exchange
membrane 18. A Nernst layer, or boundary layer 30, which has a low ion
concentration, may form adjacent to the anion exchange membrane 18 in the dilute

strecam 24. The boundary layer 30 has a thickness (D).

[0035] At least two factors may affect cation concentration in the boundary layer
30 from further decreasing. Firstly, turbulence in the feed stream 22 may keep the ion
concentration uniform in the feed stream 22. Once the concentration declination
tendency reaches the feed stream 22, a convection force of the turbulence may
dominate the area and may preclude the concentration decline tendency. The
presence and the amount turbulence may determine the thickness (D) of the boundary
layer 30, in addition to other factors. Such other factors may include turbidity,
viscosity, temperature, and flow rate. Secondly, during the ion declination, a
diffusion force drives both cations M" and anions X to move toward the anion

exchange membrance 18. This diffusion force enhances the movement of anions in the
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[0034]The mitigation of the anions and cations may lead to polarization at the a boundary
layer in the dilute compartment 24 adjacent to the membranes. Referring to FIG. 2,
polarization of the anion exchange membrane 18 is shown as an example. For a conventional
ED process using a DC source with a substantially constant operation current density (1), at
the beginning, ion concentrations in the ED device 10 are all the same as that of the feed
stream 22. Once (he, DI FoUIGe PRIBS10.5end e D Sulenl (e st alacliods. 12 and
second electrode’14 ERtinE Mt are GV ?/aﬂvgﬁré&nc force 3 mi igate oward the negative
electrode and awayefsorie the Aefisivaxehirfonse ibhendiiigioardarenio nguebietiricleattsal
mitigate toward thg RosHiMELI65Ea0R B HIGHGH I 30 e BpeRBRICReBTNI8Reh k8. AS
a result, the concentra,tio%l of gationns adsjt%cgrﬁ to.the, anion exchange membrane 18 may

decrease. On the&'BHer }?8 RN e%chaﬁﬁ‘ag He&mbrane 18 hinders or prevents cations

in the concentratg,giggam; 26, Irgha, UORIAHNILING AivigiRlFeamAds hRSEaIesRcdRtion

concentration of cations aglrtjﬁacent to the anion exchange membrane 18 further decreases. A
concentration gratticht 2875, Al R HPERRE aRBRCERN AR & HHENTranE 1 8 "X N8 st
layer, or boundanyilaipastid) , i die Hasadowhio mceacantlations] ndalyifer foadjaobmtds the
anion exchange MEMPIARG18 PHbEAILRRAUSAB A d G RAUAARAIE IEE 3R dASEthikness

(D). [0035]At least two factors may affect cation concentration in the boundary layer 30 from
further decreasingoRhng, RIPNSE N thaFe st FRHRIPIIIRRGIRER 4SS HSBRUGH I ion
uniform in the feed:séiedmm)22f Baopdbtonaneent disiydBckfatiber teosedeyd édsiyesdhie: feed
stream 22,.a conyection golrr%gtoé ths.t}';ug nﬂj?rt]l(f‘ee mﬂg g%@;‘f-f&"fn@aﬂlﬁi 3,204 may Qﬁgg%ge the
concentration decline tendency. The presence an .t?ﬁe amount turbulence mai%jetermlne the
thickness (D) of taaufisititary by evrsn! FaeHRIBACHY ctRahikcis iasWlieshiArd Maensratiofy
include turbidity, yiseastyadiempesatuis, ang lowd atsleSesonaiybeusingioecimmpoastination, a
diffusion force driygs b ati 1\44 and anions r tp maye toward the anion exchan
membrane 18. T ﬁ; aﬁsﬁjsm i fg@é rgﬁ r%tnr?gé% %%%?rﬁb\%n%]é{r}&ggfcgﬁri%nﬁg %V%hoeg%%ﬁnr% ag%%ayer,
but it weakens theaskdydaneattdof Watnthe bpeaticr el fositn @ is bl vetheldaitmgtareattrical

driving force. If the, diffusipiniigecads Aavahiath e slasligaidateecthenttheeangeniraianne
gradient may be stable in the bo ndar;a a status is called "s%ati

la er 30. S}l{lC s cgl onary sfage’
herein after. 1009BF T BP&EtREI L )eﬁ/t GRS R YR EPE Simd WSS (lztzs)n(r:leﬁrcation
on the surface ofviiagnifthexatabrgecrsteck inaresdSrasbr fatse svitthiyrieue e fediiorithip may
be because the iﬂ@iﬁ@éﬁ%@l&fagis@élggi\fm&éosr&@a@mﬁn&%m@ difiusionfRtesMVhen thg

cation concentration on the surface of the anign exchange membrane 18 may be close to
zero, this correspBAGHHRPIMOMR LSRR TAS hTRITY TR HISERRISTC I aie %‘gé’i"éﬁ%ﬁea?l"r%nt
density (1) is furthelt fioastedding iobpyomduhz lirilin ey redntcdeatsitylofalmdtitnec inrany.
carrier capability af 54 IR MRS INSHIICI B0k L6 BRI SRIRLEIRRCIN RARRITINY IS
insufficent and the operation currerit density is too high, then water molecules may be split
into component iohS ®8and OH). With reference to FIG. 4, the voltage-current curve of the
membrane stack | picted. When the operation,current density (1) i ow the limiti

current (him), thé@ol geji?nqérrn\é\ég smffﬁeélgglj‘@ﬁﬁntﬁ%%g%n%ﬁ%%eéé?({egnn%ngg#s}?y g?é\?\t/k%gqr%he
operation currentnstansss/iy)nlotiagchel elsettiealtiiagjstange acras theirgmpephtsiaktgBydhage of
the membrane stagkipGiaRseSIRUEisTastatisith ciHsenidRy hatosed stageangbnyatiagrrop

occurs in the surface of the anion exchange membrane 18. An undesirable amaunt of energy
may be consumed'td %ﬁ%&%‘?@%ﬁ&%ﬁ%ﬂ‘d ﬁrgf]’ t@?é%%é:usfﬁ?[;ﬁ%ér% l&ﬁ E%%%:%%ﬁgéﬁlr%int 24,

This may reducebastbedbs dlmtitipmeftididridy. Ewbetcafficiendy mayadgeeédomibeniuse the
electric current mayag;garried by IF or OH- ions. [0037]A limiting current (lll",) can be
determined experimentally in at least some instances by plotting the electrical resistance
across the memhoasg stabkragaipaition, @lectriol kuren khakig migy aitactatio nufeth ediged How
rate and feed Sa'ttqffﬁae tra Qf;e%i;ca&%m MEMbRAAR SIAckLRERPEIAing S WEeRidRNSty
(I) may be determined based on the limiting current; | =him *f wherein fmay be in a range of
from about 0.3 to about 0.7. [0038]During operation}% controller (not shown) may direct the



10 electrode 14. An exemplary pulsed DC current signal is shown in FIG. 4. The pulse DC
current signal includes several cycles. Each cycle includes a forward current signal for water
desalination and a reverse current signal for recovering of polarization. The forward current
signal has a current density (If) with a forward current duration (TO. The reverse current signal
has a reverse current density (Ir) with a reverse current duration (T,). Each cycle has a cycle
O e el el Naion (IDBNAIP LYBar e UG
During the forward current duration , the first eléctrode 13 and second electrode 1 may
be energized as Bpauitive sigrarderduderd sgvaed stivksseldéeb do cle spdedriety foDYAA g erent
reverse current dggradionf T waeladtigsabihadistelectiosedandiseaons elecosie; 14r
reverse. A ratio OfthF f9rwarq. ceu%ent ecn§it9(l (ISQ \{lvgmlgg% Iimri[téng &urrﬁm(é'hmgmrga%rgv%j a
range of from abbuf 731% 10 alboutr%% W |c?'| ay be hlg%ler anthe operation current
density (1) of the @orepeAtisHoB T deViberevirsaay isatsissidias orevmstotumentornsnd (bliryéht

dfnsityd(lfl) as hégh@&&ﬁ@;;b@&aﬁeamm mﬁr?@jwn eyelr)@mgsd@msi&e (!dbng@ (T_?r'ﬂﬁ?@nmﬁ'de_ls_ thf .
electrodia YSIS vices, An average.current (l, a e determin . -1 x1,, 1.1+
T fotmaton 1 T AP AT AT R Ty S B NG o the e te
current (1a). By usingd higteet forermrd(EortbatiusrebigriideHe avéragmeuteemddalicanydes

higher than_ the %@f@ﬁ%a@%ﬁﬁﬁh@%@é@fr&d@%@ﬂ@gﬁﬂ% Qredba.despinatan Qfﬂﬁh%‘%
100391During each cycle, the DC source 20 fIrSt%fSegfd the forward DC current to the first
i

electrode 12 and ThESSUGiH SRRHIHE 2 4PRIpHIsS i hsi St SlsrsRdents 8 aee0ad sstistcin the

boundary layer méydveriowartharpitiicsoprestturatued(@iitythie) polhtiebnafittrechinsneldctrode
12 and second glectiods 14 IRUEIBRLRAPENY 098 RGEAHES 124 ERAGS§ Bézﬁ?%ﬁ@r GheRt

signal with the reverse current density (Ir) for one reverse current duration (Tr) for recovering
the polarization. QSHSIBEIBRAHEN EBrRfcttSoBrFrEgRITE faishidhary darnssite ¢
source 20 may semddheh¢evarael curranidastplihe inpheotieanisationdetbpaticon Qrcathe
ion

density (I) to manage the clectrodialysis devices. An average current (I,) may be

determined by:

LxT, ~[xT,
T+ T,

L= (equation 1-1)
The water desalination efficiency may be proportional to the average current (I,). By
using a higher forward current density If, the average current (I,) can be higher than

the operation current density I, and thus improve the desalination efficiency.

[0039] During each cycle, the DC source 20 firstly sends the forward DC current
to the first electrode 12 and the second electrode 14 for desalination. Before the ion
concentration in the boundary layer may be lower than a first preset value (C1), the
polarities of the first electrode 12 and second electrode 14 reverse, namely, the DC
source 20 sends a reverse current signal with the reverse current density (I;) for one

reverse current duration (T,) for recovering the polarization.

[0040] Before the ion concentration reaches the stationary status, the DC source 20
may send the reverse current to stop the ion concentration declination. Once the ion
concentration increases and reaches a second present value C2, the polarities of the

first and second electrodes reverse back, and thus a second cycle starts. Therefore,
11



concentration increases and reaches a second present value C2, the polarities of the first and
second electrodes reverse back, and thus a second cycle starts. Therefore, the forward
current density (If) may be set about 5 percent to about 30 percent higher than the operation
current density | of a traditional ED device. The average current density (la) may be higher
than the operation current of traditional current density (1), so as to increase the desalination
D O AN S GEE iS5 et oh SOl QUaen.(hh IR LEElRe:
current duration (Tr) are cafculatedacco ing to RETnsEPIane equaﬁon: FAPG e
iTh(equation 1-2fkhdreippgrsioreneeest thnssy tohedistitivon EigyicagdiPBRTRTIES thEresfm
-DiVci reflects diffisian fivntausadday:theces cpaiuatiobugadignt.dhpderoumap: dineiy (@),
reflects the migration Ilux caus%je EX Egleaglectric field, and the term cif/ is convective flux

L Go]

caused by the flow %ﬁrgﬁ?gr?%se% a re élr%r?gugtlr\éfglc':tion term. [0042]During at least one

period of each cygies9f thenELREACESENRERACHRN BECWS ARLRI dntasNerystRIab K se

equation has no contribution to the ionigfoncentration. In one period of the process cycle the

current signal frofTRE SR Jol Hee TR BHAf Ry 4ins S Enstiiaed SR t8the second
electrode in a direﬁjﬁ'ﬁqp epposgite (o the, flow. eirection ofghe fe@QﬁH&?F—‘zﬁz- In such an
instance, the Nernst-Planck equation is simplified when mass transfer phenomena in the
boundary layer invacs¢ie-cinde agiosialtcasenisceasiaasacdchhig: camectian;fibw iedhendvc;
migration directiorg an la%fnselgtlleﬁted. Th%r foggé tctg)%cteenrtrrgt%% ingh%nlt\l%g t-Planck ggua jon is
omitted. Only the iftusion fi M éh ‘atit

ux caﬂ’égéuﬁilt e concentration gradient, an e{ﬁ}e—ﬁ#gzratlon lux
caused by the el&ifetfitRimigatiandigeraed be e akasic fioidieadHisittes 7 iV @EEERIation
1-3) flux caused by the flow turbulence; and (R;) refers to a reaction term.
[0042] During at least one period of each cycle of the ED process, no reaction
occurs and R; in the Nemnst-Planck equation has no contribution to the ion
concentration. In one period of the process cycle the current signal from the current
source is applied to the first electrode and to the second electrode in a direction
opposite to the flow direction of the feed stream 22. In such an instance, the Nernst-
Planck equation is simplified when mass transfer phenomena in the boundary layer in
a one-dimensional case is considered. The convection flow in the ion migration
direction can be neglected. Therefore, the term ¢ in the Nernst-Planck equation is
omitted. Only the diffusion flux caused by the concentration gradient, and the
migration flux caused by the electric field, are considered. The equation 1-2 is

simplifies to:
z;‘(‘\

W V{4 e P (equation 1-3)

[0043] The forward and reverse current duration (Ty), (T;) may be simulated
according to equation 1-3 with commercially available multiphysics analysis software.
Suitable software may be obtained through, for example, COMSOL Ltd. (Berne,

Switzerland).
EXAMPLES

Example 1 — Simulation and modeling

12



[0043]The forward and reverse current duration (TO, (T) may be simulated according to
equation 1-3 with commercially available multiphysics analysis software. Suitable software
may be obtained through, for example, COMSOL Ltd. (Berne, Switzerland). EXAMPLES
Example 1 - Simulation and modeling [0044] A NaC1 solution is provided with a feed
concentration of 1000 PPM, a diffusion coefficient D=2* le m2/s, and an electric current

WA 1A R N S T
potential is positive harge he S|mulat n reSult' shows that tie ‘concentr atlon a

membrane wall dhffpémem&'w@@t R per m|¥HOWéf@ér°éq9m®>@irﬁavél9elsﬁmﬁ%%é%éﬁd tns).

[0045]Taking thec@@é&ﬁﬁtfﬁil@&@%g@hﬁtqu@ WQS@Q@(}d inFhen Basiigitialpsaiues the

generation of a reverse se W n elec}rlc curren tthati 2ht|mes hi hert an th charged
POSI 1_)(6 f e S1 ation resu shows fhat the concentration a rane
positive current (1.€ en the concentration recovery near the mMembrane is

shown in FIG. 6. W%ﬁledpemawsmﬂ()@ tags nwdlwmf@@mm@ﬁ@iiﬁmmmﬁ@ﬁb to recover
from 400 parts per million to 600 parts per million. [0046]After the simulation is made,

experiments may Wénty afdEdhs SoperahR ﬂé’FHPﬁ‘EPé‘r%fe]t FyPesRat st e, "(“I”r’}lt'ﬁhd
(Tr). In the expenvatesst, thegdatoniaatidr traver{d bhldhevithtian ofl thiei cewversal thefrient. 2otioesard

current Ki-Tar, ag e fafion! e géaag&gmsetfeméma{det'm%m@ﬂ InargiodsRendsRly

controlled. [0047]For each cycle, the forward current duration (Tr) should be greater than
recovery near the membrane is shown in FIG. 6. The result shows that it would take

0.03 ms for the concentration to recover from 400 parts per million to 600 parts per

million.

[0046]  After the simulation is made, experiments may verify and select a desirable
parameter set for each of (Ig), (I), (T¢), and (T;). In the experiment, the deionization
time (T)), the ratio of the reversal current to forward current K;=I/I;, and the ratio of

reversal time to forward time K=T,/T, are independently controlled.

[0047] For each cycle, the forward current duration (Ty) should be greater than
about 80 percent. In one embodiment, the forward current duration is in a range of
from about 80 percent to about 85 percent, from about 85 percent to about 90 percent,
from about 90 percent to about 95 percent, or from about 95 percent to about 99
percent of the cycle time T. Controlling the forward current duration optimizes the

desalination productivity.

[0048] Referring to FIG. 4, in certain embodiments, the pulse current signal further
includes a second reverse current signal with a second reverse current density (I,) and
a second reverse current duration (Tp) between the forward current signals of two
adjacent cycles. The second reverse current duration (Tp) is longer than the reverse
current duration (T;). The second reverse current density (Ip) may be bigger than the
reverse current density. Whereby, scaling or fouling formed on the membranes can

be removed.

[0049] Referring to FIG. 7, in which a second embodiment of the pulse current

signal is shown. The second embodiment of the pulse current signal includes a
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about 80 percent. In one embodiment, the forward current duration is in a range of from about
80 percent to about 85 percent, from about 85 percent to about 90 percent, from about 90
percent to about 95 percent, or from about 95 percent to about 99 percent of the cycle time T.
Controlling the forward current duration optimizes the desalination productivity.
[0048]Referring to FIG. 4, in certain embodiments, the pulse current signal further includes a

second reverse c rrenasggal with 3 second. reverse curr&nt e
current duration

sity (In) an g se nd reverse
B R G Sl LR SRERDGIE
reverse current delpatiBeesTYA isdonderanarrirenteverseibutrepitatraditnstiat)ofr the devend
reverse current danpsity {ghaadd be diggenhthamtheireuessn Sueerta erRIbywMiheiehysealing

or fouling formed onetne.m%['nbranes can be removed. [0049]Referring to FIG. 7, in which a

second embodimént of te pSUIse current signal is shown. The second embodiment of the

pulse current sigpgdsociudag dinaimarshay rent sigaad ferPostivelypeharsingethe Jinstomd
second first and second elecr&joge% 12, 14, a reverse current signal in a contrarg girgction of
1y SIS Vo F

the forward curreRPSighal Uy ANPERTERE BREIREH die 15FVard dhd
reverse current sftpoaho0060pTEcatingudad frims, "@ay " ba2pmigd teemaddiu deyplueatitafesents
unless the contextclearly:dictaies AibgMmisRARPIXIMANDS RAIHADS: 28H4RE N8B Dasic

throughout the specification and claims, may be applied to modify any quantitative
representation th@f‘ﬁ%‘ﬁﬂo‘op@’hi’ﬁgém@reﬁ?%ifh%?ﬁfql%ﬁl’tiﬁd %H’%%ﬂ@ﬁ@%q?p{ th&BASIC fition to
which it is relateduécenfdingty iancmlleiraddiftbe ycadentvorsientis]. sickoas Tatioutsisheot
limited to the pregiae ValRSPEHIGR. NI MGHBSIANCES, e ARAGKMRUNY 13RaKHANE BRY

correspond to the precision of an instrumént for measuring the value. Similarly, "free” may be

used in combinafi¥iisWittedheraiandmsinclifge maviRs Bt samvinaey wihdeaaidunts,
while still being cangitheratt fieeneilihantiad difislstieomrdid Ahdchhise veifib etlinbe s aasickitzdd
herein are exam%lgesogft&r%&%e ¥sigms and methods having elements corresponding to the
elements of the invention recited in the claims. This written description enables those of

ordinary skill in theoar) to makenadikisrenbadisaanisihaving aliprasivawrReneiaind

ikewise correspands o, e clemients, of e nvention (eclled 1n (e laims dhe scape, of the
invention thus inc uéles ar icn§s, sys?ems and methods hat do not differ from the I era

language of the claims, Bhid foitlae dinelintien owidesahvstees adatamnskdhin thetiibi@gwithand
nsu bStant'?l' diffegg Qﬁ%éfﬁh@hﬂlﬁ‘aﬁ%ﬂt@ﬁ\ﬁ%g%@&{ﬂq}ﬁﬁimiw Mﬁe%ﬂgﬂ%ﬁﬁé@l%ﬁﬁes
and embodiments hgve been illustrated aHd escribed herein, rﬁ%ny.modlﬁca&l‘ons and
changes may oc8lFt8 BNESPBIFHASH, Bl iEYelevEricSPE Ph&EIPERELH KRS EsGer al
such modificationgigiesl chstegesind methods that do not differ from the literal language of the
claims, and further includes other articles, systems and methods with insubstantial
differences from the literal language of the claims. While only certain features and
embodiments have been illustrated and described herein, many modifications and
changes may occur to one of ordinary skill in the relevant art. The appended claims

cover all such modifications and changes.
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Claims 1. An electrodialysis process using an electrodialysis device, the process comprising a
plurality of cycles, at least one of the plurality of cycles comprising: a deionization stage, in
which a direct current power supply passes a forward electrical direct current signal with a
forward currpgr%t density (4) to a first positive and a second negative electrode for a first
duration (ti), AR, power the first positive electrode and second negative electrode; and a
recovering stage, in which the pqwer supply sends a reverse electrical direct current signal
it a frst reverse LYLAPUEORY ﬁsr)pf(%géo%%hs‘g%?“ e Sl e psass T e
direction opposite to (AR AIASHE LR S PR PR BT OIS BRI Btion (12), and
the frequency of each cycle aof the pluralities of cycles over an operating period is in a range of
about 100 hertz to 2B RABHEFES: WhePdiThHe AFSEL SUTSPhEP HEMBIEES BRTessfoffswvard
reversing stage betw&&i 8! SRoESHRENhERE! Sisn oraestheraek dsntitelereadisttnesifive
direct current signal viftH & seBAdPevereSlethindst e dsts( dpterigie (st sans Se domegr the first
electrodes in a directipesitynwlseiredisadoronaebneativicelpefiiedss eudrent signal for a duration
(t4), the second reverse current density (Ip) being larger than the first reverse current density
(If). 2. The electrodiabsieepngcess am cdficiethé¢rpatednmsdypisherein archeratiolvaaical afitdre current
duration (t1) relative tggnsunitohdiratiovenk (thead de)siig ()atsasage of thenfimband ild Gdeond
about 1:100. 3. The elpciiodialysisipeeaessppdeftoenkifehain deiiaIeincat QN RIRa)i ST E6ita
ratio, which is a ratio @icthf Ryaisaleleettical direct current 00 to the forward electrical direct
current (4), is in a range of from about 1:10 to about 1:100. 4. The electrodialysis process as

defined in claim 1, éﬁ@ﬁ%%%ﬁéﬁ?é&&ﬁ@y&@%ﬁ}%‘%iﬁ‘x‘&%@@ GYCR 035 R A VAR N A is in a

duration (t3), and during which th er sup .not pass electrical direct current to both
of the electrodes. 5. 'fﬁgeg%f)elfat?g %@@%ﬁ%‘éé@&gf@g&%ﬁ fa claim 4, wherein the idle stage

is between the deioqlizatioqlstage antd ttﬂe recovering ?ta e. .
wherein the process further comprises at least one reversing stage between two cycles,

the power supply passing a second reverse electrical direct current signal with a
second reverse current density (I,) to the first and second electrodes in a direction
contrary to the forward electrical direct current signal for a duration (t4), the
second reverse current density (Ip) being larger than the first reverse current density

(Ip).

2. The electrodialysis process as defined in claim 1, wherein a duration ratio of the
duration (t1) relative to a sum of duration of (t1) and (t2), is in a range of from
about 1:10 to about 1:100.

3. The electrodialysis process as defined in claim 1, wherein a reversal current ratio,
which is a ratio of the reversal electrical direct current (I;) to the forward electrical
direct current (Iy), is in a range of from about 1:10 to about 1:100.

4. The electrodialysis process as defined in claim 1, wherein at least one of the
plurality of cycles has an idle stage for a duration (t3), and during which the power
supply does not pass electrical direct current to both of the electrodes.

5. The electrodialysis process as defined in claim 4, wherein the idle stage is between
the deionization stage and the recovering stage.
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