MODULAR ELECTROCHEM CAL SYSTEMS AND METHODS CROSS- REFERENCE TO RELATED
APPLI CATIONS 5 This application clainsipriority under 35 U.S.C. 119(e) to
U.S. Provisional Patent Application Serial No. 61/413,021, filed on
Novenmber 12, 2010, titled "CROSS- FLOW ELECTROCHEM CAL DEl ONI ZATI ON DEVI CE
AND METHODS OF MANUFACTURI NG THEREOF" and to U.S. Provisional Patent
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Aspects relate generally to electrochemical separation and, more particularly, to

modular electrochemical systems and methods.
20 SUMMARY

In accordance with one or more aspects, an electrochemical separation system may
comprise a first electrode, a second electrode, a first electrochemical separation modular unit
having a first cell stack defining a plurality of alternating depleting compartments and

25  concentrating compartments supported by a first frame, the first electrochemical separation
modular unit positioned between the first electrode and the second electrode, and a second
electrochemical separation modular unit, adjacent to and in cooperation with the first
electrochemical separation modular unit, having a second cell stack defining a plurality of
alternating depleting compartments and concentrating compartments supported by a second

30  frame, the second electrochemical separation modular unit positioned between the first
electrochemical separation modular unit and the second electrode.

In accordance with one or more aspects, a method of assembling an electrochemical
separation system may comprise mounting a first electrochemical separation modular unit

having a first cell stack surrounded by a first frame in a vessel between a first electrode and a



second el ectrode, and nounting a second el ectrochem cal separation nodul ar
unit having a second cell stack surrounded by a second frane in the vessel
between the first electrochem cal separation nodular unit and the second

el ectrode. I n accordance with one or nore aspects, an el ectrochem cal

separ atdeoondaebttode, audimoﬁtingya seanyireleroshaeical sspastordabdulangithayingal i ty of
alternatin pIe co rtments and concentrati artnents, and a
frame S%F?%lﬁ?ﬁl Mﬁ iy TR ‘c’ii"??ﬁe}eﬁﬁ‘%ﬁnftg‘l’ Sy st em conf i gur ed
to facnéleatme,mcgp s@para% BEQNSil R Gebbeohlidlirode. 1N accor dance wit
one or nore aspects, a flow distributor for el ectrochem cal separation may
conprise a pilnlﬁca@rdwe(yf’lﬂf@mr rmtsaa@e&m¢le¢ﬁ@hemmahsﬂpﬂm§0nquelarumm and 10
confd gured to d.to at e Cco nt

o oct P oEReraR e stk ahhe Aot p AN iA AR B ofafBepand ges

or i ent eghnbéhtuting eompartth&:86,Hin@ R, frdntesuplouh@hl ihe @il skRE AR iMASBRAYL fahitold! ui d
comuni cation wth the plurali té of first passages and with an inlet
ey

mani f ol WsigBswwiligued tﬁ)\f&tcﬂlt@qqél“ed witengthihesell s@plar at i on device. In
accordance wit n C on system
may 15c0mpr | BassilPE AIARE el BRTHABUEEIT AlechgpAla
el ectr osebamlcminay epmptitd Oplurality bifirstipaskades ofibmted i @fiph diradtiohyandf

ting conpartnents and concentrati ng conpartnents

alt er nat i

posit | 6@5 gﬂﬂt@ﬁé@eﬂ.t? &t leagt gne epprytragd %glégtrocéle ?f‘dparatwn

el ectro rﬁl)]% r

al ter na‘%‘el@gcrggI %ﬁp? }Ztl n {):{)%g% L%ge %#t%%{r%lgde%? !rng?ﬁh?]eéﬁ (L:)g r;[g%bmal

second setast passdpesrinciubid semanmﬁaaﬁnn muﬁuheapluwhty ofaﬁlrsap@mges and:wubanamlebn 20

with the first electraghem e tion nmodul ar unit and positioned

bet \Neerfnfuﬂg)gﬁ?sé’?la‘@ldé’é‘f ﬁ‘EﬁE’ﬁF‘&C} Pfg@ga?l’&ﬁ‘l?ﬁ‘ ¥6i ar unit and the second
el ectrode, alﬂ%c@oxﬁﬁ%%ﬁt%&%ﬁﬁ&e%@ﬁ ﬂla@&r&ﬁbﬁ&%ﬂéep&ﬁﬁoﬁb fdm @ second
el ectrocheni cal separation nodul ar units configured to reduce currént | oss

wi tIi n comeprisy stfeshelSuolle, ageband depwde.s ﬁl@hﬂ@@waawpl mdraadnmwwegnmf

these ex lary ct.s..and..25 . enqhodi nent s scussed in det bel ow.

Enbodi HonbE g R RE P PR R T Sl Rms e < Ehd Bafiifiee s ony
manner GRiknéd Betwerh tHe bt dndaséondtectbddd) @ siiond ¢lcprbshettiisd kemestioner ei n, and
references to "an enbodi ment, "some enbodi ment s, an alternate

enbodi rmmiu ar mv@nplaé@g@rﬁiwlmmftaétemaﬁ@&éeréﬁmgcﬂomﬁrtmems anp €ongeRBaliiee not
Necess ﬁéftﬁe%@%allﬂe%e 85%‘1' %Q%fséﬁaﬁh@&n 98 dat it ;g-fe’dgg é)*aﬁﬂraﬁ‘%n

particu ur e I’UC arac erIStIC

[ nc:zl()udedlth thedfirst eﬂaﬁﬁocmcarﬁepﬂuﬁ@ﬂmodﬂlbeumpm@hmsd Bémea@ﬁaetfemms herein

are not necessarily all referring to the sane enb&)

electrochemical separation modular unit and the second electro a spacer glsposed

between and adjacent the first and second electrochemical separation modular units
configured to reduce current loss within the system.
Still other aspects, embodiments, and advantages of these exemplary aspects and
25  embodiments, are discussed in detail below. Embodiments disclosed herein may be

combined with other embodiments in any manner consistent with at least one of the
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rinciples disclosed herein, and references to “an embodiment,” “some embodiments,” “an
princip
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alternate embodiment,” “various embodiments,” “one embodiment” or the like are not
necessarily mutually exclusive and are intended to indicate that a particular feature, structure,
30  or characteristic described may be included in at least one embodiment. The appearances of

such terms herein are not necessarily all referring to the same embodiment.
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whi ch are not intended to be drawn to scale. The figures are included 5 to
provide illustration and a further understanding of the various aspects and
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hori zontal blocks to reduce current bypass in accordance with one or nore

entlddi nent s; FIG. 2 is a schemaft @lusoratien of SastHemdt-Adn FIGuk i apcprsianesf with aegyerr ed
hori zont al bl,ocks |tn accordance wth 30 one or nore enbodi nents; FI G
10 is USRI ustration of a frame with separately fabricated grid

i n accor dancEaMstifa ediRnftic Mis@afebetihdamiSdilute flow from slots to an inlet of dilute

flow compartments in accordance with one or more embodiments;
FIG. 4 is a schematic illustration of a method for potting corners with adhesive in
20  accordance with one or more embodiments;
FIG. 5 is a schematic illustration of stack in a frame with inlet and outlet ports
oriented vertically in accordance with one or more embodiments;
FIG. 6 is a schematic illustration of a flow path in accordance with one or more
embodiments;
25 FIG. 7 is a schematic illustration of potential current bypass through slots in
accordance with one or more embodiments;
FIG. 8 is a schematic illustration horizontal blocks to reduce current bypass in
accordance with one or more embodiments;
FIG. 9 is a schematic illustration of staggered horizontal blocks in accordance with
30 one or more embodiments;
FIG. 10 is a schematic illustration of a frame with separately fabricated grid in
accordance with one or more embodiments;
FIG. 11 is a schematic illustration of grids with staggered blocks in accordance with

one or more embodiments;



FIG 11 is a schematic illustration of grids with staggered blocks in
accordance with one or nore enbodi nentg;, -4- FIG 12 is a schematic
illustration of a frame assenbled from four sections in accordance with one
or nore enbodi nents; FIG 13 is a schematic illustration of an

el ect r ochem Eldl. 13épasdicinatic Hjtstraton of Btane aaamblediftdin fove sedtion®ire

enbodi nents; 5FIG 14 is a schematlc illustration of a nodular unit with a
st ack i%%ﬁd?%ﬁ‘ém}élo%?rt%ﬁmlwtl? Y% Sme in accordance with one or nore

enbodi nment s; pfd @3 jdp sdh%rn%tlé ﬁhﬁffgﬁdrpof' dnl éi'&ltfo@ﬁérﬂ@al%téPﬁ'aﬂérPstem Qugh Section

A-Ain FIG 14 in accordance wth one or nore ments;” FIG 16 is a
schemataccotidaheeswitlabnoor mbmwintigpddeems;l s of FIG 15 in accordance with one 10

or re enbodi ts; . E 17 is a hematic,il]Justrati f a,view
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FI' G 18picSa frame eARbidantd WiB bh@bt MBreddmbo Bfehts,0N through a nodular unit in
accordance with one or nore enbodi nents; 15FI 19 is a schematic

illustrati onF]@f 18s esgieodtid ilistolior ofavies thieugl Sedtiona-doinddc d4 W t h one or

nor e errbodl schematic illustration of a view
through §%rgﬁncewg&h3\ne %r&uelrrgx’%@ﬁlrfts’l of FIG 19 in accordance with one or

nor e enbodi NEIW. 96 is a schematic illustrflior?shomén@d&SiIReITAIGEC 15 Id atsbrdahdconitobnd Vi ew
t hrough Section B-B in Mdular Unit 2 20 of FIG 19 in accordance with one

or WBor eoreneysgnbhedinents; FIG 22 is a schematic illustration of an
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or nore enbodi e
accordance with one or more embodiments;

FIG. 18 is a schematic illustration of a section through a modular unit in accordance
with one or more embodiments;
15 FIG. 19 is a schematic illustration of an exploded view of an ED device in accordance
with one or more embodiments;
FIG. 20 is a schematic illustration of a view through Section A-A in Modular Unit 1
of FIG. 19 in accordance with one or more embodiments;
FIG. 21 is a schematic illustration of a view through Section B-B in Modular Unit 2
20  of FIG. 19 in accordance with one or more embodiments;
FIG. 22 is a schematic illustration of an arrangement of membranes and cells in an ED
device in accordance with one or more embodiments;
FIG. 23 is a schematic illustration of a section view through an assembled ED device
in accordance with one or more embodiments;
25 FIG. 24 is a schematic illustration of a detailed view of FIG. 23 in accordance with
one or more embodiments;
FIG. 25 is a schematic illustration of a frame with cylindrical outer shape in
accordance with one or more embodiments;
FIG. 26 is a schematic illustration of an ED device in a cylindrical vessel with molded
30  endplates in accordance with one or more embodiments;
FIG. 27 is a schematic illustration of a prototype modular unit in a clear acrylic
cylinder in accordance with one or more embodiments;
FIG. 28 is a schematic illustration of flow through a stack of cell pairs in accordance

with one or more embodiments;



FIG 23 is a schematic illustration of a section view through an assenbl ed
ED device in accordance with one or noge enbodi nents; 25FIG 24 is a
schematic illustration of a detailed view of FIG 23 in accordance with one
or nore enbodinents; FIG 25 is a schematic illustration of a frame with
cylindrical B ep ishapdematic dhsoatianein oslltshckme a dranrorich soBankeendasce FI G 26
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paths In a nodular® unit i'n accordance
with one or more embodiments;
FIG. 35 is a schematic illustration of fluid volume in flow passages inside a modular
unit frame in accordance with one or more embodiments;
15 FIG. 36 is a schematic illustration of inlet flow passages in accordance with one or
more embodiments;
FIG. 37 is a schematic illustration of examples of paths for current bypass around the
stack in accordance with one or more embodiments;
FIG. 38 is a schematic illustration of staggered vertical passages in accordance with
20  one or more embodiments;
FIG. 39 is a schematic illustration of vertical slots and horizontal grooves in an insert
in accordance with one or more embodiments;
FIG. 40 is a schematic illustration of a frame with recesses for inserts in accordance
with one or more embodiments;
25 FIG. 41 is a schematic illustration of a frame with an insert to be installed in
accordance with one or more embodiments;
FIG. 42 is a schematic illustration of a section view showing flow paths in an
assembled modular unit in accordance with one or more embodiments;
FIG. 43 is a schematic illustration of a molded frame in accordance with one or more
30 embodiments;
FIG. 44 is a schematic illustration of a molded frame with circular periphery in
accordance with one or more embodiments;
FIG 45 is a schematic illustration of an insert with horizontal grooves on a curved side

in accordance with one or more embodiments;



wi th one or nore enbodi nents; FIG 35 is a schematic illustration of
fluid volunme in flow passages inside g.nodular unit franme in accordance
with one or nore enbodinments; 15FIG 36 is a schematic illustration of
inlet flow passages in accordance with one or nore enbodi nments; FI G
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FIG 42 is a schematic illustration of a section view showi ng flow paths in
an assenbl edFli§bdfipagsents atschamaticdbnsiration ofv tdanidpld agsocintedewithbo dismsin s ;
FIG 43 is a schematic illustration of a nolded frame in accordance wth
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enbodi nents; - 6- FIG 46 is a schematic illustration of a nol ded
frame with horizontal grooves in recesses for inserts in accordance with
one or nore enbodi nents; DIETABEDI DESCRIPPI@Sent schematic illustrations
of a nodul ar unit including extended end nenbranes in accordance with one
or nore enbodi nents;

In accordance with one or more embodiments, a modular electrochemical separation

15  system, which may also be referred to as an electrical purification device or apparatus, may
enhance the efficiency and overall flexibility of various treatment processes. In some
embodiments, cross-flow electrochemical separation devices, such as cross-flow
clectrodialysis (ED) devices, may be implemented as an attractive alternative to traditional
plate-and-frame devices. In some embodiments, current inefficiencies in cross-flow

20  electrochemical separation devices may be reduced. In at least certain embodiments, current
inefficiency due to current bypass through inlet and outlet manifolds may be addressed.
Energy consumption and membrane requirements may also be reduced, both of which may
affect life cycle cost in various applications. In some embodiments, at least 85% membrane
utilization may be achieved. Reduction in membrane requirement may in turn result in

25  reduction in manufacturing cost, weight and space requirements for electrochemical
separation devices. In some specific embodiments, the process efficiency of cross-flow ED
devices may be significantly improved. In some embodiments, the efficiency of
electrochemical separation systems may be improved for desalination of brackish water,
seawater and brines from oil and gas production. In at least some embodiments, the cost

30  competitiveness of ED may be improved in comparison to RO which is currently the
dominant technology for desalination.

Devices for purifying fluids using electrical fields are commonly used to treat water

and other liquids containing dissolved ionic species. Two types of devices that treat water in

this way are electrodeionization and electrodialysis devices. Within these devices are



5FI G 48 presents a schematic illustration of nodular units connected with

flanges in accordance with one or noreg-enbodi nents; FIG 49 presents a
schematic illustration of a manifold associated with an insert in
accordance with one or nore enbodi nents; and FIG 50 presents
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operate in a manner in which water purification can proceed continuously, while ion

exchange material is continuously recharged. CEDI techniques can include processes such as
continuous deionization, filled cell electrodialysis, or electrodiaresis. Under controlled
voltage and salinity conditions, in CEDI systems, water molecules can be split to generate
25  hydrogen or hydronium ions or species and hydroxide or hydroxyl ions or species that can
regenerate ion exchange media in the device and thus facilitate the release of the trapped
species therefrom. In this manner, a water stream to be treated can be continuously purified
without requiring chemical recharging of ion exchange resin.
Electrodialysis (ED) devices operate on a similar principle as CEDI, except that ED
30  devices typically do not contain electroactive media between the membranes. Because of the
lack of electroactive media, the operation of ED may be hindered on feed waters of low
salinity because of elevated electrical resistance. Also, because the operation of ED on high
salinity feed waters can result in elevated electrical current consumption, ED apparatus have

heretofore been most effectively used on source waters of intermediate salinity. In ED based
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el egt r JRBY %plpasygegappq}ggﬁgafy&lcaﬁﬁ B%ﬁ?éhgﬁ‘yut’&n of e@ﬁ’iﬁ)‘bn&é’?@f‘wsgaé? and may
be Ope_r@f)i%ﬁilybﬁafté%éba\éécﬁﬁith 'cﬂlté&?lffhﬁﬁgeéﬁdoﬁcerﬁﬁgbﬁ BoRpEtNentfHMEE dBMER. ITH

reversing pol arity nodes. EDI devices may be operated to pronote one or
nor e el woteranthvelimends, arcel pairomay rsfee to & paiabf gdjakent emgentrasing@hd dilvting enhance

performance. Further. such el ect heni,cal devices jmay conpri,se
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el ectrodei oni zation (CEDl ) devices are EDI devices known to those skilled

i n t0he <eqtrie feald, Bisbrard§ ficld. Resitivaly Phargad secignmes drpwin foyaede cghoddan proceed
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of the ]ILaékE(of enllecﬁtroactei ve medi , t he oper aajtaiﬁ%)n of ED r-rgg be’ahi ndered on
f eed waprevented frbmunigedting iforphey éoward éheofatlideyatt od thel copeentuatipn permparimagnie.
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beer moghar@ddf petity@nYbetSBEvainSUSnES R sBlctmof | nternediate salinity. In ED
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not both. Dilution or depletion conpartnents are typically_interspaced with
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conpartmen ows tHhroug epl etion conpartnents,
i oni ¢ asldcteddhemicahbaifedl wpaine scair ¢hat yriiiate hhd/odfasilaate tedransfec efitonat i ng
conpart nder .t he | uence of

{E'i&gg the membranes IaI?cI compartments. %ﬂe specific electrochemical reactions that occur
at the electrode/interfaces can be controlled to some extent by the concentration of salts in the
specialized compartments that house the electrode assemblies. For example, a feed to the

30  anode electrolyte corﬁpartments that is high in sodium chloride will tend to generate chlorine
gas and hydrogen ion, while such a feed to the cathode electrolyte compartment will tend to
generate hydrogen gas and hydroxide ion. Generally, the hydrogen ion generated at the anode
compartment will associate with a free anion, such as chloride ion, to preserve charge

neutrality and create hydrochloric acid solution, and analogously, the hydroxide ion



10el ectric field, such as a DC field. Positively charged species are drawn
toward a cathode, typically |ocated atg.one end of a stack of nultiple

depl etion and concentrati on conpartnents, and negatively charged species
are |likewi se drawn toward an anode of such devices, typically |ocated at

t he opp@eskiatedethedfatiidde coinpadtmeit wWillReicia®wih a e atbgehelngandansg to ypi cal |y
housed 1n electrolyte conpartnents that are usually partially isolated from
fluid coresenvs eurgeoreuliplity angd crgte seepehydnxidp plytion ﬁ#@é?ﬁcrla@ pegylucts of the
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to the el ectrodes.(a or. positive electr nd cat hode .or. n tive
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can be dfis@irhe a@g@{, SGhilRE AéeickEhnk aQhildMRMS oM flatedhd FanACandypRhl source, or
for exanple, a 25power source derived fromsolar, w nd, or wave power. At

t helOel eesmifiguwtiongiui d i nterfaces, el ectrochenical half cell reactions occur
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and conpart n@ﬂ? o 0 ST N érflélﬁé?e&tgg r%%%egﬁlfaég}ayrpg%?f Iﬂ%@g%{éﬁ%&lﬁl}&h&f at the

el ect r oglgy bot@ithinedwithin isieDiy will dmethodostmenifentrelyd ubethematent rat i on
of salts I1n the specialized conpartnents_ that house the el ectraode

assenbl kigyids pppthex Hidh &0 bepyriied anter thepusificahendevdsecandy wider thedpiipeiice REnt s
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nydr ogeih e S e ERfa LS pliod il lon Bl o R S e R e SR ot wi 1
t enid t oligededratcelldeyddrto pesdugaan imecdngeiteméddéquidn. General |y, the hydrogen

i on generated at theea‘{}]ﬁsle conpartment. will associate.with a free anion,
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cat hode conpart associate wt ree cation, such as sodium to
pr eser vevecdlbelgetravbernical sepyration systerat 4 modiilammnitymaoinchide soy desired nuber
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di sionf et kAR MIMRP DSl fis B FRIBNR ht SeAABnARico. Hehatdlid@eplhd BRERS, and
for pH adj ust nent purﬁoses. Pl at e-and-frane and spiral wound designs

have bearnbesef célbpaitsdhiatongs be yirsmally bendedtand ohded wa framee vithaanceptahls/i ces

i ncl udi but. not limied to elec i j e Lanl zation
(e0) et il B Rl P RS IbER o, HEGRIF LA

pl at eanghstd anetatl @iaDihalyMy dfehdRbneRMUARS pRycessamdich@be thcidasdbdsipredess e and
frame and spiral 10configurations. One_or nore enbodinents relate to

devi cescanfals impyoysurdn some pon-dsidpgempodigienty, 4 magular unit may include about 50
25  cell pairs. Modular units may be individually assembled and quality control tested, such as

for leakage, separation performance and pressure drop prior to being incorporated into a
larger system. In some embodiments, a cell stack may be mounted in a frame as a modular
unit that can be tested independently. A plurality of modular units can then be assembled
together to provide an overall intended number of cell pairs in an electrochemical separation
30 device. In some embodiments, an assembly method may generally involve placing a first
modular unit on a second modular unit, placing a third modular unit on the first and second
modular units, and repeating to obtain a plurality of modular units of a desired number. In
some embodiments, the assembly or individual modular units may be inserted into a pressure

vessel for operation. Multi-pass flow configurations may be possible with the placement of



may be contained within a housing, as well as nethods of manufacture and
use thereof Liquids or other fluids tggpbe purified enter the purification
devi ce and, under the influence of an electric field, are treated to
produce an ion-depleted Iiquid. Species fromthe entering 15liquids are
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Mbdul arprﬁ?‘ﬁsg's may be individually assenbl ed and quality control tested,
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bei ng incorporated into a larger system In sone enbodinents, a cell stack
maylObe sepamtienisystenzs manheingprogedrdairrent lasa it onetpgtengiahsoyecetad dradficiency. In

i ndependent | v.. A plurality.of nodular units can.then be gssenbl t oget her
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| eakage nmay be addressed. Current efficiency nay be defined as the

per cent ¥8kagsf current that is effective in moving ions out of the dilute
streaminto {he concentr e ' f [ ' ficiency
rrayfsgxi st i nfnaonnee(i(%érg?erF tglg%é&ﬁngeys’ gg%%a?é% %ltggﬁrg 9@? é%ﬁaﬁﬁlgy %E l%aglg%ugléft?cg{o source
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el ectrical current fromone e to the other may bypass the stack of
cel | pathesebygtatbk.olu adedsheaptagherhboelimpes, aarcasrociingcilysppastiaudavertmaielshices

current 20 efficiency and increases ene consunpti on. , Anot.her tenti al
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| eakage'may be constructed and arranged to provide a current bypass path that will contribute to

current efficiency. In non-limiting embodiments, a modular unit may include a manifold



251 n one or nore enbodi nents, a bypass path through a stack nmay be

mani pul ated to pronote current flow alpng a direct path through a cell
stack so as to inprove current efficiency. In sonme enbodi nents, an

el ectrochem cal separation device nay be constructed and arranged such that
one or diBfeth MPRSSdatREihatien iean toifigipesotpiamnoe ciireradffigandy. tthaplegh t he
cell stack. In at |east certain_enbodinments, an el eﬁtrpc em cgl separation
devi ce PR webasimensnsiiraime auroxndingcsh gioak suahelesicheicabiepaighen by pass
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I n sone Iments 1nvolving a ystem 1 ndiv dulFar units
may be eoinf Inguomednitedments tpeorotingenmubii-pass iflemcoonfigbeitibamithm ars may be
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I n accordance with one or nore nments, a or preparing a cell
st aick fampnnenenty ibe dbropdrbyfsecatriginn apgangt msmbeanes tngrei apetheotoprogide
compartnments. A first 15 co rtment nma for by securing i,on exchange
S A BRLE U s Sl A QISP%?@?@%%?@EE@ iohexfange BRRPCS first
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cation exchange nenbrane may be secured to a first anion exchange nenbrane
at a fimemnbpoenf afirsd pomiopef pphepherydf thedirsticaion exchange regwhrngan reine and
the first ani gn exch e g}enbr@ger{lot Erovi dem% f%'xrst sgager as encpl havi ng
a firstUYLEXangcapambians 1 BVl &{Imiea T AEER REIPES ERENAE T EISPShe and
thexd i risdwadi ®8 f@st@b)@ag@:cﬂaf%&ﬁaﬁbme and thé B GAIME KOMANRE hivbrary be for med
by securing i on exchange nenbranes to one another to provide a second

spacer assendlisycandonpagmeniconxibe framed by isepsiggdometcharss Meebiapes ©Range
menbr angs }gtrF?cg 1%%/%%' s%%oenad r;i)?i{%e? r&gse%;l)p ga\gffé g?&gﬁd ?]?a[gglr &F&?os 3619%&1% fieur ed to

Q
a secondoe on excha rane a or Oof a periphery of the

second palekeiingdnRxbhaigeFordamphes aaachnidgiwasohthga Maibrencinan e sevarddr ane
to provide a second spacer assenbl¥ having_a second spacger di sposed between
1

the seclErfdeapndintion cxehinee membransal a it PREIS 3eTphery o theserRIgRtAR nbr ane.
Atddird - j th
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second conp nen y securi ng e first~spac e second
spacer @sanbliylhayvingndetynd3Pago dispbeedi egveenshasseond heor bethasghmefmbranexanpl e,
the first, spacer ,assenbly may be secured to the second spacer assenbly at a
second ¥k Fé??oééci‘tﬁ)é‘eﬁég?”@ﬁé‘i‘%}nﬁﬁn%he first cation exchange nenbrane and

at a portionaQhir @ﬁnﬁ&g{&lm o Beffolhi&l BRGELhE M QRofPENRABRANARIDIRBR] t O
provi de a stack assenbly having a spacer disposed between the first spacer
assenbl gonapuwintdne by exuridg yafivst spasaasisimbly to the second spacer assembly, and by
30  positioning a spacer therebetween. For example, the first spacer assembly may be secured to
the second spacer assembly at a second portion of the periphery of the first cation exchange
membrane and at a portion of the periphery of the second anion exchange membrane to
provide a stack assembly having a spacer disposed between the first spacer assembly and the

second spacer assembly.



-12- Each of the first conpartnent and the second conpartnment nmay be
constructed and arranged to provide ajgirection of fluid flowthat is
different fromthe direction of fluid flowin the third conpartnent. For
exanple, the fluid flowin the third conpartnment may be running in a

direction ofghQfehe frst coRpattntéinflarid ©Wséddnl BEmbhrtiHiEntGRAIIRY dofBthictéBahdbe
running at 5 30, and the fluid flowin the second conpartnent may be
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the ion exchange menbranes that are secured to one another. Using the first
f1diod futdizata, howes mestincacop anl a tednéting ialestegnad l@ka xAdditippallys Badtations an d

flow path may run in a directi.on of any angle greater than zero degrees and
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20 path. In other enbodinents, the second fluid flow path may run at a 180
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in a directron o e secadn urd ow p e second conpart nent
may be danghngragiet thamzebrdegiceomdibssHhan 36(F. tTheertadin exhbbdimedtsfdfohe gistibsurey t he
third conpart irection.,of 0. |n_.cert exanpl es,

{ b ing in . '
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sequentially between a first flurd flow path, a second flurd flow path, and
a t hi r dfldiddliosv pdtlowlfpeddition#don exdmapgemnembeanes arstsedured @ the osll gacktoi n t he
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certain embodiments, the fluid flow path in each of the compartments alternates between a
25  first fluid flow path and a second fluid flow path. For example, the first fluid flow path in the
first compartment may be running in a direction of 0°. The second fluid flow path in the
second compartment may be running in a direction of 90°, and the third fluid flow path in the
third compartment may be running in a direction of 0°. In certain examples, this may be
referred to as cross-flow electrical purification.
30 In other embodiments, the fluid flow path in each of the compartments alternates
sequentially between a first fluid flow path, a second fluid flow path, and a third fluid flow
path. For example, the first fluid flow path in the first compartment may be running in a
direction of 0°. The second fluid flow path in the second compartment may be running at

30°, and the third fluid flow path in the third compartment may be running at 90°. The fourth



-13- fluid flow path in the fourth conpartnment may be running at 0. In
anot her enbodi ment, the first fluid fhogw path in the first conpartnment may
be running in a direction of 0. The second fluid flow path in the second
conpartment may be running at 60, and the third fluid flow path in the
third clpdchniit inhy fhgth donipafighedt miy Be rdivengd WPt n Adoghet ebdbodinpst,hhé n t he
5 fourth conpartnent may be running at 0. In sone enbodi nents, one or. nore
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quality product water. In certain embodiments, the membrane utilization that may be

achieved is greater than 65%. In other embodiments, the membrane utilization that may be
25  achieved is greater than 75%. In certain other embodiments, the membrane utilization that
may be achieved may be greater than 85%. The membrane utilization may be at least in part
dependent on the methods used to secure each of the membranes to one another, and the
design of the spacer. In order to obtain a predetermined membrane utilization, appropriate
securing techniques and components may be selected in order to achieve a reliable and secure
30  seal that allows optimal operation of the electrical purification apparatus, without
encountering leakage within the apparatus. In some embodiments, stack production
processes may involve thermal bonding techniques to maximize membrane utilization, while

maintaining a large surface arca of membrane that may be used in the process.



-14- In accordance with one or nore enbodi nents, an el ectrical
purification apparatus conprising a cgll stack is provided. The electrical
purification apparatus may conprise a first compartnent conprising ion
exchange nmenbranes and nmay be constructed and arranged to provide a direct
fluid flow ilnagcdridame vdily @wtdromorb embedimdntes an oleceicalangeatiendpparsts. The 5
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and arrange . .
between the housing and the cell stack to provide a first modular unit in the housing. A flow

redistributor may be present in one or more of the compartments of the cell stack. At least
one of the compartments may be constructed and arranged to provide flow reversal within the
compartment.

30 In some embodiments of the disclosure, a cell stack for an electrical purification
apparatus is provided. The cell stack may provide a plurality of alternating ion depleting and
ion concentrating compartments. Each of the ion depleting compartments may have an inlet
and an outlet that provides a dilute fluid flow in a first direction. Each of the ion

concentrating compartments may have an inlet and an outlet that provides a concentrated



5to redirect at least one of fluid flow and el ectrical current through the
cell stack. As discussed, the blockingsspacer may reduce or prevent

el ectrical current inefficiencies in the electrical purification apparatus.
In sone enbodi ments of the disclosure, an electrical purification apparatus
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unit. Acdrpsimeteatbradet sRymbly may be positioned between the frame and the housing to

30  provide support to the modular unit and to secure the modular unit within the housing.
The fluid flow in the first direction may be a diluting stream and the fluid flow in the
second direction may be a concentrating stream. In certain embodiments, the fluid flow in
the first direction may be converted to a concentrating stream and the fluid flow in the second

direction may be converted to a diluting stream with the use of polarity reversal where the



be positioned at an end of the first nodular unit that is opposite an end
in comunication with the second noduhar unit. A second el ectrode may be

positioned at an end of the second 15 nodular unit that is opposite an end
in conmmunication with the first nmodul ar unit A bracket assenbly may

be posijdhpaedefatNgRNY ifshl@vefrsreanﬁus%%rgmg ghouehRduaétidah e dltipktspagdul ar uni t,
the second nodul ar unit, or both. The bracket assenbly may gro_w de support
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exchange nmenbranes, the spacer, or may be an _additional separatge, structure
that is providuerkg meblﬁﬁ%ﬂymﬁﬁﬁé‘%??twlewgﬁﬂ%@ %ﬁ%‘%ﬂ'&ﬁ)‘?fﬁ% st 5
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el ectrical purification apparatus such as a croSs-flow el ectrodial ysis (ED)
nodul ar celhstack. 1Adhesive magibe applaiiorsesltas leaft 4 pratiol slthe periphernofibe keld sk

preparing.a.first ce tack for an electrical purification apparatus is
pr ovi dea?th?htglci%‘f’ﬂgﬁtlthﬁgo%‘?ﬁori se securing a first ion exchange menbrane to

a second i ONpEXERANGRbARRBARBLtheAliTRAGR! alBlYctigalRnsifichiegphetwden t he
first ion exchange nenbrane and the second i on exchange nenbrane to forma

spacer pewetedithat rethees erguavants ineffisicacies resulting diont grealer elactasplaonets, this
spager %gr?s%rql?)lti}én. The electrical purification apparatus of the present disclosure may provide for
a multiple pass flow configuration to reduce or prevent current inefficiencies. The multiple
pass flow configuration may reduce the bypass of current through the flow manifolds, or
leakage of current, by eliminating or reducing the direct current path between the anode and
the cathode of the electrical purification apparatus. In certain embodiments of the disclosure
30  the flow within a compartment may be adjusted, redistributed, or redirected to provide greater
contact of the fluid with the membrane surfaces within the compartment. The compartment
may be constructed and arranged to redistribute fluid flow within the compartment. The
compartment may have obstructions, projections, protrusions, flanges, or baffles that may

provide a structure to redistribute the flow through the compartment. The obstructions,



15defines a first conpartnent that may allow fluid flow A plurality of ion
exchange nmenbranes nmay be secured to -0fie another to provide a series of
conpartnments. In certain enbodinments, a plurality of spacer assenblies may
be constructed and the spacer assenblies may be secured to one another. A
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stack within_ a housipg, In certain enhodinents, particular nmenbranes may
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securing the nenbranes to one another, to secure spacers wthin the cell
st ack, ugh ther eommantoreah eBhanipedarnmay e trddaof peliymede mubatidlser it , t o secure
renbr AN aterials that allow for a desired structure and fluid flow within the compartments. In certain
25  embodiments, the spacers may be constructed and arranged to redirect or redistribute fluid
flow within the compartments. In some examples, the spacer may comprise a mesh-like or
screen material to provide structure and allow for the desired fluid flow through the
compartment. The spacer may be constructed and arranged to redirect at least one of fluid
flow and electrical current to improve process efficiency. The spacer may also be
30  constructed and arranged to create multiple fluid flow stages in an electrical purification
apparatus. The spacer may comprise a solid portion to redirect fluid flow in a particular
direction. The solid portion may also redirect electrical current flow in a particular direction,

and prevent a direct path between an anode and a cathode in an electrical purification

apparatus. In some embodiments, a spacer may promote current flow through a cell stack



15 within a support structure, to secure a group of menbranes such as a
cell stack to a housing, and to securgga nodular unit or nodular unit into
a housing. The nmenbranes, spacers, and spacer assenblies may be secured at
a portion of a periphery or edge of the menbranes, spacers, or spacer
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t he second el ectrode. The first cell stack may be surrpunded by 5 the first
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In accordance with one or more embodiments, an electrochemical separation system
30  may include a first electrode, a second electrode, a first electrochemical separation modular
unit having a first cell stack defining a plurality of alternating depleting compartments and
concentrating compartments supported by a first frame, the first electrochemical separation

modular unit positioned between the first electrode and the second electrode, and a second

electrochemical separation modular unit, in cooperation with the first electrochemical
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electrode, and mounting a second electrochemical separation modular unit having a second

30  cell stack surrounded by a second frame in the vessel between the first electrochemical
separation modular unit and the second electrode. The method may further comprise
disposing a blocking spacer between the first and second electrochemical separation modular

units. The performance of each of the first and second electrochemical separation modular
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30  distribution system. The flow distribution system may be a part of the manifold system or a
separate system. The flow distribution system may be in fluid communication with the
manifold system and may be configured to promote uniform flow distribution to a cell stack.

The flow distribution system may be in fluid communication with an inlet of each depleting

compartment and with an inlet of each concentrating compartment. In some embodiments, at
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distribution systems, may be configured such that it may receive the cell stack in any

25  orientation. Insetts or flow distributors may also be inserted into any side of the frame and be
associated with any side of the cell stack for flexibility. An insert or flow distributor may be
inserted and serve to both provide fluid to be treated to the multiple compartment of the stack,
as well as fluidly isolate and keep separate outlet streams of the cell stack. Further as
discussed herein, the insert or flow distributor may also be constructed and arranged to

30  improve current efficiency of the overall modular unit.

In one or more embodiments, a bypass path through a stack may be manipulated to
promote current flow along a direct path through a cell stack so as to improve current
efficiency. In some embodiments, an electrochemical separation device may be constructed

and arranged such that one or more bypass paths are more tortuous than a direct path through
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stack, and a second side opposite the first side. The insert may comprise a plurality of ports

25  onat least one of the first and second sides. In some embodiments, at least some of the ports
may be slots or grooves. Ports may be different on one side of the insert versus another side.
In some embodiments, each port on the first side of the insert may be oriented substantially
perpendicular to ion exchange membranes of the cell stack, and each port on the second side
of the insert may be oriented substantially parallel to ion exchange membranes of the cell

30 stack. In some embodiments, at least one port on the first side is in fluid communication with
two or more compartments of the cell stack. A plurality of ports may be staggered on a side
of the insert. A port may service one or multiple compartments. A cell stack may be
constructed and arranged to achieve at least about 85% fluid contact with respect to surface

area of ion exchange membranes defining the cell stack in some embodiments. At least one
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embodiments, at least one first passage intersects at least one second passage. A blocking

member may be positioned at an intersection of a first passage and a second passage. The
30  plurality of first passages and the plurality of second passages may be arranged to reduce

current leakage within the electrochemical separation device. The plurality of first passages

may be arranged with the plurality of second passages to define a lattice structure in some

non-limiting embodiments.
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may be a large number of cell pairs stacked and packed in a shell or housing. Seals may be
associated with the cell pairs to define flow paths. If even one of the seals fails then the
entire modular unit may be deemed inoperable. In accordance with one or more
30  embodiments, sub-blocks of cell pairs may be used to detect defective seals before stacking
all of the cell pairs to form a larger modular unit or system. In some embodiments, cell pairs
may be broken down into stacks each packaged in a frame to determine seal integrity prior to

final assembly. In some embodiments, the packaging method may use an O-ring or a gasket

to mechanically connect a sub-block to either another sub-block or an electrode-plate without
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via an array of slots oriented perpendicularly to the membrane surfaces. At the outlet of the

dilute compartments, product water flows through a second array of slots and enters a second

set of manifolds in the frame section at the right of the figure. A section perpendicular to
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20 traditional plate-and-frame device which requires compression to seal the components of the

stack and relies on side support channels and tie-bars to align the stack. The problem is still
present in a cross-flow device, even though the stack components are sealed either with
adhesives or thermal bonding and the entire stack is housed in a cylindrical vessel. The slots
that connect the inlet and outlet manifolds to the flow compartments, when properly designed,

25  can ensure that flow is uniformly distributed across the inlet of each dilute compartment. The
slots are oriented perpendicular to the flow compartments. There is no need to line up the
slots with the inlets of individual compartments. The slots reduce the area available for
current leakage from the stack into the inlet and outlet manifolds and thereby the fraction of
current which bypasses the stack of membranes and cell. Current bypass reduces current

30 efficiency (theoretical current required/actual current measured, based on Faraday’s constant
of 96,498 coulombs/equivalent) and increases energy consumption per unit volume of
product. Other methods to improve current efficiency involve the use of multi-pass modular

unit configurations using blocking membranes or spacers.



20 4. The seals in a stack assenbled in a frame may not be tested until the
corners are potted. The entire assent;h»{_ may have to be rejected if any of
the seals fail, resulting in conplete |oss of materials and | abor.
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be used as a criteria for determ ning nmodular unit quality. FIG 19 shows a
st ack othe @ndpdraalesanifobdiuf the framiet is td bBOMmaehidedepasked ryonsaneneawbizh1970 bef ore

assenbly. .The, co nen can b | | d using locating pins, for exanple.

20In s tr‘@%h?ﬁ’%ﬁ?r@&i%?@ 0 @Jﬁ%lplggﬁﬁ't may use the sane frame design. The
frame for UnjgfandiHR¥mbedifiche MeRhhe snanined o moldddowiitit tHeaats. Geids Units 1
and 3 as illustrated by the |ocations of the clips. The stacks inside Units

1 and 3which confeingherslotstnel harizenipldrecksagmiabrieated scprrafely prebinggiiad ipto the g 20
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1 are flexibility in the number and locations of blocks. The blocks can be arranged in arrays or at

random.
The frame can be fabricated from materials with the requisite mechanical properties
and chemical compatibility with the fluid to be deionized by ED. In applications such as
30 desalination of seawater, for example, plastic materials are favored because of their resistance
to corrosion and low cost. Potential plastics include polyvinyl chloride (PVC), polyethylene
(PE), polypropylene (PP), polyamides (PA or nylon), acrylonitrile butadiene styrene (ABS),
polysulfone or blends of plastics such as Noryl, which is a blend of polyphenylene oxide



25 concentrate conpartnments, the |ast nenbrane at the top is an extended or
separating AEM and the | ast nenbrane ag_the bottomis an extended or
separating CEM In Unit 2, the last conpartnents at the top and bottom are
dilute conmpartnents, the |ast nmenbrane at the top is an extended CEM and
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be t hi cioehB§hm G8a4’bw the tie-bars to be located inside the walls
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FIG 26 ﬁgotws Si X p%dul ar units 2600 between two nol ded endpl ates, all
housed PHACHYSAAGIADRL| vessel 2680 (shown transparent). O-rings on the

endpl at es sepiG.agak Bsthehii@c] o8 betenyia)] df tB diliie sieatn Hdkel-pads R dedogwith The
cylinder can have nultiple functions, including 25 al L?gtnment of nodu] ar
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nmodul ar pasgéstdie posditiet Melditidnaly, Ukt tenfipnektionear bel pdyatesirivevith diffeteatk, and as
a cosnetic cover. The cylindrical vessel pmay []ot i?e necess_%ry ifb thfe franmes
can be wasbygmebcdlRriBibErdaey Wit VERTen sinohHmeled 15 HysPeglyg number o

cell pairs or number of passes.
FIG. 14 shows a modular unit 1400 as another embodiment. FIGS. 15 and 16 are
30  views through Section A-A and B-B, respectively. The thicknesses of the flow compartments
and the membranes are again greatly exaggerated for clarity. Each compartment is filled with
a screen that separates the adjacent membranes and enhances mixing of the fluid as it flows
through the compartment. FIG. 15 is a view through Section A-A in FIG. 14, showing flow
through the dilute compartments. The last membrane at the top of the stack (AEM) and the



30 strength. One or nore non-structural cosnetic covers can be used to
encl ose the nodul ar units. FIGS. 27 and- 28 each illustrate a nodul ar unit
inserted into a circular enclosure without a frane. FIGS. 29 and 30
illustrate a nodular unit constructed with a frame 3020 containing slots
3090. lagjmembrane at tﬁhb@ﬂdm@EM) extend bepomd|thevita@chndrareseleldbyedenizs odi al ysi s

t t h L n device such as
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nmet hods g@y be used cross-flow nodular units. 10 In sonme non-limting
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through the open areas. The bypass current reduce rrent ef I cl ency and
i ncr eagwst. eﬂ‘@rlgﬁ)dtdammunmlﬂmmd Pawede bt platesi dhe bbtt(?ﬂa@latshﬂsml (b-rnmg current

o2 S0t T R e A LRkl B b S b B 20
at i nl ahe AGGRY Qb scals dg@i'ﬁsf e Qoppﬁlbted 'ﬂh'étdﬂufeqmﬁéf ;Edf?i@tph@égeﬂ Rh&h =
Conl%entprrgstsluggedaﬁmg Iol‘ getlsels Lt}r)]rl)heetd to the dilute inlet port. A leak in any of bonds between the

membranes or at any corner seal will result in a cross-leak to the concentrate stream The

presence or rate of cross-leak can be used as a criteria for determining modular unit quality.

FIG. 19 shows a stack of endplates, modular units 1900 and separating membranes 1970

before assembly. The components can be aligned using locating pins, for example.

20 In some embodiments, each modular unit may use the same frame design. The frame
for Unit 2 may be oriented perpendicularly to the frames for Units 1 and 3 as illustrated by
the locations of the clips. The stacks inside Units 1 and 3 are the same, but different from the
stack inside Unit 2. FIG. 20 is a view through Section A-A in Unit 1 and FIG. 21 is a view
through Section B-B in Unit 2. The last compartments at the top and bottom of Unit 1 are

25  concentrate compartments, the last membrane at the top is an extended or separating AEM
and the last membrane at the bottom is an extended or separating CEM. In Unit 2, the last
compartments at the top and bottom are dilute compartments, the last membrane at the top is
an extended CEM and the last membrane at the bottom is an extended or separating AEM.

The arrangement of membranes and cells in the modular units, along with blocking

30  membranes, as shown in the schematic in FIG. 22, allows multi-pass flow configurations in
the dilute and concentrate streams and results in concentrate compartments next to the
electrode compartments. Those concentrate compartments serve as buffer cells between the

electrode compartments and the next dilute. FIG. 23 is a view through an assembled ED

device showing the 3-pass flow through the dilute compartments. FIG. 24 is a detailed view



Cout = concentration at dilute outlet z = valence = 1 for NaCl F =
Faraday's constant 301 = current -3235For desalination of seawater,
current efficiency my be calculated as follows: (qgjin EC zi -(qd) EG zi
/ini)out_ where: Cl= concentration of individual ions = valence of

i ndi vi e BiRAS oMl B MRS Er Efnftl ICARME MRt BRYnRE illedtianag baskinglshaws f or
NaCl sol utions: (Cl-O z F The process efficiency is generally less than

or equad7f deteen mndubnunigf 2400 ency: where: A (qd) = rate of water |oss
fromthe dilgte coupar hEnh {5k QuRUSSS ERaRARR SeBindSIRRb B section i

FIG. 23 would show the 3-pass flow through the concentrate compartments. The endplates in
5  the ED device shown in FIG. 19 and FIG. 23 can be drawn together using threaded rods with

nuts at the ends, commonly called tie-rods or tie-bars in plate-and-frame ED devices. The
endplates must apply sufficient compression to the modular units to seal the O-rings. Other
apparatus can also be used to apply compressive force to the modular units. One example
would a pressurized bladder located at the end of the stack of modular units. The tie-bars can

10 be arranged outside the frame (outboard), or the walls of the frames can be thick enough to
allow the tie-bars to be located inside the walls (inboard). The ED device can be enclosed for
cosmetic or safety reasons. The enclosure can be assembled from thermo-formed plastic
panels, for example. The ED device can also be inserted into a pressure vessel for safety and
structural reasons. In some embodiments, the frames are square in external shape and have

15  walls that are essentially solid. The walls may be cored out if the frames are to be injection
molded to avoid excessively thick sections. Pressurized fluid is pumped through the modular
units during operation, so reinforcing ribs may be added to the wall for stiffness and strength.
The external shape of the frames need not be square. For example, FIG. 25 shows a frame
2520 that is substantially circular in external shape and designed for injection molding.

20  Rectangles, hexagons and octagons are among other possible shapes. The sides of the frame
also can be asymmetrical in length and number.

FIG. 26 shows six modular units 2600 between two molded endplates, all housed in a
cylindrical vessel 2680 (shown transparent). O-rings on the endplates seal against the inside
wall of the cylinder at the ends. The cylinder can have multiple functions, including

25  alignment of modular blocks during assembly, structural support to the round frames as the
flow compartments and manifolds inside the ED device are pressurized during operation,
prevention of external leaks if any of the O-rings between the modular units and between the
units and the endplates were to leak, and as a cosmetic cover. The cylindrical vessel may not
be necessary if the frames can be designed and fabricated with sufficient stiffness and

30  strength. One or more non-structural cosmetic covers can be used to enclose the modular
units. FIGS. 27 and 28 each illustrate a modular unit inserted into a circular enclosure
without a frame. FIGS. 29 and 30 illustrate a modular unit constructed with a frame 3020

containing slots 3090.



251 n sone enbodi nents, systens and nmethods may support a stack of cel
pairs on all sides by a frane. The fra&aie may have vertical slots which
connect the inlet and outlet manifolds for the dilute and concentrate
streans to their respective flow conpartnments in the stack as illustrated
in FIGS. 29 ahig is@ntipmismyt limted ipesstte dicbeodiflysis eqhipsgoh Qthdesi gn i s
reductign of .current. bypass, by elim nation .of. the areas at the inlets
and out PEFEOEMRTacermEdtiRevice Shopas icugdsiprigan I ofeonBBuRsa at 1 he
cor ner scleftratiefdn@@oh CCEDNBaA alte tuleafisttidd wRing GheréRFlove @ ar6be Wigd f or
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can be Buliiepasses ushign madn aavih slak in wigclhedl prirsmedrisserteds can be
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illustrates transport processes involving.current inefficiencies within an
el ectro tzops indlyde desalgntion of wawates bradkishamatey anddirings Eemy gibanshems
processgsqh il ving current inefficiency in conbination with water |oss an
el ectrochem cal separation 5system FIG 34 illustrates that the
current can Yeiidus deyigasand iemgacteingdmethbdwinag bt hsagbsst ey gadalabehiteen t he
fr d the stiack and.,wi,thin the vertical slots fromone end of the stack
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in cross-flow ED devices. In 10 some enbodi nents, fl1ow passages in a

sub- bl odlkestiatesreSteal! pasomedulatanit, rlndhis desigh, open indettand outletbyqétoddssirt e st ack

and t heg.eby i ncrease.curren fiy ciency. The pass . nnect the inlet
and outtige BRRERRRRGHoR A 86 hak Phiwtr SHRBEA o B isae” Fa
35 shovwgaikilRadd tediigk ptedsurerirbp if da@WsRems AUk park BSiHRIRIrfdPcRtRE kofd ige. Stream
1, for exanple, enters the frame at an inlet port and fl ows through a
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scr eensdesdlimivh bENaChsutfiins paieht éffiolsacy mal be caletilart apdsllows: a a second

| atti ce of passages. Stream 2 is oriented perpendicular to Stream 1;

ot herw se the design of flow passages is the sane. FIG 36 is a detailed
view of the|{mnletcfl pa agiF or Streaml1l. Flow fromthe inlet 20 port
is distrj QUMMi zontal passages in parallel. Each
hord0zont ai passage inJturn distributes its portion of the flow to a nunber
of flow conpartnents in the stack via vertical passages. At the outlet of
the fl ow conpartnents, the reverse sequence of passages (vertical passages
-> horiyggptal passages ->outlet port) allows the flowto exit the

sub-bl ock. FIG 37 shows that the bypass current can flow from one end of
t he stack trp=thecwtehivici®Sonly t hrough a series of vertical and horizontal

passages; the hqyizontal passages are in fluid conmunication with each
ot her onl y(ﬂ‘&FG%’W{altFep%éiﬁPteﬁé”magmé‘?atTW@Ye are two sets of bypass paths,

onesvi a thgq(boqt@ho@qgttepmqﬁtgk&ngig}g}n%{;g%gﬁaer via the outlet port nanifold.
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Includes inlet mani fo
in = concentration at dilute inlet

| nsert 379 i

C,ut = concentration at dilute outlet
z = valence = 1 for NaCl
F = Faraday’s constant

30 I = current



The current paths through the sub-block can therefore be represented as a
circuit with 30three resistors in parallel; one is the resistance of the
cell pairs in the stack and the other two are resistances of the two sets
of paths for the bypass current. By proper sizing of the passages, the

el ect r i Eerl desalyiation nteeavhter.varcoimftisnaompabhsaléwated hefdlppass current can be
made significantly higher than the resistance of the direct path -34-

t hrough t he ack. ,The majority of[the cwrent can therefore be forced to

fl ow t hrough |the \st | n| at/ | gas nbodi nents, at |east 70% of the
current may fl(glﬁz)tn mg@it he'(gtdﬁalk Egﬂt‘%h refore at |east about 70% current
effici encx.[_ I ] east s enbodi nents, at |east 80% of
the currenti may flow through fhe stack and therefore at |east 5 about 80%
current efficiency may be achieved. In at |east sone enbodi nents, at | east
90% of the current may flow through the stack and therefore at |east about
90% current efficiency may be achi eved. The fl ow passages adjacent to the
st ack aWEerS‘ri ented vertically so that each conmuni cates with several cell
pairs. Theyc.ar&nsdRQf6h 8HindRidlE /sy as shown in FIG 38 so 10 that every
flow conpartnment 1s 1n communication with nultiple vertical passages. The
di nensi ons zardakpexefgdisiduehenverti cal and hori zontal flow passages affect
the flow distribution in the flow conpartnent in the stack and the overall
pressure drop in the two streans. Conputational Fluid Dynam cs (CFD)
sof t war g « » (i%p ' odi nents, the
internalfQ ? Iﬁig\?vé%gegggg%&ﬂag& r@ﬁ%ﬁ?%$%l%ﬁég%%%%%§gﬁpég 15 in a bl ock of
material. Thus, the internal flow passages may be integral to the franme. In
ot her enbodi S, (@t |east portion of the flow passages nay be fornmed in
a separ at,e s@r}omn(gﬁ kﬂéﬂérzgl and then inserted into the franme. For

exanpl e, 'ah insert y include a portion of the flow passages. An insert
may include slots and/or grooves that are fabricated separately and then
instdal led in a frame. 20FIG 39 shows the vertical slots on one face of an

insert 3995 and e horizontal .grooves on.the other to formrespectively
the ver ecpgpcegﬁgﬁ?%%%bsngegferaflpré%sgl?gsoziégga}l tﬁ'ﬁ? q“ﬁgﬁ?fffﬁﬁlﬁﬂcybe fabricated by
machi ning or by nmolding. FIG 40 shows an exanple of a frame 4020 design
anenable to fabri& tion by _pachining. The frame has four recesses 4025 for
inserts and four gﬁl@)iQﬁZFwi de grooves to formthe port manifolds.
Featuresﬂgtﬁ: ids grooves 25for O-rings to seal a sub-block to another are
not shown for clarity.t FIG 41 shows a section

20
where:
A (qq) = rate of water loss from the dilute compartment due to electro-osmosis or
0SmMOSIs.
25 In some embodiments, systems and methods may support a stack of cell pairs on all

sides by a frame. The frame may have vertical slots which connect the inlet and outlet
manifolds for the dilute and concentrate streams to their respective flow compartments in the
stack as illustrated in FIGS. 29 and 30. Among the expected benefits of such a design is
reduction of current bypass by elimination of the open areas at the inlets and outlets to the
30 stack. A stack of cell pairs can be potted at the corners in a frame to form a modular sub-
block that can be checked for cross-leaks, desalination performance and pressure drop.
Multiple blocks can be stacked to form an ED modular unit. Blocking membranes can be

inserted between the blocks to direct the dilute and/or concentrate stream into multiple-pass



view through the frame with an insert 4095 about to be installed. Al four
inserts, two for each stream are installed before the stack is potted to
the frame with adhesives at the corners. FIG 42 is a section view that

shows how each horizontal passage is in fluid conmunication with a nunber

of vertifalbolatsARes. FIG.BaBLRkes RN HERsRAh A AaPblefAThaGRS] are in
fluid 30 conmuni cation with each other via the port manifold The stack of
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| east one ce palr may be contai ne in th rame. I n some enbodi nments,
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one enbodi nen ots ma e perpendi'cular to the at |east one cell
pair. FIG. 37 shows that the bypass current can flow from one end of the stack to the other

25  only through a series of vertical and horizontal passages; the horizontal passages are in fluid
communication with each other only through the port manifolds. There are two sets of
bypass paths, one via the inlet port manifold and the other via the outlet port manifold. Insert
3795 includes inlet manifold 3797.

The current paths through the sub-block can therefore be represented as a circuit with

30  three resistors in parallel; one is the resistance of the cell pairs in the stack and the other two
are resistances of the two sets of paths for the bypass current.

By proper sizing of the passages, the electrical resistance of the convoluted paths for

the bypass current can be made significantly higher than the resistance of the direct path



I n accordance with one or nore enbodi nents, a cross-flow el ectrochem cal
separation device may conprise a nodubBar unit. The nodular unit may
conprise at |east one cell pair and a frame. The at |east one cell pair my
be attached to the franme. The device 30 may be an el ectrodi al ysis device.
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view through the frame with an insert 4095 about to be installed. All four inserts, two for

each stream, are installed before the stack is potted to the frame with adhesives at the corners.
FIG. 42 is a section view that shows how each horizontal passage is in fluid communication
with a number of vertical passages in parallel and how the horizontal passages are in fluid

30  communication with each other via the port manifold. The stack of cell pairs is again
represented by a transparent box for simplicity. The insert as shown also has additional slots
on the top and bottom that are in fluid communication with slots in the frame that supply flow
to the top and bottom ends of the stack. FIG. 43 shows an example of a molded frame 4310

that can accommodate the inserts shown in FIG. 39. The frame design can be optimized
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sandwi csEpasendadmmepdthet lagsi ang cgH paig apayehe attached to the frame. The device
30  may be an electrodialysis device. In other embodiments, the device may be an

electrodeionization device. The frame may include one or more slots. In some embodiments,
blocks may be within the slots. In at least one embodiment, the slots may be perpendicular to
the at least one cell pair. The device may further include a blocking membrane or spacer

between each modular unit. The device may include a plurality of modular units. The



between the ends. In sone non-limting enbodi nents, two nodular units with
fl anges at ends may be stacked with ag )| ocki ng spacer in between. The

fl anges nay be bolted together. 5 The bl ocki ng spacer nay be nolded with a
frame and seal ed between the flanges wi th adhesives or gaskets.
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confs guindirie@ntoBylindm@ehl védseluni ts contained 50 cell pairs in a single pass.
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0.038 cm Both nodul ar units were operated qug%gf S%ﬂ ter containing NaC .
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ef T3 ey ofle EﬁE,rquﬁ" g5 on two sides. In some embodiments, corners of screen may protrude

out of the stack at membrane corners. Protruding corners of screen may later act as a

reinforcement to secure the membranes after corner potting or may wick to draw low-
viscosity potting material into the stack during corner potting. An extended portion of top
and bottom membranes may be folded as shown in FIG. 47A and bonded as shown in FIG.

25  47B to form a compartment after completing the potting of four corners. With the
compartment formed, the integrity of the seals in the stack may be checked. An opening may
then be created to allow dilute fluid to be diverted into another sub-block after final assembly.
Concentrate may be separated from dilute and electrode fluid. O-rings or gaskets may be
used where a sub-block is joined to another sub-block or to an electrode plate. In some

30  embodiments, a single o-ring or gasket may be used to form a connection. In a sub-block,
four pieces of inner supporting structure may be potted together with four corners of the stack
to create a flat surface on a side wall for inlet and outlet ports. Ports may be important during
assembly of two sub-assemblies as they provide an alternate flow path to separate concentrate

and dilute stream at a sub-block connection to ensure streams will not mix. They may also



-39- The operating paraneters were as follows: Mdular unit Control Frame
Feed Conductivity nBS/cm 56.16 55.9 Pregduct Conductivity nS/cm 55.23 54.08
Anperage A 2.01 3.0 Product Flow Rate I/mn 2.81

10

15

20

25

30

create flat and solid surfaces on the membrane above and below it to facilitate sealing
between sub blocks and end blocks during assembly. An external supporting structure may
act as reinforcement to withhold positive pressure of the modular unit, preventing membrane
rupture. It may also work with the inner supporting structure to strengthen bonding.
Protrusions on each piece of external supporting structure may provide guidance during
assembly to prevent misalignment. Port connectors may provide connection of sub-blocks.
It may be plugged when flow path across sub block connection through extended membrane
is required. This may also clamp the external and inner supporting structure in position to
ensure that all four sides of the extended membrane are folded into a frame-like pattern
before injecting a potting material to mold the corners. The top and bottom screen may be
potted together with the corners potting to provide additional holding strength to the extended
membranes. The two screens may serve as a spacer between the extended membranes of the
sub-blocks at each connection. Grooves for o-ring or gaskets may be molded into both ends
of the corners potted profile. During operation the corners potted profile may hold inner and
external supporting structure together to withstand positive pressure in the manifolds. The
potted corner portion that wicks through the corners of the screen may act to secal the stack. It
may also serve as an isolating block to separate the dilute manifold from the concentrate
manifold preventing cross-leak. The ends of the corner profile may act as a stopper
preventing over clamp down of the sealing at all connections. FIG. 47C illustrates an
assembly in accordance with these embodiments. In some embodiments, manufacturing may
involve a first set of bonding between membranes and a second set of bonding at four-corners
of a stack. Multiple modular units may be assembled, such as with o-rings, and sub-block
quality contro] testing may be conducted during production.

In accordance with one or more embodiments, a cell stack may be secured within a
frame or support structure comprising an inlet manifold and an outlet manifold to provide a
modular unit or modular unit. This modular unit may then be secured within a housing. The
modular unit may further comprise a bracket assembly or corner support that may secure the
modular unit to the housing. A second modular unit may be secured within the housing. One
or more additional modular units may also be secured within the housing. In certain
embodiments of the disclosure, a blocking spacer may be positioned between the first
modular unit and the second modular unit. In some non-limiting embodiments, stacks of cell
pairs with dilute and concentrate compartments in single-pass flow configurations may be
sealed in sections to form modular units. The units may be joined together with blocking

spacers in between to form multiple pass configurations. The stacks may be sealed to the



2.66 Current Efficiency %49 63.3 5The control nodular unit wthout the
frame had a neasured current efficiengy of 49% The nodular unit with the
frame had a neasured current efficiency of 63.3% This represents

approxi mately a 29% i nprovenent in current efficiency when using a frane
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10 In accordance with one or more embodiments, an insert as discussed herein may be
designed to promote even flow distribution and with lower pressure drop across a membrane
in a flow through an electrochemical separation device. Even flow distribution may help
prevent scaling in spacers and improve current efficiency. Inlet and outlet port location and
an insert’s opening size may be varied to impact flow distribution. CFD software may

15 facilitate evaluation of flow distribution and pressure drop. Lower pressure drop may lead to
a lower pumping requirement. Modular unit cost may also be reduced as the modular unit
may be built with thinner material. Inserts may act as a flow distributor and improve current
efficiency. The size of ports or sots may be varied on the insert to vary flow distribution.
FIG. 49 illustrates a flow distributor or insert 4995 with ports 4997 located towards center. In

20  some embodiments, the size of slots on the insert may be varied at different locations.

The function and advantages of these and other embodiments will be more fully
understood from the following examples. The examples are intended to be illustrative in
nature and are not to be considered as limiting the scope of the embodiments discussed herein.

25
EXAMPLE 1

Two modular units were constructed using a cross-flow configuration. Both modular
units contained 50 cell pairs in a single pass. The control modular unit did not include a
frame but was simply inserted into a circular enclosure as illustrated in FIGS. 27 and 28. The

30  second modular unit was constructed with a frame containing slots as illustrated in FIGS. 29
and 30. The effective arca per membrane for both modular units is 0.024 m2. The flow path
length is 17.1 cm. The intermembrane spacing is 0.038 cm. Both modular units were
operated on a feed water containing NaCl. An electric potential was applied to both modular

units and the current efficiency determined.



Scaling may be nore likely to format regions of |ow velocity so the
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for corfPPRPEmEElLE 2Yedmpryyemsat ingyireptetficigngy when yingaiame yatheslis-and

nmet hods or their conmponents to any one positional or spatial orientation.
25Havi ng descri bed above several aspects of at |east one enbodinent, it is
to be appreciated various alteratiRAMBHEI2Zfi cati ons, and inprovenents wil |

readily occur to those skilled.in the art..Such alterations,. nodifications,
i oy oy on RFSORPE TS0t Y 1S CEHiBRrs i 4 FrPasS IR PO A e o

i nt endegistanRE Whi BlilpdiRevets APS f@knel MBnialiED 50 041 pARC 9 BLINGid antiAS cell
foregoing description and draw ngs are by way of exanple only. 30Wat is
cl ai medpdis; respectively. In tests with 56 mS/cm NacCl solution as feed, the average process

U

efficiency was 65% with flow velocity in the range of 2.0 — 4.3 cm/s.

15
EXAMPLE 3
A modular unit with an insert in the supporting frame (Beta 2.5) was operated in
comparison to a modular unit without an insert in the supporting frame (Beta 2). The data is
presented in FIG. 4, illustrating a higher pressure drop associated with the insert.
20
EXAMPLE 4
A modular unit with an insert having a central manifold was modeled and simulated
using computational fluid dynamics (CFD) software in comparison to a modular unit with an
insert having an offset manifold. The results indicated that the offset manifold was
25  associated with a wider region of low velocity flow at the sides than the central manifold.

Scaling may be more likely to form at regions of low velocity so the central manifold may



-41- CLAIMS 1. An electrochem cal separation system conprising: a first
el ectrode; 5a second el ectrode; 48. first electrochem cal separation
nodul ar unit having a first cell stack defining a plurality of alternating
depl eting conpartnments and concentrating conpartnments supported by a first

franme, prbedk beddr RVEGKEDERET TR cchbRPhahifsld wiBdlsbaksodiitdd willsh picsnige bet ween
the first electrode and the second el ectrode; and 10a second

el ect r oihp Ab@A | 4¥elowenthan tharel tieaifsetinenifaddi acent to and in cooperation
with the first electrochem cal separation nodular unit, having a second
cell stack defining a plurality of alternating depleting conpartnents and
concent r at i rigiscompappeiated thaiRpdotmknyofths erdinds bndappardtines diacaoed

el ectrochem cal separation nmpdul ar unit positioned between the first

el ect r RFRIRENot diEp e n PR icFiom foathe defpts D WEOR B HeATRREPBERS O 15 2.
The sys =Y : ' i6 I ' : he
st e o i D S o e RS el Cona
f rame. The methdds dieappystiees at cepablawimphineengitiontih etier embodingnsend o

el ectrochem cal. separat.ion nodul ar 2Qunits are arranged in parallel. 4.
The systa8§ BRcige iOEPi?el\‘Rﬁ@?r&e Opta VRfIPYY Wariy }fy@g%e&o Isg?ﬁlﬁ%chem' cal

separ at jnfleiRH iR ak%midea BeRBCHr AfusHMitePitpGROSALy Ual hRhot ZRénded REbSY St €M

of claiml, wherein the first and second el ectrocheni cal separation nodul ar
uni ks alimitmgndw plitieulas acthhelemynis end fatusesadipgussediin comneetigibyphiasy aec er

R boet o PORPATSIHRRRS oLt hyg et 55 Be biFudek m 29hiRF 8T &yihLOChem o2
embodiment.
Also, the phraseology and terminology used herein is for the purpose of description
and should not be regarded as limiting. Any references to embodiments or elements or acts
15 of the systems and methods herein referred to in the singular may also embrace embodiments
including a plurality of these elements, and any references in plural to any embodiment or
element or act herein may also embrace embodiments including only a single element. The

L1

“containing,” “involving,” and variations

EL- Y ”

use herein of “including,” “comprising,” “having,
thereof is meant to encompass the items listed thereafter and equivalents thereof as well as

20  additional items. References to “or” may be construed as inclusive so that any terms
described using “or” may indicate any of a single, more than one, and all of the described
terms. Any references to front and back, left and right, top and bottom, upper and lower, and
vertical and horizontal are intended for convenience of description, not to limit the present
systems and methods or their components to any one positional or spatial orientation.

25 Having described above several aspects of at least one embodiment, it is to be
appreciated various alterations, modifications, and improvements will readily occur to those
skilled in the art. Such alterations, modifications, and improvements are intended to be part
of this disclosure and are intended to be within the scope of the invention. Accordingly, the

foregoing description and drawings are by way of example only.

30 What is claimed is:



8. The systemof claim?7, wherein the first and second frames each includes

a flow distribution system 9. THe-systemof claiml1l, wherein the
first and second el ectrochem cal separation nodular 5units are nounted in a
vessel . 10. The systemof claim9, wherein the first and second

el ectrocheni cal separation nodul ar GhAfINISare nmounted with a bracket
assenbly in the vessel. 1011. The systemof claim9, further conprising a
source of water to be treated fluidly connected to an inlet of the vessel.

12. Thep sxatcRIr6¢hehli@il Bephation9i@nNcdhisrighgp! eting conpartnents and
concentrating conpartnents each has an inlet in fluid communication with

the inlet ofafifseelpeisaglel . 15 13. The systemof claim 1, wherein at |east
one of the depl.et}i artnents and concentrating conmpartnents conprises
a flom1redis%%?%&%%?@ﬁgﬂpl4. The systemof claim1l, wherein the systemis

configured safift tlb@tocheslidabsdpaarion indduRinvud hiving ddinsticlik seelipli&idinga
conpartnents is different than a directiaon of flow through the

concent Mugalifgofabicmstingdenleting compartments apd cppepngating eomparimeniiwippetied he

SYSt em s, ARPELGUT &F UGl BHentiOF sla At AL b USROGl OPHETRY oL T NG
conpartrent 1s substantially perpendicular to the direction o ow 25

t hr oughel¢dimde and gretseadndrefectrodigaantinent s.  16. The system of claim 1, wherein
th?} first and sec qr:]d el ectrochem cal s ration. nodul ar ,units are

co

i gured tH5F PEUERCESMIfP FePRRLen Mo i44CHRY 1 g4 BY5ooRRF#on Withet hod

of assefbki-i1cRirsGRAIG sPhradd HEdAul & URR! haVifida sccond cell R efithedy fi 1 st
el ectrochem cal separation nodular unit having a first cell stack

sur r ourlerlifyyofalteinating flerleting conzpaviessts and sonesatrating ¢ongpartshants updertehd a
second .el ectrode; a - 43- untin second el ectrochem.cal , separation
rodul ar SN EPRAGITRG e séston setrneBtod Rt am Rl b FOSLEBHPTPRE | 't he
vessel etingerchkbeeliés ke fohmRshfmunaland eRadedbnddlediRAE] ar unit and the
second el ectrode. 518. The nethod of claim 17, further conprising disposing

a WPocki ng spacer between the first
2. The system of claim 1, wherein the first cell stack is surrounded by the first frame, and

wherein the second cell stack is surrounded by the second frame.

3. The system of claim 1, wherein the first and second electrochemical separation modular

20  units are arranged in parallel.

4. The system of claim 1, wherein the first and second electrochemical separation modular

units are each of unitary construction.

25 5. The system of claim 1, wherein the first and second electrochemical separation modular

units are removable.

6. The system of claim 1, further comprising a blocking spacer positioned between the first
and second electrochemical separation modular units.

30
7. The system of claim 1, wherein the first and second frames each includes a manifold

system.



and second el ectrochem cal separation nodular units. 19. The method of
claim17, further conprising testing performance of each of the first and
second el ectrochem cal separation nodular units prior to nounting in the
vessel . 10 20. The nethod of claim 17, further conprising fluidly

connects, NhcsySRH 6fe:ln MattRieib eheferst Ardakeshd! feantes dach Ricludks & flewvessel .

distribution system.

9. The system of claim 1, wherein the first and second electrochemical separation modular

5  units are mounted in a vessel.

10. The system of claim 9, wherein the first and second electrochemical separation modular

units are mounted with a bracket assembly in the vessel.

10 11. The system of claim 9, further comprising a source of water to be treated fluidly

connected to an inlet of the vessel.

12. The system of claim 11, wherein the depleting compartments and concentrating

compartments each has an inlet in fluid communication with the inlet of the vessel.
15

13. The system of claim 1, wherein at least one of the depleting compartments and

concentrating compartments comprises a flow redistributor.

14. The system of claim 1, wherein the system is configured such that a direction of flow
20  through the depleting compartments is different than a direction of flow through the

concentrating compartments.

15. The system of claim 14, wherein the system is configured such that the direction of flow
through the depleting compartment is substantially perpendicular to the direction of flow

25  through the concentrating compartments.

16. The system of claim 1, wherein the first and second electrochemical separation modular

units are configured to facilitate multi-pass flow within the system.

30 17. A method of assembling a separation system, comprising:
mounting a first electrochemical separation modular unit having a first cell stack

surrounded by a first frame in a vessel between a first electrode and a second electrode; and
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mounting a second electrochemical separation modular unit having a second cell stack
surrounded by a second frame in the vessel between the first electrochemical separation

modular unit and the second electrode.

18. The method of claim 17, further comprising disposing a blocking spacer between the first

and second electrochemical separation modular units.

19. The method of claim 17, further comprising testing performance of each of the first and

second electrochemical separation modular units prior to mounting in the vessel.

20. The method of claim 17, further comprising fluidly connecting a source of water to be

treated to an inlet of the vessel.



