ELECTRODI ALYSI S DEVI CE AND PROCESS RELATED APPLI CATI ONS [ 0001] This
application clains priority to Chinese Patent Application No.
2007103016208b/08237Bed Decenber 25, 2007, which is herei RCrnusesogos®msed i n
its entirety by reference. BACKGROUND Technical Field [0002] The invention
i ncludes enbodinents that relate to a device for water desalination. The
i nvention includes enbodinents that relate to a process for water
desal i nation. D scussBUEIR@DIAILVOBFDEFIEE tANOIPRIQEESS pr ocesses and

devi ces have been used for water desalination. An el ectrodialysis device
may include ion exchange nenbranes between a pair of el ectrodes. The
menbranes may be may be of two types: cation exchange nenbranes and ani on
exchange nmenbranes. The cation exchange nenbranes may be rel atively

per meabl eREP AN WPPEIVATI@KRged ions ("cations™) with a | ow nol ecul ar
wei ght and relatively i nperneable to negatively changed ions ("anions");

and ani on @9ENangs, TEHAENGS, TENINRE RELALT V6! YCRREREabLEn( oARlANE, vi Lh 2

IOM/nDIecuIar wei he cation exc ang nbranes and ani on” exchange
menbr anesNal 2@%1&3@31 o8 tivdided Dlecralino\A5; 2001,i whiehl iehecin oderppaited jn vkt h
conpart ment s n the menbranes. Wien a direct electric current passes
bet ween tﬁ@“gy'é?F ¢ cations may be pulled toward the negatively charged
el ectrode and pass through cation exchange nenbranes but not through anion
exchange nenbranes. Simultaneously, anions in the solutions nay be pulled
toward the p05|t|vel charged el ectrode and pass through ani on exchange
menbr anes BASUtGROUN lﬁrough cati on exchange nenbranes. As a result,
conpartment son a cat hode side of the anion exchange nenbrane (on an anode
si de of t Mechmadal bielexchange nenbrane) may be partially deionized by the
direct electric current, and

[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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may be called "diluting” conpartnents. Conpartnents on an anode side of the
ani on exchange nenbranes (on a cathode side of cation exchange nenbrane)
accumnul atwoth@/i8ed1s renoved fromthe dil uti ng spaces, amdTrsgodsmsIvas | ed
"concentrating" conpartnents. The el ectrodialysis process nay be nade
continuous by flow ng the solutions between the nenbranes. [0004] The rate
of desalination may relate to the anount of the direct electric current.
Current demsidayhdds sideeofcttic naivh xehargaihcrabm@ac 0dn b ahsdengdde AN thcnakioase of
the current density may result in an increased rate of desalination. But

pol ar i zat PHHIBET BETTHHs) "HYONS Bertially dpiverct ity o sircgsgreiic Currn@ndensity.
Pol ar i zat ) b@%ﬁ‘l&?‘.‘cﬁlu‘tiﬁ%’a%%rﬁ&ﬁﬁﬂ&éél?f CERPHRALEbA Of a{;(ﬂ%éss@n% n@gh@' &Rbgt i on of

salt fromthe solution I e Inmediate vicinity o anes t hat
resul ts feximage membtanas $@oa tcathhdn side md canioh thdbngamembsane) acqunartate

undesirab hi gh ohm esistance. The limting current. pay be reaghed when
the T on- ollcBHErSRISBH 1 R HEC U PEcPIEr gt BYY HEF ek artrestrt Be

appr oachegopirfinedtd) Rha¢lcbhEdialyais %"rod@é’nﬁ%%’frﬁ&le}’&%ﬁhﬁé& By f6Ragnhand

hydr oxyl ions and participate in the ion transport, and such an

el ect r odi sdlyigens befwegattee meepradesr ease current efficiency. An electrolytic
potential may provide an upper |limt to the effective current anmount. There
may be al i904hdudbd retharfgdsalodatiphl himatelpte ooothe qoremi pif tthd idoactoéleataci ous

subst ances on the nenbrane. surfaces causjn nbr ane daymmage. Suc

ot ect pi ¢ abHOrigTEE GRAPEY ahe EGTEL por Wil 1y oT MRORBEY. eeeiea o1 Ysi s
reversal taedalcadyy nYOtNES iRQN REiadd FRY OF sRbalRhtibhe Mal flhdatieh
vol tage/ current applied to the electrodes to prevent or to renoved

preci pi t atéeas meygirevidPen apperylimewd useliul dersent slgsifyr eBdlbgzatorandi bated scal e

| | ' d idd h . +Ho - h
oF et roai e PMEe 3B vanCoriPat SRR iR O 0r AR e tR bt fen s oy
change i nifme@aeevitingy &faREpanibras Shatasulish@orh UmCibh afinGfort pRERAIchat e

conpartments may chanﬁe into dilute conpartnent when the voltage or current
pol arity Ped/dpkgy rephitdn peyedesupblirhighrabiiip Fesistance. 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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the corresponding dilute and concentrate flow path be sw tched
correspondingly. This may result in a need for an unduly conplicated

hydr aul i cwbl20m/g82378 and val ve control. And the el ectr odipalryuse@sioessss sal
process consunmes a considerabl e anount of energy.[0006] It may be desirable
to have a device for desalination that differs fromthose devices that are
commercially available. It may be desirable to have a process that differs
fromt ho?rg)qgspc eftgasy lgehaésirable t€ ?a‘gaemﬁésyceafbaidb@hhaimﬂﬁhﬁﬁffa’ém Blds©N [ 0007]
In one enhodi nent, a device jnclu a first electrode and a second

el ect r odedepersdhati 416 sommergipiy Pvaélagfet ri$deay be e%ﬂrﬂialtal@ t9 Rpse @rgoceap thahi on
exchange L ne are disposed within the
vol une. AE%%%%?gﬁf@?gé%%%?%fgﬂggfﬁ%%%g&% e E%trical current from an

el ectrical source to the first electrode and to the second el ectrode. The
el ectrical current supply is controlled to swtch froma first node of

operation e of operation providing electrical current having
a reverseBkgﬁgFﬁﬁgﬁggFﬂﬁg each cycle. The electrical current is supplied at
a controlled cycle rate and for a cantrolled duration. The cycle rate is
great er tﬂﬁﬂwbom OBk oM g B irdicanb it loRiredmard 2 53%9888] I n

one embodpEilde dac& BohT MY Al Sl Byt BefiltCh YdRIE AW 8hiok!RERdngde and a

second el ectrode spaced fromthe first electrode to define a volurme, a
power supplembeasairidea ofatige edthrggp uheebland pec tlispdsedt witkincthe retime.o Ahe fir st

el ectrode and,to the.second el.ectrode; and.a controller capabl f
contro | | RGTOHE" RRITRLE T S oF SERERAERET 5a & EeCrRTgR eIt 1y o
cycl es. Atlebeaft andn® ta stddadRideiabé.t th@fel&wdaﬁguﬂraﬁlsuﬂﬂ? i coaiAREat i on
stage, in which a direct current power supply passes a forward el ectrical

direct cupwiseh fionf p fist theder of gpcrafien dedorrgord eeadeople speratiom praviding dur at i on
(t1), SO 8R 4R ROWRK: B | 1oy BREpblalify Ll tera?ﬁ‘é &RoReGaNS HGRERYS
an E%g S agg, i'n Wnien eypomer suppr sends a

el ectrode; a recoveri

reverse ekgplicd @dlh @ntreltéd cyul¢ ent and fdr b @os@cliedodurhtieh. f Thscyavdatehe second
el ectrodes in a direction opposite to the forward electrical direct current

for a sec8iatcathearerew 1007ertz ypdlops bgnabeyf 18kilghe'z-cycl e of the

[0008] In one embodiment, an electrodialysis device includes a first electrode and
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 (Ir) to the first and second electrodes for a first duration (t1),
so as to power a first positive electrode and second negative electrode; and a
recovering stage, in which the power supply sends a reverse electrical direct current
(I;) 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
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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pluralities of cycles over an operating period is in a range of about 100
hertz to about 10 kil ohertz. [0009] In one enbodi nent, an el ectrodial ysis
process uwwo0@msed7act r odi al ysi s devi ce. The process i nclraaas2@spBissal ity of
cycles, and at |east one of the plurality of cycles includes a deionization
stage, in which a direct current power supply passes aforward el ectri cal
direct current (If) to the first and second el ectrodes for a first duration
(fl)’ 33 ﬁﬁw@gima@kahdﬁ&ﬁ&mn&ﬁskkjﬂﬁﬂ&%ﬁﬁiﬁﬁd&m&mdiSEC@@ﬂmnﬁgaiﬁMﬁ

el ectrode; and a recovering stage, in whjch the power supply sends a
reverse efwaiipn €l S@i%é%ﬁ)owaw%mt popitiye elscig a%f secpid pegadye alﬁatr?i?é second

el ectrodegy{ g J@ccﬂ«iefiﬁ%ts{ g@ APRERh bk BQwErh&pfggf valqd 28le éiege@!r‘cgf bfe&d current
for a second duratio 8/2). The frequency each cycle o the pluralities
of cycl escaver (Antoapeh af thedirpemidable sond crctradegen efdimbioart of@Githerthz t o

about 10 kil ohertz.. [.0010] In enbodi ment ., an.el ectrodi al ysi s pyocess
does an el BERHEHGTiGY: CraboRutay frgoar gt Bahpd it b b cess

i ncludes £ @nbnehel NEAINES 8F cycldsDvehen %b@rﬁﬁﬁ%ﬁéﬁé@’ﬁl i ORUECBF alfHeNODZi Ng an
el ectrode 1n the electrodialysis device with a first forward el ectri cal

di rect cuhermio;abauiniGlgtahagz.an i on concentration in the dilute conpartnent
of the electrodialysis device for an increase in ion concentration relative
to a firs{00dfpsein ionn cobmkmtntatanoateceodalysizi prgedsheuses emt cledieodialybis a

electrical, direct current of rever olarity, ,before the nonitored ion
concent r afPOFF RIS GRRPRTASIY HBcProcEts Ia¥la§%% ffl%lﬂg SOHCEHE Y 419 B

noNi t or i Ngleaiodiffsi§ ABEEN teharaiAy dleldctfdeUh ehCQPRBU TR de@icetwieh a first
el ectrodi al ysis device relative to a second preset i'on concentration; and

ener gi zi néprivenl elastricebdlirenli chrrents eeamigringr warieh edosedntjatien idi thecdilgarrent in
R ERR O ITNR I e A A SN e
drawi ngs td keirsthpleadtieh cohe@ptetentenkidifinpand sletho@ugaul clebeicalr ainédnys,
wherei n: current of reverse polarity, before the monitored ion concentration becomes lower

than the first preset ion concentration; monitoring an ion concentration in a dilute

compartment of the electrodialysis device relative to a second preset ion concentration;

and energizing the electrode with a second forward electrical direct current in

response to the ion concentration in the dilute compartment reaching the second

present ion concentration.

DRAWINGS

[0011] In 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.



[0012] FIG 1 illustrates an exenplary electrodialysis (ED) device. [0013]
FIG 2 illustrates a polarization problem adjacent to an ani on exchange
menbr ane wWo 2009diskirtBe conpartnent. [0014] FIG 3 ill ustr &C&4IS2008/083955

vol tage-current curve for the exenplary ED device. [0015] FIG 4 shows an
exenpl ary pul se signal according to a first enbodi nent of the
invention.[0016] FIG 5 illustrates a first, second and third exenplary ion
concent r af00d6pur FEGt XilhgesicsMaeirsg stamndednd mirdraempsairgh@i cofcchtigiqnul se
signal is exerted to the ED d§V|ce [0017% FIG 6.ill ustrat&ﬁba first,
second an8UEHit CHIVEX BREN &rigrvan cBREerERAPT BiSuHSeegnat iy GrsEeh R cER ever se
current sihgnal of the pulse signal is exerted to the ED device. [0018] FIG

7 illustrates an exenplary pul se signal according to a second enbodi nent of
th I | P
(ne v} OFREY R ESCR TACLLANGY T AOuILlon, aklydhe,

i ncl udes ewmbadicoBrt Svhrehatrefzﬁh@tmém) sknpr ofc®s pufsorsighal Brexdasdtd thatimn.

[ 0020] In one enbodi nent, a device is provided that includes a first

el ect r oded&¥ieF-a second el ect r ode spaced fromthe first electrode to define
a volune, and a controller. The controller can control a supply of

el ect ri cal0M8}r eRIGS r millustrete enr premplayupelse tsignaheceerdig & @cbew@dé and to

t he secong E&@ﬁ{ﬁﬂﬂﬁherﬂgn Aectrlcal current supply is controlled to switch
froma firs de of "operation to a second node of operation during each

cycle. In the second nDde of operation the electrical current supply
provides electrical current having a polarity that is reverse fromthe

polarity ided during the first operating node. The

el ectri caﬁ%ei@t}igﬁ’tuﬁ]%gg%&&d at a controlled cycle rate and for a

controlled dur atio
[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 each cycle. In the second mode of operation the electrical current supply
provides electrical current having a polarity that is reverse from the polarity of the
current provided during the first operating mode. The electrical current is supplied 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



[0021] The electrodialysis device may include a dilute conpartnent. In
certain enbodi nents, the controller further controls val ves that bl ock or
al l ow a fwowoefostzmed wat er through the device so as to pcowisdesmsidsve force
to a streamthrough a concentrated ion chanber, and to a dilute ion chanber
or output. [0022] The device may further include an ion exchange nenbrane
di sposed in contact with a feedwater flowpath and proxinmate to one or nore
of the el ectdbedies malynberkspeshbdiitiémta vohencordchndd bef the &t camdexsadoadge
menbrane and a cati on exchangenenbrane may be di sposed g%%hin a vol une

def i ned b?lef‘l‘@fieﬁi F%?erﬁlﬁﬂe@g AGNIE| B PTgRYS cafipn %’Eﬁ%?%gerfn GHFTEAY 8¢ two or

Tor e cat i B QKEARRGE TR ANRERYI QoL ACRLLASHIEAR G i Blor il SecONd

el ectrode I'n certain e iments, two or nore anion exchange nenbranes
may be ar mangeschiegavmembtanes may St asaugesldeonanehebitst antbscofd@2@todEhe
selected cycle rate(s) affects the performance and life of the device. In
certain epigad| neMhs sclehed cytd atd(@tedfccs thapartahaec: iml lbfe ofthd duviveoder a duty
period. While in_other enbodinents, the cycle rate_is controlled by the
cont r ol | eferan abodigizats. theeCygin (i mpigtainsd e dresimfprmpyiek 2i jte 8efidshct i on

W th the gantriflohel (580l il fé"ratferiQEB&tng');ﬁte;&gg%M SndblIgWs d’%ﬂf x%?”t roller

to respond to changing conditions. Such con S may inclu cont ent
and nakeuthealuty paidde dwnaire may tWwoek sméamurtcyionwithche canedlet scathroftedifack he

out put water, .the demand for the oytput water, or the cost..or availability
o 6l'ect r POttt RSt SOl Bur BRI fo SHEtRe FORugRs. { Nockycl e
rate, duradddfonsQhayt HchRIBIthA BBt AASnikcaf drahardardRacke BREMGUSERt hat
nonitors the feedwater properties. [0024] During a cycle theré may be

oper at i ngcensdeisationael thactulpied veateleithh demand forsthe getmah dvagery ot theeedsh@rst age.

During the dejonizatjon. stage, .a,direct current power suppl asses a

Forvard onunapfipf glePicht Sffunsadt epiin GHonERn e R r B o BEEPER, oges
for a fir gdte, diufF@idn08r (drtont afRuASark @icheyarfe@lbhtl slecR@sinh khae nddngrets tade and
second negative electrode. During the recovering stage, the power supply

sends a r &gdwaer propextich.cal direct current (I'r) to each of the first and the

second el ectrodes in a direction opposite
[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
cach 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

second operating modes. The duration of each cycle can be less than about 10
6



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 di swoss@dskesei nabove. [0025] The cycle rate nay PeTgrse@Bms3sshan
about 100 hertz. The cycle rate may be | ess than about 10 kil ohertz. In one
enbodi ment, 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

Ki | ohert zsdoonddduton? ckibbdinednt, zhe furativrabmiibe id akiah @& fram bbowloutcdnds
kil ohertz, aor fromabout 5 kilohertz to about 10 kilohertz. Selection of
the cycl el 2ot fegconds.clzemsdpeioy seerads raboubh gesandy fram abeut Yagsond o and i s

i scusseds bl oheLechfielm L9026l AsonRtednahayts e abayer RALbADsd oyl es

i ncl ude at ast the first and second operatin ratlon of each
cycle cans@nndEEsamhm@(Ebﬁﬂme@ﬁ@&cﬁWM§mounO@QQObshdemnnabmnHyﬂmmﬂét|on can

be in a range,of fro ab u onds,to about 5 seconds, from about 5
seconds t &% B@h?r&m% tp%gW§§%§EP N4 second to about 0.5 seconds, from
about 0.5 seconds to about 0. 005 seconds, . from about 0,005 seconds to about

0. 00005 sHW3Aks, The sHoefdhe dorationes theelimn s thedirshmate of orrseins wkéigpds, or
less t han%cﬁ%ﬁ%ﬁhra@mﬁ%g(?% HE6084Hnd [ARR Ff o }QleclUBﬁtlﬁ il yEQernQ}”B@%f Qpcof the

time int irst node of operation relative to t uratlon of tinme in the
second notencbowp@At.i hncertaueamlbod:lyrmhs aaytid ef greehlrarontcbfauhe atoguin Be 001. In

certain e di nts, a ratio t he, duration of. the nme in. the first node
o boer at B TnETabT npteop leds dor bR Bratqal imd i od SetldrDads oF

operati onop&aﬂldh@nﬁ anaf e of flbhPiBRAPAYY tdalbhit bD2aReMlabBulRe2 (o HAuadest 0. 02
t o about 05, from about 0.05 to about 0.1, from about 0.1 to about O0.12,

from aboufrOOl aput 8.05150abowg 0B, fram @mlmsbmo Houg0.12t Gomshant 012 % abqudm about

control ¢ R sipmpost OeTT@Bobel 2 e B aBOR LI (habonl BAZ) mdeEBEDAL (' ome

or nore etegdoupdles, and can not supply electrical energy for a determ ned
period. In one enbodinment, the controller defines a third node of

[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 idle period, allow for a
defined dwell time, or can allow for a capacitance charge build. The rate of charge
build in the electrodes, then, may be affected by such 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



operation in which there is no electrical current supplied fromthe

el ectrical source. The third node of operation can occur between the first
node of operatwmns7and t he second node of operation. Thu®CTiUseo8loBI9Es Nnode
can be an idle period, allow for a defined dwell tinme, or can allow for a
capaci tance charge build. The rate of charge build in the el ectrodes, then,
may be affected by such factors as the duration of the third node of
OPerﬁtioinkﬂﬁ29EcﬁﬁaBkaMecmﬁMﬁrﬁﬁbge&haga?naﬁtbe<?ﬂ?bdﬁ£nthﬂcaﬁﬁme?n ;mo
of the cycles. The power supply passes an electrical direct current (la) to
the at | eS@Pogpenis; gha idbaistagn ih batrwsaithe etowimtian ytags andethe JeeRierng
electricagag£rect current (If) for a duration (t4). [0030] A duration ratio
of the duration (tl) relative to a sumof duration of (tl) and (t2), is in
a range o m : t X . .certal i a

Fever aal WAIEN: BREHE she Rhckfh PRENucg: fRY. 0P R AE e RRBRIT IS % ¢ oo
current (Engrgize ahkécctrodsnartile elecegbddinlgsik ddviceotthauimefoiwdrdfe)ectrical difccd r ange

of fromabout 1;10 to about 1:100. |In_certain enbodinments, the cycle nmay

i ncl ude afuFeNte Manigean eecopggniratipn yethgghluieLomprgment ofdbe flertiedialysis at i on
(t3). Duryngcd ke ahqﬁ&ea':steq%gotnhwgl?er?ﬁa‘gﬁh rSYRRL afrﬁ}'slt Efgs&ri‘éﬁf loBfcch}rGdd | cal

direct current to one or el ectr odes. certai n enpodi nents,
t he idl e Ehagecitbe blettnsienwithen diicomiak dir¢ad rust@ged ravalset prdanitgcbaferc thg st age.

0031] During the process feed water, may flow into the .el ectrodial ysis
hour on. "ehiongoisd SaR BRERAtGE Op st doBEL St Jhr e it EEAGRTRT T | Tt
forward ehgmfithl GRliodlicof&htreti 8Nh -dilYRNESrBFar@iknk @mfth‘@ BeeRsdidlti9cl et he

or

di lute conmpartnent of the el ectrodialysis device an increase in ion
concent r atdl@ivertel aasdcord peeset Phrosncgnireten. Eoargtzenibe mlecspilomithenegcghde t he
electrodefmﬁtqian FJ ctrical digect current, of. revers&_&olari&yd1Qefore t he
moni t or ed § AT SITEESEy AETD BN RS PIE Ot AR A0 FETSPFETOT L Al AR

concent r abbpartrhitiréa@hingthd QRoEOPESIH: icH dodberithtidndi | ute conpartment of the
el ectrodi al ysis device relative to a second preset ion concentration.

Ener gi ze Emzﬁl eRbfRGE: W 1. a1, SRGARG QL WRERoEhESK (EDFUeALE 86 tnditckent in
response to the ion concentration in the dilute

a first electrode 12 and a second electrode 14 spaced from the first electrode 12 to

define a volume. Further, the ED device 10 includes two cation exchange membranes

16, an anion exchange membrane 18 between the two cation exchange membranes 16,

and a direct current (DC) source 20. The alternate arranged anion and cation

exchange membranes 16, 18 are also referred to as a membrane stack. The membrane

stack may include more membranes. A feed stream 22 flows into the ED device 10 in

a direction parallel to the membranes. The feed stream 22 may include some

dissolved cations (M+) such as Na*, Ca®", and some anions (X") such as CI', and CO5%

[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
clectrode 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



conmpartment reaching the second present ion concentration. [0032] Referring
to FIG 1, an illustrative electrodialysis (ED) device 10 includes a first
el ect r odew020@vd233second el ectrode 14 spaced fromthe PCTAS2@B8e8395Hde 12
to define a volunme. Further, the ED device 10 includes two cation exchange
menbranes 16, an ani on exchange nenbrane 18 between the two cation exchange
menbranes 16, and a direct current (DC) source 20. The alternate arranged
ani on andneaibrar abhabge corthtrateedmpbrtmet 2. €Tl seamefilest eed ohOome a

menbr ane stack The nenprane stack may include pnore rrerrbrane

st ream 2290yt gompatteephd epd gansapatECampagment 26 ar Fespastelvedilyte apﬁe
nenbranescmﬂgguagggaﬁﬁ ream 22 may include sonme dissolved cations (M) such
as Na+, sonme anions (X ) such as d and CO3 2. [0033] Upon

¢l osi ng OL QF 'rhg%{lg%alt%'&id[hé‘gn#ﬂ?ﬁﬁﬁl rg%tsch?a[ &‘@&’g&@m&l Satt tﬁé getrode

12 and se f7 od econd

el ect rodebdﬂldﬁ@ylapa i iy @hitedorﬁpar&nmszmati}aeerﬁlt@dtermdﬁblaneh tmﬁ”e@mlge@ may be
a negatlve el ectrode. . The_cations mgrate toward the negative el ectrode,
whil e t heFHpi &as)Ob%rlﬁiltg%na@%thﬁ&%ﬂndewhéngfd@PWﬁ@ee1|8e1ét8he\ﬁé as PR} 2MPYF at | on

| eads to ,SePAILARMPED @‘Poc@kssﬁg’ih%ead DEELHARS g aﬁib\%ﬁlﬁuﬂ[y LO&dneed

stream 22. A conpartnent adjacent to a positive si be nearer
to the poep@NMHlahﬂmtdﬁGEy(bfmuhebapmnnge&mhangenﬂnnbnmﬂeIﬂBdﬂwyeb@ a

dilute con artoment 24, conpar t )2 t toane ative side,
hi ch ey BT HES et el e def R am Do wsddne B Sonb et o sending
exchangenpbganat dBhEHYstREcAo8ONE &Y ERbRd 61@8@&{& e vhtict8 MThe deive£sy® t hat
exit out of the dilute conpartment 24 and concentrate conpartnent 26 are

respecti veh yledtmuﬁoeceamdnmgﬁtﬁetnwaat ‘élesteg@ta\rﬁseleqtﬂﬂgza}ldmy e dbg poonof t he
ani ons and K at i onsemg)af}/ | zat i.on aLO the a oun aﬁ% | & er | n the
dilute coﬁ% P&eht Iﬁﬂﬁg %E& e ﬁ%ﬁ%?%h ¥%ﬁ% PYH
pol ari zat tleeréfe bRE tRdUER tﬁ%%@iﬁ%xé@ﬁ@éa@[& nikBabirgnes heWN A@Saa@smatﬁgl e. For
a conventional ED process using a DC source with a substantially constant
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

stream 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 membrane 18. This diffusion force enhances the movement of anions in the

9



operation current density (1), at the beginning, ion concentrations in the
ED device 10 are all the sane as that of the feed stream 22. Once the DC
sour ce beyongowms2end the DC current to the first el ect potiasi@®sasiyssecond
el ectrode 14, cations M+ are driven by an electric force to mtigate toward
t he negative el ectrode and away fromthe ani on exchange nenbrane 18, and
anions X are driven to mtigate toward the positive el ectrode and through
the ani ongamla@nlg@abbﬁ inwadican ﬁle]:rﬁoveﬁsenaof esioht bedane: tho rtffuicrafor@nis of
cations adjacent to the anjon exchange nenbrane 18 may decrease. On the

ot her hanEEVeisRdo S Pectesl Havge f?é%r‘gr‘i]éﬁn%gpuﬁioﬁcfé?% iHpdy & Histdectigal ons i n

the concefy:tafien #hd ATAR:oh WAL 4R Gl Bt NRuAI Y 18 P 8O8P4

Ther ef or e, e concentration cations adjacent to t ni on exchange
menbr ane 8tul iy ¢dhled “stettorpasgsge”Accomettert r ati on gradi ent 28 may form
adj acent to the anion exchange nmenbrane 18. A Nernst |ayer, or boundary

| ayer 30, [036Fh Daghe @pbavwon @orrend@sity @l ifofher MAyrcises mhaidnawanénttatioh he ani on
exchange nmenbrane 18 in the dilute stream 24. The boundary ] ayer 30 has a
t hi cknessORDfe fwgs)ofathe anien exghangse myrebrarg, 147 feseasent | SAIScBESAt r at i on

in the bo%@?@lﬁfn)éhigg%ﬁ\réy&gbééaﬂg%]ftw fiﬁb”réas@@‘"eﬁé‘c@%éaﬁ‘%rixﬁ% ?6ﬂc¥’enﬁ19ﬁ(%g'tﬁé‘ce in

the feed stream eep the 1on concentration u ormin t eed

st ream 22diffdsmea fotre. AWheaetheraatiom nomentrativat orothe tserfdenafythe eacheschdnge f eed
stream 22, a. convection force of the turbul ence ma om nate the area and
mypr ol EEEHE. OHEBAE EF GhoRci O ToaHRIEHE CUnpH L (6 TAREE he
anmount t%ﬁ%&me% NAYhAE &Etmm&ﬁeﬁ?déﬁiit(} @% Surlti} bOSstddEndIQWedsHdYht ayer 30,

in addition to other factors. Such othef factors may i nclude turbidity,

vi scosi t ylimitargpenmentr ésnsign dlifn).other ereent Savoadéapabidigr ofigpalt hiens amay be

declination .dif ion faorce.drives both.cat.i ons nd, ani ons.,.X to nove
oo 1 byt AR A b SR by bR b RS raenF DL BB o
novenent efirr@iidensityl 1 thd ARG AR WatleAYRNecuRdtmay byeplkeinto tdiBpdRMERARt Of
cations because the diffusion force is reverse to the electrical driving

force. |f (HhendiPH usVah refsranec iaFEqudl the goltere-aireet evrvalof thermembren t he
concent r agd, A0 YRR WHEY thRDpefaRbh Bulrtht Wi U BEMW MY Binitdly catdild 2

(Liim), the voltage increases linearly with the operation current density (I). When the
operation current density (I) is beyond the limiting current (Iiim), water splits and the
voltage of the membrane stack increases much faster with current than before, since
high voltage drop occurs in the surface of the anion exchange membrane 18. An
undesirable amount of energy may be consumed to dissociate water and not to remove
salt from the dilute compartment 24. This may reduce water desalination efficiency.
Current efficiency may decrease because the electric current may be carried by H' or

OH’ ions.

[0037] A limiting current (Im) can be determined experimentally in at least some
instances by plotting the electrical resistance across the membrane stack against the
electric current, which is a function of the feed flow rate and feed salt concentration
for a certain membrane stack. The operating current density (I) may be determined
based on the limiting current; I =I;m * f, wherein f may be in a range of from about 0.3

to about 0.7.

[0038] During operation, a controller (not shown) may direct the current source 20

to provide a pulsed DC current signal to the first electrode 12 and to the second
10



status is called "stationary stage" herein after. [0036] If the operation
current density (I) further increases the ion concentration on the surface
of the anwono@xskiage nenbrane 18 decreases. This inver ®ETMSk@BI08dyshi p may
be because the increased electrical driving force enhances the diffusion
force. Wien the cation concentration on the surface of the ani on exchange
menbrane 18 nay be close to zero, this corresponding current density is the
limting electi@tet 14( | An BYemplhify gudeddapecatrémRigul isgshdwa@nBiG.y4( Theipalséur t her
boosted and. is beyond the |imting current density (lhm, the current
carrier cRSapirentysigel é%q?‘qus éﬁgerﬁlagfwi@- i hacly FYds édpludesra forwacd,FyEst carri er
capaci ty capabiphd tWardrS dbBfiiddC Rl &NAVERE ORRMEL Lo CRET RAbyASIRSIEY 1S t oo
hi gh, thengmater nglgches naf’be splﬁ?yﬁnto cghpé ent fons ZFH aﬁ H) .
Wt h ref epelagetion. FITE ferwatheunvalttaged das menirentideesityf (If) vethne rfbrveane st ack

i s depicted. en th peration current densit 1) is |l ow the |jmting
curr ot ( PHi QEREOD TR aBBe ee SUeemigraliiy: St eurlend ferdyi bhthr r ent
density (h)reydfieburtdi® RPRIALTON ELH Bllc denal xle(ﬂialel(%@@axqmuaéaeth!el mting
current (ILhm, water splits and the voltage of the menbrane stack increases
much fast &rwaid kusentr @énetiath h) beflothe, res¢nse eutrenth dwistiomdé.)dr Bpriogcthes in t he
surface of_the, ani on excha nmendr.ane  18. (An _undesirabl.e angunt of energy
. be-cortiih PEMATEEERTRE MR erts A LA R T L  Be &Lt
conpar t nesiergi4ed 1a pobiiye lcRBt6e: WAL €Mmedabal dlgvtiodonresidcticdlg N TyuringUhe ent
efficiency may decrease because the electric current may be carried by H+
or OH i onkversg@auputadyratian (Tny pelarifiene! heifirpycleciipdp d 2 dod seeandedectrode
experi men j.n e i . I - 1 ri cal
Fest st ance eres Al 8ol TR REhAN ALY PaH M SHREA ST ) o 1
a functi omagfbetihe faegdof from abeue0dns té ebsht el it, winetceay bathigier filem thecert ai n
menbr ane stack. The operatin urrent density (1.) may be deterni ned based
on the | i APERHRR EYFFEMensily A7 of he- ponvepigt @ﬁﬂwagﬁ%e%irﬂayag? RAFELIBOf r om
about 0. 3. RrARQUEorRarlt current density (I¢) as higher than conventional operation current

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

determined by:

I«T, —LxT,
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



[ 0038] During operation, a controller (not shown) may direct the current
source 20 to provide a pulsed DC current signal to the first el ectrode 12
and to t hwozewosaBect rode 14. An exenpl ary pul sed DC cBCTAIs2008iogpyas i s
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
si gnal hashedfopurd @niresteiRasityy(1f) gy b deh albout Srpvadent wuEboans0 gedcanitidghet TT )

The reverse current signal has a reverse current d_ensi%y (Ir) with a

reverse ciirpdht opriptien et dsnsitydaefip trydifignal D devige| dhe pirageryuiapat
i ncl ud - : b on: (T : - durat i
i ncl udes a&%gm%)gﬁl][ag bE %ﬁ%%mhaﬂ%@&%&al&n éu)t“re?fll_gg ﬁ&gﬁgﬁ;{ %ﬁﬁ&u%ﬁg@;ﬁ), uration

(Tr) . Durin rward current duration irst electrode 12 and
second el szaytodecriabe timyddselirmtion grladtivsy.a positive el ectrode and a negative
el ectrode, respectively. During the reverse current duration (Tr),

pol ariti efd0dfl] t hén fckmsh @hleeliments, 2 fordasie comehtedigatidrod®y),1ther versse. A
ratio of the forward current density (If) with the limting current (I1111n)
may be i ncHTsAytign (Fo ain calsylptednesamlingfoisut-Flansk cauHio®h nay be hi gher
than the operation current density (1) of the convention ED devices. It may
be possi bl &t ‘contifol’ t Hevtdrward cur Feht ddasiatign (1) as hi gher than
conventional operation current density (1) to manage the el ectrodi al ysis
devi ces. whemiuePade reflactsethe iph apnoayraben dbangendgagut biyne; the=tdrmTDiNV dir  Tr

(equation i, . i, ) tf tr The er. desalination efficiency may pe

br apor t 1 ofiectat{Tgion e s Ut SorayPition Maenty Be e ci e o

current destrbfsithd fnighfien AuLCAGRd BYIth€BlectricdlelE aRd ke Ri@hear istdoatediie

operation current density I, and thus i ngyove the desalination efficiency.
C

[ 0039] Duflingausae hy dhecllew turbdeme; serlidfolrefns (o a wagtipndemgls t he forward DC
current to the first electrode 12 and the second el ectrode 14 for
desal i nat {(i942] BebPuorieg tahécdasbone pawerhvf atdhoaydla of ke BBupbaesy, hayeactioay be

o ] R NPUEPER bR P B hubted At oot ode
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 ;i 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:

:%;* s N LR W ey e gt F oy W) (equation 1-3)

[0043] The forward and reverse current duration (T¢), (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
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source 20 sends a reverse current signal with the reverse current density
(I'r) for one reverse current duration (Tr) for recovering the polarization.
[ 0040] Beworeowdses7ison concentration reaches the stati on&Cy/useeisns3oss he 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 el ectrodes reverse
E)afc;g andl[jﬁ(hu}s aAsBaondoloyioch és ptatided. wither &kdroontdigration \warid06 BANMNL density
I may be set abqut 5 percen o about 30 percent higher. than,the

oper at | ondkfﬁasw&ﬁoegtygﬁ%tt 4 b(%;%ltz/tsfam %Ii‘ sha'iﬂcmyr@@wiwﬁywqﬁe% Brafe current

densi t _ . _ _ . 't adi tianal
cﬁpflen%/ gg«%?scie{t?@é{topsdé&gg Qgéméthtﬁﬁe Esh&o‘%\%e{rﬁﬂ@n SCWR&FEHe Blctdil ggﬂehilﬁﬁt@

, s to Increase the desalination productivity.
[ 0041] | npestivady nhagthdlhe sinsilatidnerefdt wieovd thatr the wbncbutratioroat hdprant he

reverse current durati Tr) are calculated accordi.ng to rnst - Pl anck
quat  on: el Aerefes 18 A0 brNikr Rifof haPtsin s h L Grekond il et hoot s
the ion con(‘:‘ent ration change agai nst tine; fthe-term -Di Ve reflects

di f fusi onl@¥ak cAakiag thycenqenteion <hitribytiaretgh Busrasncond HeFl @ rnds ingialng Fe 1

[ 7F refle ! o) I cLr ield, he term
ClUu s con\gl'éelgﬁ’ Gge g}: %Qtﬁ:déluggg fg‘?/ertgﬁgélg ?S@vbﬁt %I?gﬁﬁgﬁc%l{ﬂ%ﬁgﬁa?ég)l 2?2& ee%s to a
reaction highen tfaBQH#@chDged positive lcemstt Gre p2A5admdk teacthecyonbentafion he ED

process, no reaction occyrs and Rl in e nst - Pl anck equati as no
Bontr but FGAYES TEHaNF G GRECChaY? BT 10 oRGe FP I oBOG HEhE NBbebe cyel o
the currepl3sh@hs th EOBchhRidhkor88ved Hoht 800 §a@1§érlrﬁfﬂlié@totétﬁ) pdrfsSter

el ectrode and to the second electrode in a direction opposite to the flow

di recti onmllionhe feed stream 22. In such an instance, the Nernst- Planck
equation is sinplified when mass transfer phenonena in the boundary |ayer
in a one- {I0d6hsi aftal theasmuliasorc sneadie exgetrinthe nonvedyiand séleaw dmirdlie i on
m gration directiaon. can be cted. Therefore, the ter Un the
Nernat - P BHERCRE 09 bR S Mg U fhe it abGRCT (e JEAUCEloBy ¢ he
concent r atih@NTYY, 8l @Ab of ARGl B8l PSRt lodBrldreufBSea1 Y ahienLlag6tori C

field, are considered. The equation 1-2 is
reversal time to forward time K=T,/T,, are independently controlled.

[0047]  For cach cycle, the forward current duration (T¢) 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 (T,) between the forward current signals of two
adjacent cycles. The second reverse current duration (T,) is longer than the reverse
current duration (T;). The second reverse current density (I,) 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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sinplifies to: TV > T<- " F (equation 1-3) [0043] The forward and
reverse current duration (Tf), (Tr) nmay be sinulated according to equation
1-3 with wormevsesiBl y avail abl e nmul ti physi cs anal ysi s seCTasec@s/ogi95i abl e
software may be obtai ned through, for exanple, COVSOL Ltd. (Berne,
Switzerland). EXAMPLES Exanple 1 - Sinmulation and nodel i ng[ 0044] A NaC
solution is provided with a feed concentration of 1000 PPM a diffusion
coef fi ci efdrwbrRuridnt SignBl for @Rdivaly elaegihg itiee Etit nadiscetdrdstitsy anf s&oAd N2, the
concentratjon decay against tine is shovvn in FIG when the electric

pot ent i al hestross: §.1t2/ VG ¢ EEisg edTeh 8283 i) AtcPBFERY edRCtOR r?évsget fagyard he

concent r aEﬁ1‘IPéht gltgngjeg?p({ %Pﬁﬂé"@}thoﬁ%‘ﬁ? %ﬁﬁ&ft _Ié?lkflgéiwg fn? fO¥ardhhd }RBrsaf ter

approxi mately 1-m crosecond I ng t concentration

di stri but cemendfighalsi crosecond in FIG 5 as initial values, the generation
of a reverse pulse wth an electric current that is 1.2 tinmes higher than
t he char g{a{ﬂ)Sppsi Thy @in@ular €gtins('la"e"an" hn2 ™ #eAindl)ide plen rtfeecneomeledst that i on
recovery near the nenbrane is shown in FIG 6. The result shows that it
woul d t akéOIEﬁe’fIB clearly oflictates QHKERIET atAROXEAFIBE olf8BUFE o rAS4 B D AIFEN per

mllion t&r@%oﬁ@{ﬂe fpgﬁﬁc%'dn L QN1 RO4R) lﬁg{l lich & n?ddﬁjrl Q‘é)t n't1§at1r\7;9de

experinments veri sel ect a desi rab par anet each of
(rf), (I r)qpre(s%'lﬁt)ltloraﬂdt cdul)l perrhmsiblyevaex pethoneresyltingen de]han‘gezmttlhe masicme (Ti),

the ratio_.of .the reversal current to,.fqrward curr nd the ratio of
reversal (YOHOR OFNE?&}alrtds f&ﬁ@dar%ccpﬁﬁéﬁﬂﬂgﬁWW%(ﬁﬁ?q ngae@m[(G%ﬁLfTs 'For each
cycle, thg,dhofswabgutCys h@ﬂtimfié’d ﬂﬂh@'bréc-f:fe) vahowdirka. aheahRrinithaisameut 80

percent. In one enbodi nent forward current duration is in a range of
from abouaprz?omp@tmgnltang@gabmay @Erepmem th¢ roenisipowel 8% ipstrueent foo about

ggr 22:];: 6[1 tgi g%%@g t gva Ele ggngffarfy? n%reé ornay %léltuseg 1np%rrrlcb?19§tionovli}1tﬁ El(%ermata)lg(lil t 95

may include an insubstantial number, or trace amounts, while still being considered

free of the modified term.

[0051] The embodiments described herein are examples of articles, systems and
methods having elements corresponding to the elements of the invention recited in the
claims. This written description enables those of ordinary skill in the art to make and
use embodiments having alternative elements that likewise correspond to the elements
of the invention recited in the claims. The scope of the invention thus includes
articles, systems and 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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percent of the cycle time T. Controlling the forward current duration
optim zes the desalination productivity. [0048] Referring to FIG 4, in
certai n ewbadiwmsei’s, the pul se current signal further i RCTOSe@sasm®sEond
reverse current signal with a second reverse current density (Ip) and a
second reverse current duration (Tp) between the forward current signals of
two adj acent cycles. The second reverse current duration (Tp) is |onger
than the CéwdMse current duration (Tr) . The second reverse current density
(I'p) may be bigger than the reverse current density. \Wereby, scaling or
foullng fornedloaikW&dn%ﬂ%ﬁgﬁ? can be renoved. [0049] Referring to FIG 7,
in which a second enbodi ne the pulse current signal is shown. The
second enbodi np O |ctiGIPISE s%%ﬂc@@l%c@é&ngjacéd"ﬁlddg% at@raaidaeysr ent
signal for positively charging the first and second first and second

el ect r odedefii®, a iolymg; andver se current signal in a contrary direction of the
forward current signal, and an idle w thout any current signal between the
forward and revem&ﬁﬂRMDpenbbségmakﬂasbﬁ@&@{emhekﬁlmgmmaﬁomnmﬁﬂaﬂﬂ&ﬂ "an"
and "t he" |nclud erent unl ess t he context clear| dictates

ot her wi seSOUgHIOIRE t.@?ﬁj rpiwsiafgé © scopd lgciidce MRt Bﬁé’l?ﬁfﬂi‘ya% Figrent

speci {1 califily ANtortloAbiTo sTRkh HorRBRELHOHO RbhYoAR JAuesid hidht ¢
representation that could permissibly vary without resulting in a change in
the basi coparateen pvidmgsieaticdl cuirsntrhel mgedevase poldiitygluyingaadatycde, modi f i ed by

a termor ,ter uch "about" is no imted t he preci val ue

Spect f1 catd sl huBeRd o' GpBPlsd Wi 5 9 508G B Retpona 1o
the preci siheRirPhe ngclb A&t [UTedttr thek abRAIV0 héte: édaleleéé&héif—‘aboﬁt M kadHeytz. " f 1 ee”
may be used in conmbination with a term and nmay include an insubstanti al

nunber, or trace anounts, while still being considered free of the nodified
term [0051] The enbodinents descri bed herein are exanples of articles,

systems and et o haying, SRR 69 1. SARRALADrl e P o SR TRBIS Q! the

I nvention reci
membrane and a cation exchange membrane disposed within the volume.

3. The device as defined in claim 1, wherein the duration of each cycle is less

than about 1 second.

4. The device as defined in claim 1, wherein a ratio of the duration of the time
in the first mode of operation relative to the duration of time in the second mode of

operation is in a range of from about 0.01 to about 0.2.

5. The device as defined in claim 1, wherein there is a third mode of operation
that is an idle period temporally disposed between the first mode of operation and the

second mode of operation.

6. The device as defined in claim 1, wherein the cycle rate is maintained to be

uniform over a duty period.
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claims. This witten description enables those of ordinary skill in the art
to make and use enbodi nents having alternative elenents that |ikew se

cor r espormionoosases7el ements of the invention recited in Ph@/usk@so839sThe
scope of the invention thus includes articles, systens and nethods that do
not differ fromthe literal |anguage of the clains, and further includes
other articles, systens and nethods with insubstantial differences fromthe
literal |angua@e THe ddvececdsadofimiced Bhiclagmolnlwheeen ttiad by dle adturiesomrullcénbodi nent s
have been il lustrated, and descri bed herein, nany nodifications and changes
may occur VY AT Ob i HATSN QYeF pIdcieMngd PPdPEvant art. The appended cl ai s
cover all such nodifications and changes. CLAIMS: 1. A device, conprising: a
first electrode and a second el ectrode spaced fromthe first electrode to
define a volune; and a controller operable to control a supply of

el ectrical cur Benthefdeymeas deffised i clalm dowherein on¢ he nfore of thel st vte and to

the second el.ectrode, wherein the. electrical .current. s ly is controlled
o s ¢ o WRgRo Frtt gD Sief b bt et BEEMR R HendpsrB: i on
provi di ngfRbeaicr popbrtielr rent having a reverse polarity during each cycle,
and the electrical current is supplied at a controlled cycle rate and for a
controll ed duration, wherein the cycle rate is greater than about 100 hertz
and | ess than about 10 kil ohertz. 2. The device as defined in claim1,

further conpri §i ian . I QR
menbr ane dispogé ﬁﬁ?ﬁ?ﬁ‘%ﬁ%§§% Sﬁggmgén$ﬁ%9§839§éﬁ£§8%b ?ﬁgé&p%%%?ain1l,
wher ei n t henbuarget bearahgebehtwestcthe fire ahésscontialecabdast 1 second. 4. The
device as defined in claim1l, wherein a ratio of the duration of the tine
in the first node of operation relative to the duration of tinme in the
second node of operation is in a range of fromabout 0.01 to about 0.2. 5.

The d?}/i ce as gef imgdichite Gls@&efhdd inIBME 1N whBRIE tW of nldié hfioARAEhAke
operati on
P membranes are arranged between the first and second electrodes.

11. The device as defined in claim 1, wherein the controller further controls
valves that control 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.

12. An electrodialysis device, comprising:

a first electrode and 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

clectrode 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 comprising:

a deionization stage, in which a direct current power supply passes a forward
electrical direct current (Ir) to the first and second electrodes for a first duration (t1),

S0 as to power a first positive electrode and second negative electrode; and

16



that is an idle period tenporally disposed between the first node of
operation and the second node of operation. 6. The device as defined in
claiml, wber@s237Be cycle rate is maintained to be uni Pormseasnsm®ssiut y
period.7. The device as defined in claim1, wherein the cycle rate is
controlled to vary in current or in duration over a determ ned period. 8.
The device as defined in claim1l, wherein one or nore of the cycle rate,
duration, or cuf¢@ntrigsg, imhvaichited pbocasuppBdadka reearieridahdiredtoni t or s
t he feedwater prop The devcie as defined jn claiml, m@grein t wo

erties, 9,
or nore c&YTH (Ie&f@w&ﬁlg@f fherriattdshe pecond Flgrgerss pe A FERIIMPIOSKS O Bfid second
el ect r 0defor At cldificAHbGLuAS (8] h 0&Mnk Bufekih fi} antherel n Lo or nore anion

exchange nenbranes are arrange etween t I'rst and second el ectrodes.
11. The device as defined in claim1, wherein the controller further
control s val vethet fraquenontof glacka cftlevofothef dedilitiet of cybicowybr thepdetinge so as

to provide notive force.to eam t hr ough .a.cqoncentrated i on chanber, and
to a diIng“?dﬁ1%%5Wﬁ8?f“%§3liéﬁg%%%?$8ﬁﬁgﬂygpggaevice, conprising: a first
el ectrode and a second el ectrode spaced fromthe first electrode to define

a volunme, a power supply capable of sending pulsed direct electric current
to the first electrode and to the second el ectrode; and a controller

capabl e of contsolAj RectBEiaARN H:8c&9 Ushdt ad BRESMAIGSS AROfaL 83 fBEQYIh a
plurality of cycles, at |east one of the plurality of cycles conprising: a

dei oni zat renpstiage plurditwef eyrles, afi least pneof the plurgsywef cyalgsploppiaiges a f or war d
electrical direct current (If) to the first and second el ectrodes for a

st durat o, o, 854400 AL L e RSB second.

a rever secleteichlrdicat celrdre ly) ©uhe €ndt apl rspednd ddatdoded for ikt dwhti@ndl), he
second el ectrodes in a direction opposite to the

S0 as to power a first positive electrode and second negative electrode; and
a recovering stage, in which the power supply sends a reverse electrical direct
current (I;) to each of the first and the second electrodes in a direction opposite to the

forward electrical direct current for a second duration (t2), and

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.

14. The electrodialysis process as defined in claim 13, 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.

15. The electrodialysis process as defined in claim 13, 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.
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forward electrical direct current for a second duration (t2), and the
frequency of each cycle of the pluralities of cycles over an operating
peri od i sworro@/as2371ge of about 100 hertz to about 10 kil ®o®ES200808395AN

el ectrodi al ysis process using an el ectrodi al ysis device, the process
conprising a plurality of cycles, at |east one of the plurality of cycles
conprising: a deionization stage, in which a direct current power supply
passes a forwaiél Eheekbﬁ&aMyﬁb@ﬁﬁ%&ﬁmnkﬁn&jﬁﬂ&%ntDShhﬁx&hmskaanme$écond

el ectrodes for irst duration (tl), so as to powe first itive

el ect r odet f&nﬁu@@%ﬁﬁ Cﬁ‘é@%\@?i/énéiﬂéc%%?dé atjor étéb\ﬂéﬁ %{8@ & whi ch
the power suBRkKoRESnd BV AESACAIREL! dufidh BiofPlF GUEKENdL! 1) to each of
the first an ﬁggéeco%dlgﬁectroaes in aﬁﬁhrectﬁgn opp8§?%§ to the forward
electrical direct current for a second duration (t2), and 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. 14. The el ectrodial ysis
process as define aj-m 1.3, uratio e duration
(i1 retative 15 AreQstifii S dRUR St fif 3 Shedimhg PEEEE S T rom

about 1:1¢ Hebweddabé ddiodi@&ionlfage b€ tied REbVRApdtagsi S process as defl ned in
claim 13, wherein 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 fromabout 1:10 to about 1:100.16. The
el ectrodi al ysis process as defined in claim13, wherein at |east one of the

plural ity of cxgl efhdhag:aidlfepfkages! ®findd Whkhom, fhdlor i#dfadyrgng whi ch
t he power supply does not pass electrical direct curfent to both of the

el ectr ode@astldne Eheseketigeduiatonsive prasede Iaswiesruppnlecpasmng lagilentri®] wher ei n
t he |dIe e .S betwe ei onj zati.on stage.and ecovering stage.
18 The et ruERRgoiS By el Sa8 HERPHEM FiEruniory S [ FRAPTHE) Lo ng
at | east elaetrlegv(ﬁfeatmreﬁtg?qmb@am {tpp cycles, the power supply passing a
el ectrical direct current (la) to the at |east one electrode in a direction

contrary to the forward

19. An electrodialysis process using an electrodialysis device having a dilute

compartment, comprising:
flowing feed water into the electrodialysis device;

energizing an electrode in the electrodialysis device with a first forward

clectrical direct current;

monitoring an ion concentration in the dilute compartment of the
electrodialysis device for an increase in ion concentration relative to a first preset ion

concentration;

energizing the electrode with a electrical direct current of reverse polarity,
before the monitored ion concentration becomes lower than the first preset ion

concentration;

monitoring an ion concentration in a dilute compartment of the electrodialysis

device relative to a second preset ion concentration; and
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electrical direct current (If) for a duration (t4). 19. An electrodialysis
process using an el ectrodi al ysis device having a dilute conpartnent,

conpri si YO 2hd9se3Tg feed water into the el ectrodi al ysi sPAewiSe@s/083ves gi zi ng
an electrode in the electrodialysis device with a first forward el ectrical
direct current; nonitoring an ion concentration in the dilute conpartnent
of the electrodialysis device for an increase in ion concentration relative
to a first presgirgizing thondentodatwiolm;a eeendifaiwigd teetrédaé alircotdeurvdnt hin a

el ectrical direct current of reverse polarity, before the nonitored ion
concent r af$SBANBeCoie sioN FRBFCRREAN (iR dhe jdilyfe SPrERUtMET rep e HS 88508

moni tori ng &&tii&Pc&Q&ﬁ%BPa“ on in a dilute conpartnent of the

el ectrodi ]iy5| s device relative to a second preset ion concentration;
andenergi zing the electrode with a second forward el ectrical direct current
in response to the ion concentration in the dilute conpartnent reaching the
second present ion concentration.
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