FLOW DI STRI BUTORS FOR ELECTROCHEM CAL SEPARATI ON CROSS- REFERENCE TO RELATED
APPLI CATIONS 5 This application clainmsipriority under 35 U S.C. 119(e) to
U.S. Provisional Patent Application Serial No. 61/413,021, filed on
Novenber 12, 2010, titled "CROSS- FLOW ELECTROCHEM CAL DEI ONI ZATI ON DEVI CE
AND METHODS OF MANUFACTURI NG THEREOF" and to U.S. Provisional Patent
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THEREOF, " the entire disclosure of each of which is hereby incorporated
herein by reference in its entirety for all purposes. 15FI ELD OF THE
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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
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are not necessarily all referring to the sanme enbodi nent. .
electrochemical separation modular unit and the second electrode, and a spacer disposed

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

LR

principles disclosed herein, and references to “an embodiment,” “some embodiments,” “an
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.



-3- BRI EF DESCRI PTI ON OF THE DRAW NGS Vari ous aspects of at |east one
enbodi nent are di scussed below with regerence to the acconpanying figures,
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
enbodi nents, and are i IRIMRFODBSERIPTIOANGECIAHIS DRANVENGSpart of this
specification, but are not intended as a definition of the limts of the

i nvention. Were technical features in the figures, detail ed description or
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in accordance with one or nore enbodi nents; 25FI G, 7 is a schematic
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One. or ?&F ﬁgﬁmﬁg'aggd}a& e with one%rﬁgor%eﬁlﬁomgﬁemt ic illustration

hori zon {0 reduce curren ypass 1 n accordance with one or nore
enbbdli nment s; FIG. 2 is a schemdticGludrakion af SehiomeA-Acini FIGU $ tin atdoedanod withagger ed
hor i zon}n:él)lre enlﬂg&jﬁrsnetllrsl accordance with 30 one or nore enbodi nents;
FIG. 3 is a schematic illustration of showing dilute 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 poris
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 10 is a schematic illustration of a frane with separately fabricated

grid in accordance with one or nore eohodi nents; FIG 11 is a
schematic illustration of grids with staggered bl ocks in accordance with
one or nore enbodi ments; -4- FIG 12 is a schematic illustration of
a frame assefil @d if 4 sshefatic ilks8ahti@nst d flarac asecidled drom fdur eaioas imor e

enbodi nent s; FIG 13 is a . schematic illustration of an
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stack insert potted into a frame I n accordanc th one or nore
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illustration of a view through Section B-Bin FIG 14 in accordance with
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section th uni,t ccordance with one or nore enbodi nents;
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illustration of a view through Section A-Ain Mdular Unit 1 of FIG 19 in
accldt dapfcrosgicmbodiecdy; nore enbodi nent s; FIG 21 is a schematic
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in accordance With odi ment a schemat i C

i |1 ust r adcorianed with of¢ mamg&rmﬂﬂiodﬁﬁeﬂtanbranes and cells in an ED device in
accordance with one or. nore enbodi ne is.a schematic
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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;



25FIG 24 is a schematic illustration of a detailed viewof FIG 23 in
accordance with one or nore enbodi nents; FIG 25 is a schematic
illustration of a frame with cylindrical outer shape in accordance with one
or nore enbodi ments; FIG 26 is a schematic illustration of an

ED devi ce i nFid:.09lis Ackhcaatic Vesgafionbftacalintgedn 30ragnrdpitiatles in Acmeddeeance
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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;



15FIG 36 is a schematic illustration of inlet flow passages in accordance

with one or nore enbodi nents; FL§ 37 is a schematic illustration of
exanpl es of paths for current bypass around the stack in accordance with
one or nore enbodi nents; FIG 38 is a schematic illustration of
st agger ed VeFld Al is RACIHANES ilktrateo6 Tame Ricwiiamhed0i tonsi AhtalBfoevedipodi nent s;
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presents a schematic illustraEpaigfD DEYORAPTIONt S connected with fl anges

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
electrodialysis (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 puritying 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



FIG 49 presents a schematic illustration of a manifold associated with an
insert in accordance with one or nore_gnbodi nents; and FIG 50
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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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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 compartments 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
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depend loa?ger 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
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individual modular units may be configured to promote current efficiency. Modular units

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
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assembly having a second spacer disposed between the second anion exchange membrane

and the second cation exchange membrane.
A third compartment may be formed between the first compartment and the second
compartment by securing the first spacer assembly 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.
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di r ect i anglofre@r thanderbhiegtehs amt lebsuthen 86Q5w Ip aettain embhdintenisrof thodipeloswrent may

be running in directign of 0. | ertain _exanpl t hi . referred
Lo as olraSesrr FLGErinr piatROSETYR ot SoROGEREE b BET B4 8oV he 11 ui d
f1 o pagini th §B& ErHodidients IRPRHIENET fRIv B4R RS Sus Gtk 880° abloto e iwen a
first flurd flow path, a second fluid flow path, and a third fluid fl ow

pat h. FBviddlanpitk, Iftadditfonalsion £xchiatded membrrmehaterseeured fo the celb gaghkatot ment may
compar c e dedftnd ey Sae. as FOH AT AR i R R ARl B R
third ceompaihiest diffayend Bofi B ifiRg ftid 86w phitearkiab §dtond fluid flow path. In
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 nent, the first fluid fligw path in the first conpartnent 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 cioaldwpath inrty foerth compaignet nib? Ge riliigngd a0t fin bhathet cilbodinpaitthe n t he
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e

.y )
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one or f [ W=\VE S ' form
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t hat gr essuectiomprofsetony, pratasiongflad@ey; ovbaféss haeate proeide citmotire® i n t he
operation, of the electrical purification apparatys. Advantages of _achieving
gr eat er TefistiuG e ftoy thxoehdhe ?\%’S’/qu%qnﬁrd&“g]w@} g%HléFWedcglﬁé‘E%tﬁfﬁ‘?%n Inshal | er
f oot pri - r ﬁﬁé"% FAHED L BnARPEN RS B hi gher
qual i ty%@%ﬁﬁgﬁ@d@?@@,fﬁ%ﬁﬁ%@dﬁﬁﬁsﬁﬁe og}lgﬁgnts, tnhe n%%grane utrflﬁpzati on

t hal5 nasefdreedaolas e fledy dedisgibatire A flonmmedigibutbnmoay be presafiad onent mpret didhe
menbrane utili zat%fgp t%ft ri('?y be 25 achieved is greater than 75% In
cert ai "CURPRIMEHRYIPHEH €% he nmenbr ane utilization that may be achieved
may be greatgicH drafe &ﬁ?gganl}%tm@é S1Estaklki bt ARblQRcABrifGatidn dppastusiniaypar t
dependent on the nethods used to secure each of the nenbranes'to one

anot her be emdtrudted ambirgamged ta previsp ageedetdrminpdgercentage bf sirface appadtet er m ned

cel oot otperieage 4Ep A ARMLORORHC P BB I 3 AL EREPLAR ™ P

optigral pRpRIabicatr efficidiics i dpeatioR uf theielstricaNp@imartioh Uspardid, hout
encountering eakg‘gg within the apparatus., In sone enbodi nents, stack

pr oduct Adranirgse ot adrevirg giepgbmgmbrane tizatswramnhigclude lwa8ergyo maxi m ze
menbr an I lj.zat| | j i i I f ne
oy gL Shler A0l L OO0 18 T AGE RGOl RIBLE S
enbodi ngdlity pddudlveséd il atrtdin enbbdiaidnon theppanbiansuilonyion giangag beel | st ack
is provided. The electrical purification ap@gr atus may conprise a first

conpar t #bVed SnEERIST 1han Farr- 4R OHER gRPAYMSR NS TeRaPARS (zatioh hat BéY 88 and
ar I 9 9CR IR RIOYULAEr Bafl 730 in bbithifl olteP ¥nbBdifhehis! e nitiitiald ANiARLYREP t he

i on ‘exc ange nenoranes.
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 area of membrane that may be used in the process.



5 electrical purification apparatus may al so conprise a second conpart nent
conprising ion exchange nenbranes and.jgay be constructed and arranged to
provide a direct fluid flowin a second direction. Each of the first
conpartment and the second conpartnent may be constructed and arranged to
provi de a prdetexmdeadilpaicathagentodiwnigae ckteRabiurifRatdsafatitid | zati on
for fluid contact. 10An electrical purjfjcatjon apparatus nmay conprjse a
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t he secwsronddirécsionekatiuelifbe fivsrbemparimedend die sehend omynartoapeey fent and t he

second ¢ artnent na const ruct and .arranged to provide a
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east 25 a portion of a periphery of the ce stack .secured to the housing.
A fr arreaw,%e@@ Po¥ideipgisst @é@\ﬂ@@wntar@s%m%bﬁwae% fhe firgl gatier g¥4babg provi de
a first § [t - j i i resent in
one. or ToRHrRani e et hrolf ol aleMembran . PYhd SRRERIS Y 8% DRIORE 7 Phe
conifar t seenind corapartnecnt omsprisiog €d fasichnay eschage noerpbrond alel 4 $eound eatiensal

wthin the conpartnent. 30ln some di nents of. the.disclosure,. a cell
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conpartnents. Each of the ion depleting conpartnents may have an inlet and
an out | eampayimens pod/ thgsecanddompasmeniunay b ewsirmcted nd arranged tcpriovide aEach of

or ovi aoReOE oA i APetie WRE TR [ 4 Piol Y Aol Lonsly GPiedRbi bRt ¢

di fAEr eqrface aratofiéhef firkSdatidh bLEHah&NmeMbERNACIBE fifdYinida eREISnkE aRR@tbrae dnfie cel |
stack. The spacer may provide structure to and define the conpartnents and,

i n cer t Biefeendpptien exohpeeasembrang. nAtlepglone afthel fbiFompsriment ighe s9send
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t hrough t he heddcoslaackwitiiendbsttgs@thodimentd iackédides padfcativayppfduse or
prevent elecgtrical_ current inefficiencies in the electrjcal purification
appar at Sprising a cglhstackrpay fsther ermprse rhoupiae gndesing theeell shck) vaith af leagt

pur+44 i cat, i .| PRAT, i s st ack
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flui d Themof the BoRBeaRchte g 6L LObulbRY ah® afthde@ (S PlovideqIBv R efshl Within the

direction. The electrical purification apparatus nay al so conprise a first
el ect r od@npafragrént an ani on exchange nenbrane at a first end of the

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



15 cell stack, and a second el ectrode adj acent a cat hode exchange nenbrane
at a second end of the cell stack. Thgsapparatus may further conprise a

bl ocki ng spacer positioned in the cell stack and constructed and arranged
to redirect at |least one of a dilute fluid flow and a concentrate fluid

f1 ow t hil@ddglow e eteet diteedbn fhat isfdiffadehoora pafiat disecting. Masppeeveaytbea di rect
current path between the first electrode and the second, el gctrode. As

di scusskasitimsd & thecell QT@ClblB&%ﬂ%@ﬂé’&%}’c@mﬂﬁ?ﬁ%‘éw@d%{l‘? B%fir@d @nd arranged to

reduce hEGHHlGN AU ERbin AShHIE BACHER ITUiIRERERERL AN Aot b cat on
appar at us. e cell stack for e electrical purification apparatus
may be @mopantseoht.i Tha shaxgsinay bavatbhocking spastr vadhighomby becafstractpa pipimeangeof t he

cell_stack .secured to t .nhousi ng. A frame may, be positioned between the
housh ngOaFANEAE EEF PePhERI TG criea Fereiuarel Thrd SPRCLRS. housi ng. 25
A secongiscRsid, ffe BUKind B¥cd nth BBuRSR Pr&dnt\IEdH Fal LlReA R BignCiés BltREKI NG
spacer may al So be positioned between'the first nodular unit and the second
nmodul arelegitical pirificgwonrapgdarstusi but or nmay be present in one or nore of the
conpartments, of the cell stack. .At.least qgne.of th onpartnents may be
conbt 1 uct ed Hpmipuigines SEfs oo FRotp AETaP R e R PP oS t et A
br acket prasiieabTie BFparfes BE cohphift: &l MRRTokipeisinp Alernatigh iohlildngi ng to 30

provi de support to the nodular unit and to secure the nmodular unit within
t hel thouggmigprtments andipR cnegnigatingpmpartpisatss Hagh olthe éen diRingemMpartyeRts| ut i ng
stream j ' diar ect | a ting
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be convesicetirdtmgaonpaamsiits atdytg cohstarmdamd arfaggdd toipdovidoaflui fldveirsecond
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n%y S d er of ce

spacers e secured toget o forma stac pairs, or a
mentir aneslcehdk, side kecoflh eleetr@tetadiacaht quathicde eathianpe mpmrame as a sécontlengppesent

di scl osyre further conpris 5housin hat encl oses. t he cel | ack. At
east -Gl Pk ofhe HRPaBEH BHG Ry6T CTHOT e HloMniaPofiomioBa B et t he
housi NYstadk dldAdBRstRict &I TanSdd 1HGEMUFLRt FAYasPEndOSd dil RO AdidRIwaRDa t he housing
and the cell stack to provide additional support to the cell stack. The

frame negncafisase Suiddlaws rowdhehe pigofrical peilfeadoroapatusaadite praysntadirechl | ow t he
flow of |liquid,in and_ ou f. the cell stack, ,The fr .and the cell stack
t oget hePUriely PR M BreEHer o anE P oS A st et hedains: “uni
Thexe! eplotkiadlspdtef inhal 68 tomyiudReR ah@ hitingd¥BYo tadutNEEctEOIRUER ifeffierRasids modul ar
unit secured wthin the housing. A spacer, for exanple, a blocking spacer,

may be heslaciinsbpumbiécalierAPRARIUT.i rst nodul ar unit and the second nodul ar
unit. A fi rS‘rh@'ceqFét{l&dt%r H%%ééé&lﬁ%c%ggﬁﬁﬁc%ﬁ%f? ar \{,1\?@%9 tbg(en&h‘&dfi%%?%a%ﬁg”' ar

unit that is opposite an e nmuni ca n € secon r unit.

A secondithlaedastadsoriigy ofepgpipheiyl cibdcdl stauk sededio thbkossgnnd fikmerasakibar
unit that .is opposite an end in communication with tg@:lfi rst. nﬁdul ar unit.

A brac ke@sita@seéprbgweeﬁé@e huspgsmd ithsresdl stackir arpvidediest madularinit indhe,Borsingg of
t h i t it . 1t.
eﬁ e\ se%@&ulmtuna%)g%sé tﬁ% %&ﬁgéﬁqngi%ﬁﬁhe%ugm Ofa Qgéﬂn%%gg%gf Klg(g secur e

assenbly may provi ar units, and pr
at t achnbapoditioriddebeharenitingfirst moduler enbardi thee sé¢cond ntddeladiusit] dsfiove, t he

el ectrical. purification apparatus may he assenbl ed ositioning a 20
renbr anéedisabutes BER o AsIR I BREFIBOTS O E}PME}?BEI"%EE"%C o A ded at
each endhobs b %oﬁﬁ&ﬂtméﬁt@ﬁﬁy bAdDRIIERd TRY aREnRBRS bR ideX Ve flveRhl WRRRthA
portion of the periphery of the cell stack to the inside wall of the
housi ngcompartment. A bracket assembly 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



In certain enbodi nents of the disclosure, an electrical purification
apparatus is provided that reduces or_jgrevents inefficiencies resulting
fromgreater electrical power 25consunption. The electrical purification
apparatus of the present disclosure nmay provide for a nultiple pass flow
conf i guapplie®Blet@ichlefible & @verpydatentevendingahd sttdagf funclic@ndviakipleldpacarul ti pl e
pass flow configuration may reduce the bypass of current through the flow
mani f ol #&Cmblies|sepealge by racasrant be seguted tgeHsr thiprara s RficRly PUER OBR r ect
current t he anode and the cathode of the electrica
purifiaggﬁgﬁmgggggg?ﬁs. In certain enbodi nents of the disclosure 30 the

fl ow wi t hi n Bhedegrcdl perificatbon apparadls w$ thedreseatdistlosuneimag furtrer cedprisgct ed t o

provi de greater contaci of the flyid with the nenbrane rfaces within the
conp*ar tl_?‘Fgﬁ{n.g tﬁﬁ&é@am@? ?Fémt?ﬁiaﬁtﬂeaS&ﬁ RTIoDEY St BeFaney Lt Gpek may

redi st rididbtrell idiitd Holifine Wit fbinfe MRpFOTBRIIR May H R sARIBAbEREY ey have
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pr ovi deheusiigrand the eslk stackdel patvideagidgionhlesuppoivia the gold tackh eThofipae magatso The
obstructions, . -17- .pr,Qj €cti on r.qt.rusj qns, ..flange, or. baf.fl es y be
o e S inlgg thandES14 S ouMEPmaRiclel R Afbky ene B TiquRd ipiiaicuPSr R

addi ti O(Ebaﬂstéiﬁpqlhétf@n&ta{nld%élé&l dtabkitogdthdRMi lﬁﬁﬁd%h BiebtrichEp G iFEARSHE Ment . L
at | east one enbodi nent, a nenbrane or bl ocking spacer. may be substantially

nontl ongpetatusenednlanito Thersleetricalipwiéfinatipn spparftinimay firthes gemprise Siedorbme
enbodi %8&%&1@&%&&%@@& th%'h%ﬁéiﬁguﬁxes & ok F&Pa?nﬂ@ a%&’éﬂn?%&a%}r maged’ | N9 Of
ange nenpranes and, oBfllo’na Y, ce a

bondi ng 10N exc spacers produ

menbr angosittdned dedakn tier fimmmeddart unitcald theisecbhd alodolar amipad dirstsleciiode mayhod
may provide for securi nc%éof mul ti pl e ani_.on, exchange nenbranes and cati on

exchang®® RstAnaA 852t end qidhe finst Bodular peibihabigopppuinsRd AppRIPRLNS WMt as a
cr 0ss- T il QEbIAGbANSIR, (ERcoMBERLA ALY be piliflorfelat B rPiTRACEBRL S, Of
a nmethod o e

t he di sclosure, preparing a fir’st stac or an electrical
purld i cabidar ephasis wppostean eud dechmmhaicaainhwith theyfirstonpdil@eindtecur i ng a
first ion exghange nenbrane to a seco I on exchange rane. spacer may
be positi onegmﬁ%‘gﬂﬁkﬁgﬁer{l mqyrlgqpqsgwngigﬁg/ﬁaty eafﬁ’éﬂg%go‘fsﬁkg %@E%ﬁffti on
exchangg o ABEbAAN ehd RcbRT MbAuISPARE br B TAL llﬁracmeagséﬂﬂﬂﬁ nlal pROVigd Qphbical

purification apparatus, this spacer assenbly 15 defines a first conpartnent
t hat natp the medular unigs, fhdprovilegoia sdcieyatigthmen te kehengag mrbntneamekpdiragntbe

secured ne, anot her to. provide.a series of conpar nts. .l.n certain
embod nehine PEoR B Fies PR SRS aTulR Bo REFPRRbEE R booiPuBng (ne
SpPapEr meHdiENeicel sRBY ifé a HEEIHHES Jelsed NEndilat Ry b pERadedrat BRsh did of@isd t i oned
bet ween each of the spacer assenblies. In this way, a series_of .
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al l ow f {outihg ir{sk&%"\\ﬁviﬂ’oﬂﬂ@hgﬁsﬂ?r e directions in each of the conpartnents.
In certain embodiments of the disclosure, an electrical purification apparatus is
provided that reduces or prevents inefficiencies resulting from greater electrical power
25  consumption. 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,



The spacers that nmay be positioned within the conpartnents may provide
structure to and define the conpartnenys and, in certain exanples, may
assist in directing fluid flow through the conpartnent. The spacers may be
made of polyneric materials or other materials that allow for a desired
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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
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el ectrochem cal separation nodular unit having irs )
may include two or more cell stacks. In some embodiments, each cell stack may be included

in a separate modular unit as discussed herein. Modularity may offer design flexibility and
ease of manufacturability.
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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cell stack surrounded by a first frame in a vessel between a first electrode and a second

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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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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as well as fluidly isolate and keep separate outlet streams of the cell stack. Further as
discussed herein, the insert or {low 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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hori zontal. The plurality of Tirst passages may be arranqu in parallel.
at | eastysneansiidsadiove distributien pystemakonfigusdd wavemdtepagsaigdsciaegy. Ho ahlepsinged

in parallel. In.so odi nents. at least.one . firs assage i.ntersects at
| east o REE STRR Wb ARk iRl St hoBRAr SREN00

i nt er segbi@ar @fit ﬁag} bé &dnsPass@ef] anthead sepronide AgEEREEminddeudenttypasl i ty of
first passages and the plurality of second passages may be arranged to

r editce Rallr BrfomesarkodEneiits. anserts pisosipted (Wit the sYRPOIt systsak sHGha CABPPRAS The
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have a first side ¢onfigured o be dis os(gd Eﬁ{ggéi nate a cel] stack of the

el ect r depEMCHINBERIY YFCBMER DS eenstrypfed And Ry & IRIPVS HECKKHSY A Pl ural ity
of port fry hde- F i | r j econd
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5t & sewoedlcsicdeentToms. Jhaiflaii distribfitigosysenomay helideragilumhity ofdustritiidi des may

conprise slots.or grooves.in_.so epbodi.nents. 1n at |east one embodi nent,
Che’ poritssady Sigteran s AirgHoRnEhe P e R et e 2on ¢ he
first siig@lifpyr LeRABNbedasilsiaRl inh bdcoR UREAMNGAH 3 LRI GAM@itARAL s Of
the el ectrochem cal separation device in sone non-liniting enbodi nents.
Each powith the pltrelityed dmst fhiidipassegesbén someemeetlimants: thafirdang sgsandl 1 el to
conpartpent.s of the 10 el.ectrochem cal ~separat.i.on device. The plurality of
por e dertign R R a8 iR SRR TR BOr AP Bu T pEEm Py apPAf 4 e
pl woal ifh¥erQfvhieRdin theFrantddefinks & tecsisdnfiliired QoRecEiVD Ul i, SThedhsdrieaay one
port on the first side may_be in fluid communication with two or nore

conpar tdeiing g lgticestatsture eondigueed togepraegundarmg depcdistribpligbipdhe stdbdackdat s, t he
pl ural i r first side or the second side nay be staggered.
The fld#%ﬁgéirlﬁﬁﬁ%gmﬁéﬂﬁay be constructed and arranged to pronote current
fl ow t o operatsbitg nsnilinsidag edbodifens| getineeden lkale asapisidd prorintaytheecll A port

may be associated with the flaow istribtﬁo_r. The . .
stack, and a second side opposite the first side. The insert may comprise a plurality of ports

25  on at 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



port may have various positions with respect to the flow distributor. The
flow distributor nay conprise a port gsgbstantially centered with respect to
the flow distributor to pronote uniformflow distribution fromthe inlet
mani fold to the conpartnents of the el ectrochem cal 20 separation device.
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ft b- bl f cell pairsd t ed, t be enbed | |
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nodul arpedpdnididuli i thdRlireBiforfofl Bive rbibieE ccefitingRdipartfeagked and packed

in a shell or housing. Seals may be associated with the cell pairs to
define fl ow lpdiceerdance vétheonegnanast embedisasafss ai glepisochrmiral prpaation modwsdul ar

uni t . i rable.  |In n e . o
emboct gt o5 B R dRRRES R c B Er OR G Ar TRl o biding, cem
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el ect r caleinpdratemnonabliy eteivabRIy tha fraimet dheahodntap ssitlceminchrdcext or mate fleakage.
Frame design may facilitate multi_-dunps., of concentrate fluid such that a
ot andar SRR deieoT B PR 3 lobt e oS0 EIRE e S ooty CRERPSr ed | nt o

any desijhrRer Rk, PRESIESt 3htHe SMBRSnRALs, AREW ddiribitbf mbpbe ssopigll | C
operating condition. Frame design nay pronote uniformflow distribution,

i sol%at i withefchdiidenfeheaibistadkn déaoh side of dtercellstack amyiait adedicaied 8aw ef fi ci ency

I n accordance w,th one or nore enbodi nents, a fra may ti |y support
o1 des. ofieGbGec 1 e BBRIPuARS R RREREar e AR Bhr” i ot &y
connect ele@tRheiRl RPhraBbn B8RES. AUHRiplPpdsh Aol i %@iﬁ@ﬂi i bk ossTble sviflay
pronmote uniformflow distribution across a wdth of flow conpartnents and

reduce esgrafdlckingakemlrangsom conpartments to nanifol ds. 10 Menbranes at the
ends of a stac Secure L ith O-ri or

ot her nec hanﬁls%f:glﬁx?ér%gwn@‘l %%%yorgg&gggl Z’g’g{ngeg‘tﬁt’ rggt ﬁ]q’encll}%tglﬁgﬁé\ﬁ%reegﬁc?rgéﬂé&gﬁalmy be
I NtHDr asepaitio nay indhdiedplagliones Mt paskpehofi@ded Ara it diretliyn hid edrifpurals a
one pass with a bl ocking nenbrane seal ed in between nodul ar units. Mdul ar
uni ts nideliver iepdiior ab dsast opgyropwadmshl aftaBFlactiash e SERAR IRV MR s by
menbr an . ks = i [ MEin A
rodul ar POt es pfBof Sulls SREHEL SUE AT dhe Ry Or Koo R DRSS |
gener al flyidi coainudication wath thepiraity of Brsppassszeannd oith anninkomenitald essotiatete
ports. Th orts pbe on the frame or on an insert. The nodul ar unit
frame nﬁfgftﬁélﬁ)%ﬂeq%”ﬁ%a@ﬂasep@ramé@m BAsPBR cepedimEnisy he fﬂﬁvﬁfeﬁwwe one or

nor g i “&%&iﬁ% Tt dirS 4t RPSRY SnBRITRYADIY L8068 dnabidh B¥utdphname. The

i
frame may 1 nclude one or nore recesses sized and shaped to 20 receive an

i nsert . hateontal.elThe¢ plufalisyrel fustipassages anay wiatranigssi iy arallyl. He at teastiogar ed t o
reduce bypase SULLENt ) APRASR RALAITRY, BELLOLLYRNSLANY, R ERED N oher
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 {0 define a lattice structure in some

non-limiting embodiments.



path through the stack. In sone non-limting enbodi nents, current may only
bypass the stack by flow ng through thg.bottom half of slots, along the
hori zontal manifolds to the port manifold, back along the top horizontal
mani fol d and back into the stack through the top half 25o0f slots. In

accor dance Windecorden@witioog: @iacrefehtbotdinentd, aiflowndisteibbod ntpitse a irssdek 110
of cell pa| rs na¥)6be encl osed on four s!&)ges in a frame 120 of unitary

const r ugtribgHreddo flﬁp%éwafm@mceil@eack thefderorhenprel separaggradevics. oy 3
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and the ranes e exagg rat ed rc set of manifolds 1n the
frane smay heve ssgophd sde aﬂnw@éaﬂm%a-tthﬁ:mhét arui‘maﬁha\mdplumlqwﬁmmsmnt s via

an ray of slot dp endl to the. yenbrane surfaces. At the
o0t Tt e StoRadide, b Sty DEERELon it i S R AP M ER R om

array ofroslQtis s@ﬂg cRBb&nenf. I8 aPRAstD8E eRbodBdhi, MedSortsnd dirfermt &eglei on at
the right of the figure. A section perpendlcular to -2 Section A-A woul d

show t hfirss amrbscapndside néash poit orethe fﬁmtdglealm b agtested srbsthdialiy pemendigplar
conpartpents. 8la §& t he

conpart ﬁ’g PR f-ﬁé ‘Il%l‘iué)ﬁfl‘fl?lcg% Sgg%rﬁ 107 feicsy Sgearﬁég d Hné8m§ ﬁe cgﬁrsner s
of the BidCloreaithtRecont amme nsy s ivatddsubltbatially pmeﬁto&ﬁﬁipartmaﬁtsbﬁtm hi eved
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t hek®of elrrirechamicabseparghian devier dl st Plgedify ofgorts ondhs seepad Sifh@I¥ O8ck 410 is
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of the magfoalcbnmlmsiegrandlaﬂmg'eﬂedpmmmxecmmﬂewwte operatingburfagagoftbhns. 1t may

mai nt ai aI| nrren of t.he cell a|r5| e stack. e cons t4,0n in an
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in a current "state of the art device can be as thin as 0.38 nm (0.015")
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1200 cel |l S, assenbl ed Qm.s dflelbl very
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requires COHEEESSI on to seal the corrponents of the stack and relies on side
n

support chanhehesorlanca wish pag er mereAmepdinens. arstack of vbPHFoBRERS Fansgueted
present «J B Ghadfal il 4K bRRK (S ERl dm% 00 b 5 Aftascag ARk are seal ed

ei t her WI esives or er mal e entire st i'sS housed in

a cyl i ndieteadheinis$ edparalibg sgdteh s Thbaiib- blmnlammy bhéorinet &Y thorthabbdrdétg, mani f ol ds
to the fl ow conpartnents, when properly desig gsnﬁd 25c n ensure that flowis
uni f or mPYheEIvVEOF PBISE thedy @%?@%‘é‘nbﬂl@ﬁn@fa‘gé %IWI“%&dé‘ LI BVt . The

sl O?§ aaﬁeﬂbe tfﬁ%g% g@wﬁ?ﬁgbﬁwll%affs Qs {eg‘c?df b gffB?E&B&IHea on WMs®fhS no need

Ine u e iI'nlets conpartnments. The slots

r educe t:dimgamomlowvﬁar maktiipde dwnpiog dngng olbcaratkcag dnfarmas{ﬂwv siodular imit thetehe i nl et
and out 'm%ty bga r]!clr]cgg ln(ljnsnbgrngf cteﬂ%%ﬁé) kbeﬁ a];uri %gct:kleg ina 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 emboediments, 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



current which bypasses the stack of nenbranes and cell. Current bypass
reduces current 30 efficiency (theorembiscal current required/actual current
nmeasur ed, based on Faraday's constant of 96, 498 coul onbs/ equi val ent) and

i ncreases energy consunption per unit volune of product. O her nethods to
i mpr oveaguintend] cadskilekaneyteinal hkepet Feartis desidn mmy facilpats snuiddutops ofini t
configurations using bl ocking es or spacers. N anot her

i b -27- I
enbodi nesfeeniaie fgghsuch thaha stgpdas Sulprblosk grmy hemmampicied sfosked and gasiNer
reduce : : i t i Cd tth the
b1 s ome T inRAEBURHANIMIYES of FRCAUEA AR YF EDAuIEE iCh P Sheclic

i ncl udi nperatimg @okitivh0 Fodmeddsignpaay sromutaurifamefl B2 Giswibukion nbdatianef diwtd et

ports oriented vertically. F|G 6 is section view showing the flow 5 path
for itré%ﬂeﬁofl.celﬁr%?ﬁﬁf%lsi%%‘?ﬂ Bigiren HECRRGY d flows into the flow

conpar t ment sy fechfnsd RRKoNd 6 &We%ﬂ%@fﬂl@lﬁﬂ%ﬂimﬁeﬁn@ tigRR uphéls sides eed al | el

followed by vertical slots. Fromthe stack, the fluid flows to the outlet
port t hetaghofxedipais tsmpingdin olégnmiend| Vettisaksleta thayleparech id¢tand gutiétf ol ds. FI G

7 shows t hat, . the,current owever, . can potenti all ot I k_ 710 by
10°11 onrB s BER e i P i 2 PEnRah bkl AP RRR PR e

ot her. &iidth oBfI6WQWEpAAMEeNANd tetiubdé OgrealiRRAgERIm 0bmbireméetioto mpglifdligat i on
with reference to nodul ar unit 800. Cbstacles or obstructions my be placed

in the Mesbsanes at tecrds e Bghanay basecussd apd sealgddodhe/game WithQfiRgir path and

t hereby _jncr .t he trl 1 I 1 sone
enbodi rr%%l g gmg@%gés&{s] , Agll?gﬁe I{é%ﬁﬁéoarslgégtr’]l? g?l%grf%jc lgtlér}%f; %rg;a%?%agg% n;ﬁtﬁgj{aﬁe sl ots.
151 n sogeheshaddetentone phhe Eadr madulhalnibney Kimctioe anobneé pask éthsabtecllimeat i ons

in every slot; otherw se one or nore flow conpartnents be conpletely
bl 0CkodMEMbraTc SRTIEHER Rekvean TBPdUIE. MAdulas IBES D &g CrgibACkEN AR t he bl ocks

930 Can?e,gﬁra?édaig&ﬁreféém%@e %M&ch EI(E}E%EQ%&B?& 8o bb&ledOtuchUulshifh to any

gi ven fl ow conpartnent wou ed. Uniform-average flow velocity in
t hels onpainiroe athastue. st modulbeust frame.ax thy mpnidpd systesiofj a nofduiananit fitagre; 20

menbrane screen. ln sone enbodi pents, the staggered bl ocks |1 1ine up
wi th onEEEeRENgFIBERES P AR AR adRBe OF SRS et PR e

mol ded jy @RGnRhESSme WhbiEhh [n8SL.T TRS Soliiler MMIRehe 8¢ JlRGALILANS 16 t he

bl ocks. I n anot her enbodi nent, the frane is machi ned or nol ded

Wi t hout distributibo sxstenGtliat mayincdidecmetoaimore knsews ot fove distribmtorg sampedabbl ocks are

o st 11 ROy 2D g N R KT i ikl borfiod AR R ke Pt oni 11 1

in e pYshean akdrt! T8ALIQAB fidhehna eksiulat haitlkagk mag 28 chefigirédtgeduden arrays
or at random The frame can be fabricated frommaterials with the

requi si byrageeurtant-cAlbyprsper maw b gtueneadrieseabhigher mBiptarse than wdire@d £ | ui d

to be dej.pni i C@at i i i seawat er,
for exaﬁ%ﬁg,h &g&a@f\éisgairfatr{egrl a sdnéiglt?lg\ieg?&ggn%ec%&%ggg?% PJ héﬁ bfﬁe%glg){shteance to
cor r osi gickedflbwitigab®ugh Betbetbimcial i fabits, atongrthé helizonel ynanifylds editherpoete
(PVC), polyethylene (PE), polypropyle

acryl onioepifeld, Bagk alnng ke E’PW@H@“@AB@IEO% éﬁ“%%ﬂkﬁgé‘?éﬁ‘g}‘tgﬁisg‘%@h%e %%é‘g[}? cs
suchr as ,Ngryl, which is a blend of pol yphenyl ene oxide
In accordance with one or more specific non-limiting embodiments, a stack 110 of
cell pairs may be enclosed on four sides in a frame 120 of unitary construction to form
modular unit 100, as shown in FIG. 1. FIGS. 2 and 3 present views through Section A-A.
The thicknesses of the flow compartments and the membranes are exaggerated for clarity. A
30  set of manifolds in the frame section supplies the feed to the inlet of the dilute compartments
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



-28- (PPO) and polystyrene (PS). Reinforcing fillers such as glass fibers
may be added for enhancenent of chem ggl resistance and nechani cal and

t hermal properties. In some enbodi nents, the frane can be fabricated
usi ng nmet hods such as machining and/or injection nolding. In addition,

"rapi d pectioatapl wolld skew thepaft astaffcracit o8 rendolds hixbgordbiythe 3dhaeniratti ng,
fused deposition nodeling, etc. can be used for fabrication of the frane.

| n anot HERPEEEEE nent, the frame 1220 is assenbl ed fromfour sections

j oi ned by ad*ﬁ SinY& Snd Bhtgt'?@gxe%wfgeeﬁlﬁ%ﬁh%ltrafé% mefifs | 1881h{c@ Pom

t hereof, as s own in e sections can be fabricated using the sane
mat er | aéschatitr fmgisbu}sjbeta(serdé@aspmambfahmsteck arldghé¢ frame as ahmvbe1nd§Gd éephas

t th f cell tack hei ght
B T Tl i PR A e (RS 1B el B Cect fons. To

accomog@hgindicts Mdtedtl F1G0DsKRls orR#hdiBod 0kl lc8med the QtadB 40011 0. 015")
i nter-menbrane distance and 30 micron (0.0012") thick nmenbranes, the depth

t he fr amecriwolintd thaflemied2Bendbpatting adBeive i l(s 98p¢l$691 it Fhergaprbavase thy siedki cal

l[imtat owever nrranuf turln S | pser,ti on of
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di ffi cufrhme TRErof@IP!Bd MRIRKADRRedB fofisd, ﬁﬁdﬂ§o b Fzﬁlﬁm?'b aaraﬁ elevafeual ly

connected only by adhesive or therna seal s, so the stack has no rigidity.
Pot 10 ngtetriperature mysbermye sbwctorﬁdmﬁee'ebpfthe propertigs of the adi@sgm Adfernaizelytaack

I ncreases ott adhe exa e di s d I formy
o ong ¢ maehbftact BheRRE 8T aPenchBh vEERTR o R 8RRl nif u B PRGMAL ofown
in Fl G cotflerd arelfisitegeal s in a stack assenbled in a frame may not be tested
until the corners are potted. The entire assenbly may have to be rejected

i f any of thébekamsgof melovem@wsgnﬁgsme@@bﬁﬂeén@ Jebeesseyerahiinelionst 4t may

| ab t
o pass By g et Defe SRS ye ORI o BunPlioh Bup PN AP SRR [
20013 el tedpeddrts: debtdasinp did ﬂmﬂmessaf ﬂﬁdldvﬁboxﬁﬁarumﬁtsar{mlhe h&mhsad:s Ervh with

400 cell pairs. Many conmbi natj ons of cel | galrs nd nunber pa ses are
possi bl @mmamquPw-yleme@e@&m R GusEnEsipe9bt f"telcé‘n AR 2% er ent

nu”berSos&n& (. gf)rw%i ile & in osstaR blf= QY RN Ao m&r&gt(olobgw)e% derany

specific nurr pairs or nunber of passes. ows a nodul ar
unit 14601249 call paing asenibba frem tsucHthidandifiexabld cdBpamants has very little rigidity

and should be supported from lateral shifting. This problem is particularly acute in a

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.



30 views through Section A-A and B-B, respectively. The thicknesses of the
fl ow conpartnments and the nenbranes arg.again greatly exaggerated for
clarity. Each conpartnent is filled with a screen that separates the

adj acent menbranes and enhances m xing of the fluid as it flows through the
compar t ment . Iirhdothel 2mibsdignant,ele EdnfiQugioet theaivtPeah bermédified bdfurtarowi ng f 1 ow
through the dilute conpartnents. The | ast nprane at the top of the stack
(AEMN)  affdluepeurrend akqgeand fansgmprycdpe %wnbgtffacwx @@%ﬂh"eRlﬁ%ﬁi%F%@ BlREks he

stack agdyaf @ SRA. a4y sﬂi&%ﬁg&ul s iQMlu&ilnE BStack296 %g Q@O iRNRS g ate

the dilute stream (inlet and outlet nanifolds, slots an artnments) from
t he | ast2¢eithenktr atdeoutlonpatstariented vattichlie ¥l 6amd stasiohoneve slbsviog thelfovet ack.

FIG _16 sents a,close up view of thednlet to the dilute co rtments.
F & 5 17okb T Srraty PO et e I8 ngspe B oW shorUiRedn i Bee ot r oam
flows tRooueh Rk hefizdnbd iReNASNEdIA 8 fpafamewona&ea ‘é}i_'v&'til@ﬁ‘lrs@étk.eﬁro_rﬂ fhe! udi ng
the one at the top and bottom ends of the stack. The outer O-ring on the
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FI G 18 showsIG.fodhooxan@kigs cures g Gbiveveryé@Wotdhtialkg byassradutaak 700by devi ce
1800 to test the |ntegr|tai of the seals in a nodular unit. The nodul ar unit
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in
25  frame 1020 as flow distributor 1050 shown in FIGS. 10 and 11. There is then more
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



the dilute and concentrate streans and results in concentrate conpartnents
next to the el ectrode conpartnents. Thgse concentrate conpartnents serve as
buffer cells between the el ectrode conpartnents and the next dilute. FIG
23 is a view through an assenbl ed ED devi ce showi ng the 3-pass flow through
t he di | (fPO)@adpalviiyroncsPS | Keinfdeing filedabel dsatlase ifibers m3Obe afdeti i@ di | ut e
outl et of Modul ar _Unit, and dilute inlet of Unit 2 illustrating bl ocking
spacer Weﬁ‘ﬁ%@#‘eﬁﬂ resistanice ad megpanical and thermad HIGRSEISH ew t hr ough t he
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show the 3-pass flowt e concentrate conpartnents. T tes in
5 t he Ebddsvijeetichovlding Irladditids, “aapld Bra@otypRigt tachiniguelr swh as oget her usi ng

t hreaded r with ts.at the ends,. commonly called tie-rods or tie-bars
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are square 1 n externa ape a s that are essentl a sol i d.

The wal distaneeyande3Oanicesh @UIO1RT) thitk nh¢mbrasesathe depthhiee frame etoubhhaveltdee t o
avoid e cesSiggly thi ck sections. Pressurized fluid is punped through the
modul ar? g H?@ﬁg?“oberati on, so reinforcing ribs may be added to the

wal | for sti "Hflé}@ﬁ%ﬁp%{é%r&tlt:ifzgﬂ%ﬁatioﬁ&qlo%% ,Bﬁ‘knaiﬁ?agﬁmﬁg ol B&hf dnafiBsniiged not

be square. For exa , 25 shows a frane 2520 that 1s substantially
ci ridul alnsémiorxf estack withagarga mdmbesofpetipairomté ajdegyt frame noly dienlgffic@ld The

Rect ang),es,, hexagons and octagons are apong, ot her s§i bl e .shapes. The
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housed in a cylindrical vessel 30 (shown transparent). O-rings on the
endpl at &e¢ height ofthaistack incheasdsnd petting hihesivet foe cxampladeedsto teldispenstd.  The

cyl i nder_. have | ti.nl e fungtions,, incl udi 25 ignnent of r
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operation, prevention of external |eaks if any of the O-rings between the

nodul ar Thetge assgmbln mexhaverie basgiegtehifdny wetheseds fik sesukting ip somplgie logind as
a cosnetg r cylindrical vessel may not be necessary if the franes
can be Ic’ifelgllat%ﬁéeﬁ a%%%%%bri cated with sufficient stiffness and 30 strength.
One or nore RNR-IStis bethefrakic Clos BRinhle ety dilutastrdas inseSipins Bhdddsewithe

nodul ar its. FIGS 27 and 28 each illustrate a npdular unit inserted into

acirc ul 4t cs d%agé-u_réerﬁ/ia’f%ﬁpd‘élal' P‘&Fﬁe‘?a"lhl"_tﬁ? 200y ppirg 0 Alternaliv ey Smadpgtul ar
unigs copgitd &Y Giusth! dhch wWith® el PirS e BoSinSis £ 0 Bairs and number of

passes are possible. Additionally, the configuration can be asymmetric with different
numbers of cell pairs in each pass. This invention is not limited to any specific number of
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



- 31- This invention is not limted in use to electrodialysis

equi pment. O her el ectrochem cal dei omigzati on devi ce such as

el ectrodei oni zati on (EDI) or continuous el ectrodeionization (CED) can al so
be constructed using a cross flow configuration with nultiple passes using
a nodul last rherabfens\at the bbtodrs (CRMMekhd beydndaae stacladrel dro seuiddenl Ogingscr oss-f | ow

el ectrodi al ysis_(ED)., and el ectrodeioni zation (EDl) devices the_diluting and
concenftsre&’t“ieﬁg’yé’glf’%a 5 F&whrweailﬁoi%? ﬂ@@fu&%@w&fe%a&ﬁw eté%ﬁfogﬂ%%glpts
Pot ent i 414 ARHaARhES ASnd AE Héfi@orfé@ét?z{té Qﬁhgé}ﬂnéﬁts R R bBftdichafopat er and
brines fromoil and gas production. Various designs and manufacturing
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enmbadi nents, nodul ar it e.jncorporated i ntLo a.vessel. at | east
one hont P ienRs Seisadl R C) A FRecaieeRie BELLBSH PSR et nari car.
FI G 27cdncbmpdté 8difparfind®s inglatal RRIKCINBAS HRonk AL the tdaddbettodLeddanf dRpen i nl et
and outlet manifolds are in direct flurd communication with the flow

conpartf@dkts as illustrated in FIG 28. The open nanifolds reduce pressure
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the modular unit seals against the top plate. The dilute outlet port is plugged and a

15  pressurized fluid or gas is applied 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 | 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 ceils 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



-32- For desalination of seawater, current efficiency my be cal cul ated as
foll ows: where: G = concentration3gf individual ions zi = val ence of

i ndi vidual ions A "process efficiency up" nay be defined as follows for
NaCl solutions: (qd )out (Cl-00) z F The process efficiency is generally

| ess t haflhodilwe vatlettod Mdtﬁlarmj‘lriehnncbdimt@irﬂmw Uni()lu@rdting blookingrspace (qd) =
rate of vvater Iossc&‘rl?g ]Qrg | lute conpartnment due to el ectro-osnosis or
osnosi 24 OeRVES RO M, systens and net hods may support a stack of

cell pairs op s@étionsshé{fr'ﬁlrQLY 1ethb 'é%@ﬁlble-ﬁ@) T RINRr DR Ei?EﬁdiMﬁélttbQHé seeligh & whi ch
connect the inlet and outlet mani fol ds for the d|P e and concentrate

st r eansFiGo 28 vaiuld stesypie t3ipass ﬂbwﬁhmgglpﬁmtqmmatemmﬂwa@k The epdpleiss inat ed
05 S R80T RS PRI o S MR SERIB ,
and out kg4 & the ehdiectimdhi@ehllediG s or aE-bas) 1h phié-fisd-frame D palti¢esd Tat t he
corners in a frame to fofma nodul ar sub-
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.



bl ock that can be checked for cross-I|eaks, desalination perfornmance and
pressure drop. Miultiple blocks can besgtacked to forman ED nodul ar unit.
Bl ocki ng nenbranes can be inserted between the blocks to direct the dilute
and/ or concentrate streaminto multiple-pass -33- flow configurations.
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sl ot s i gnd bpcaltafife Shehd 16RM dirddlions pRpaRIGLarth ictORBerOPotdRtiel enbodi nent s,
met hods may reduce current bypass in cross-flow ED devices. In 10 sone

enbodi neprlisatidrisdvelpdesdrsglénation ofseamates) byawkish waer sngbrinsd fioe elhand gasct i on of
current 1Iga(tzﬁobypasses the stack and thereby increase current efficiency.
The pasgg 8¢ rrrlay connect the inlet and outlet ports to the flow

conpar t ment svafoustsighaakd ebhnefatthripgiethodkhfay b3mssheross-flowe niddulad viis.ume i n
fl ow passages inside a sub-block frame. Stream 1, for exanple, enters the
fralk alh wme rmnelsmﬁmgten&wélmfr%%@qdﬁﬁ% YgHs may g¢ tllict?é)(’é?te‘gﬁ’é% agy gscl R‘P 8t he

st ack. i hCl-f: : I i : i nted by a
trans pafréggr%t()%%F{g}éﬁlgﬂlﬁ'ﬁ%&gg?c}}é}%n{’ Pﬁ%s%égkﬁg?eisﬂb%%gmﬁ %gg/ﬁ%d(%?ﬁtn}g%s in t%e
st ack i Hlugiedtesd0 byl pdiemodalar amie sinahd desien spes érlst andronttet heniftldecdre 8t r eam 1
flows tg the outlet porf vi, cond lattice a ass ream?2 is
oriente r%%ﬂgﬁ‘iﬂr@m%‘fat’coé‘ @ﬂ? @’ﬁﬁf’f‘ C%%Wﬁné%astlﬁgﬁ@gﬁgf ﬁ'l Y4&8sages
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Stream 1. Flow fromthe inlet 20 port is distributed to a nunber of
hor 1% ontlattrgaizgs Ageshércap bypdsk te. stdekaif chib paizoby Bbowpngdbmyeh the apgn areas.

distribuytes its portion of the flow to a .nunber of flow conpartnents in the
Stack viae buraps elifens HeBeh o CTREney UG roer Ry SO EORBab: Rt s. ¢ he
rever sejSaRMARAS Ma(P ISIHAGES clrydi biffidnch a%SadealculutdtDisifelewal passages
-*outlet port) allows the flowto exit the sub-block. FIG 37 shows that
t he bypass current can flow fromone end of the stack to the other 25only
t hrough a série rtical hori zont al passages; the horizontal
passages ari(hhiﬁ?%fxaéZmﬁgwéigi'on with each other only through the port
mamd ol ds';” There are tywo sets of bypass paths, one via the inlet port
mani fold and the other via the outlet port manifold. Insert 3795 incl udes
inlet manifold 3797. The current paths through the sub-bl ock can
t herefo mge represented as a circuit with 30three resistors in parallel;
one is thée resistance of the cell pairs in the stack and the other two

n; = current efficiency

(qa)in = flow rate per dilute compartment at inlet
25 (Qa)out = flow rate per dilute compartment at inlet

C;, = concentration at dilute inlet

Cout = concentration at dilute outlet

z = valence = 1 for NaCl

F = Faraday’s constant

30 I = current



are resistances of the two sets of paths for the bypass current. By proper
sizing of the passages, the electricaljyresi stance of the convol uted paths
for the bypass current can be nade significantly higher than the resistance
of the direct path -34- through the stack. The majority of the current can
t her ef oFer degalimrios df $cawhtepwukdenicaffbichdyemsay be kalcllatedtss fdlasts: sone
enbodi nents, at |east 70% of the current may flow through the stack and
t herefore at east bout 0% current effigciepcy may be achieved. In at
| east some enbodi st, 8Pp¥%~0f, the rent may flow through the
stack and th r a EQ%‘a t- Slde)jg@ %%;ur i‘ht efficiency may be
achi eved. Ie t soneienbodi nents, atoud east 90% of the current may
ro thro the stack and thgrefore at |east about 90% current efficiency
e achieved. The flow passages adjacent to the stack are oriented
vert| cally so that each conmmunicates with several cell pairs. They are
staggered vertically as showmn in FIG 38 so 10 that every flow conpartnent
is in cohemghi cati on wi t h mJI tiple vertical passages. The di nmensi ons and
spaci ng of he ver a%: % gr |lzont al flow passages affect the flow
distributio PBW h‘B YT K%t in the stack and the overall pressure
drop in thezlb\mleslbéeﬁmam@mgatl onal Fluid Dynam cs (CFD) software can be
used to optim ze the design. In sone enbodinents, the internal flow
paskhges as shovvn in FIG 36 may be fornmed 15 in a block of material. Thus,
the int r‘n sage n ral I n ot her
enbodi ?oce elgg @p rﬁa n‘?élde?% a? %FO%P i f“]')rq\lés(gla Mﬁ%ﬁ be fornmed in a
separate sectl on of rraterl aI and then |nserted |nto the frame. For exanpl e,
an insert m cl ge poyti.on of the flow passages. An insert may include
sl ots and/ or(ﬂu K it fabricated separately and then installed in a
frame. 20EFG 39 sho the vertical slots on one face of an insert 3995 and
the horizontal grooves on the other to formrespectively the vertical and
horixontal flow passages. The insert can be fabricated by machining or by
nmol ding, FIG 40 _shows an exanp of a fr 4020 desjgn anmenable to
f abri cafrh%ﬁr%?sﬁﬁfé%?Wﬁ@gWFFPélYflﬁﬁrPéa‘h%Fseng]l}P ﬂilee?}&eé’é@l FRIEBEY'f or i nserts and
four relatively wide grooves to formthe port manifolds. Features such as
grooves 25for O-rings to seal a sub-block to another are not shown for
clarity. FIG 41 M@@ sdetion view through the frame with an insert 4095
about toThe~iThst our inserts, two for each stream are installed
before the stack is poIted to the frane with adhesives at the corners. FIG
42 ¢ a section view that shows how each horizontal passage is in fluid
communi cation with a nunber of vertical passages in parallel and how the
hori zonwhkrepassages are in fluid

A (qq) = rate of water loss from the dilute compartment due to electro-osmosis or

OSIMOosis.

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



30 communi cation with each other via the port manifold. The stack of cell
pairs is again represented by a transparent box for sinplicity. The insert
as shown al so has additional slots on the top and bottomthat are in fluid
conmuni cation with slots in the frame that supply flow to the top and

bot t om & Solfiguriteonst BIE. 3 1HNGstrAS; (sdmopet pracevsesiplag iddal alecmbchenidat ame 4310
t hat can accommobdate_t he inserts shown in FIG, 39., The fra.rre desi.gn can be
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deflectl on and stress un mum 1 nternal pressure 44 shows
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have curved wal I's that conformto the overall circular shape of the frane.
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hori zontal grooves on the curved side. of the flow passages have to
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frame afdnbleaibodikelri aiciibds diayFeSic@ TarthtBYpaRdi basssflaist EDidelicle 1af f ect ed
by the relative conplexity and costs of conponent fabrication and assenbly.
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one enbodi nent, the slots may be perpendicular to the at | east one cell
pair. tum distributes its portion of the flow to a number of flow compartments in the stack via
vertical passages. At the outlet of the flow compartments, the reverse sequence of passages
(vertical passages — horizontal passages —>outlet port) allows the flow to exit the sub-block.
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
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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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on a feed water containing Cl. An electric potential was applied to both

modul ara fiaings The dxtehdedonembianesahay be el §ifigeans shripadlaan the remainder of the

membranes in the stack. The extended membranes may be bonded to the main stack on at

20 least one side, such as 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 Frane
Feed Conductivity nS/cm 56.16 55.9 Prgguct Conductivity nS/cm 55.23 54.08
Anperage A 2.01 3.0 Product Flow Rate 1/mn 2.81

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.
5  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

10  before injecting a potting material to mold the corners. The top and botiom 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

15  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 seal 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

20  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 control testing may be conducted during production.

In accordance with one or more embodiments, a cell stack may be secured within a

25  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

30 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 efficienggof 49% The nodular unit with the
frame had a neasured current efficiency of 63.3% This represents

approximately a 29% i nprovenent in current efficiency when using a frane
with sl hdnsinﬂéﬂwmrshﬂg ddhbsipe at @irype Tdblloalkting spdcetsidomol Advedtelbe spded® i n a

3-pass [l aqw, onf| s assenbl ed. The cell pairs were in r.amnes,
cont ai ni§dns W@ll thf"s‘smg utcaLe fspead F%“dé(ﬁ&‘eﬂ %ff‘ﬂlag unftég%if“@[e\‘}lel y. In
tests V\'bétﬂreé@ﬂf&f%&g“ NaGhesOhYihipRg %&bB@ﬂ’entst W?o ﬁi‘éﬁﬁ@ﬂﬁm&f@ﬁ?ﬁ 95%\& bi Ci enCy

was 65%W|thflowveIOC|ty|ntherangeo . MPLE 3
A nodul emrdsumast bapitadked withrsldotkingsiaher 1mltppmem fﬂg,e ﬂam mesrelt@bozt.ea)ogmr

oper arison to a ular unit w.thqu n_insert in the

o Tt oS QR SbasP et e SflBettputh o i bt st e BE Hanb bl at i ng
hi gher RIIRSSHE 6r ghskfls ARG DE thé frimt hehy RSBGIHed SOERAMTSHTastic material Ar
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- 4010 In accordance with one or more embodiments, an'msert 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 area 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.
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use herein of "including,” "conprising,” "having," "containing,"

"i nvol yi ng, " Camdniefficencyo¥is t hereof is4dreant [to en®dBpass the items |isted
t her eatter and eq'" valents—thereot—as—weH—as 20 additienali t ens.

References to "or" may be construed as inclusive so that any terns

descg i bed USIrRE ool niBA¥la: D GAThEuARY ﬁ%fne%aﬁ'a%a@ure&@ﬁﬁeﬁtb:?ﬁbl ofane; al |
of the described terns. Any references to front and back, left and right,

t op andTheotrtodniar uplpemthahﬁjfrhmmbad a aredsured curcant etlivbnhp of ﬁba‘t/calThax epiasemnded
for conveni ence gﬁscrl tlon,[ not tgtlgimt tlﬁ 1rl)rese % g\; and

met hods 2P {“H‘E‘ilyég HERT G BRySHES EET Y BRET "BPe & &f”ie PGPSRt at i on.
25Havi ng descri bed above several aspects of at |east one enbodinment, it is
to be appreciated various alterations, nodifications, and inpr overrent s wil

readily occur to those skilled in EKAMPLE 2Such alterations, nodifications,
and nprove e intende rt.of t discl osure and are

i e to BB mEhERIEE 0 PR R i one PuRe URES RGP VL

f or egoi meﬁeredr lmEIcelmpadeeamB Tgtned) @nbyining B0 @€l paias) B0 eelopélys andOMhal] i s
clainmed is: -41- CLAIMS 1. A flow distributor for electrochem cal

separ at PYFS IEBRPIVEL: g fests with 56 mS/gm Nagil selutign af fepd. tae aysapeagecesyr i ent ed i n

a first H‘icﬁe‘?ﬁ% 'm%’é‘ 6 dwﬁl?ﬁ&hg}éfo%ﬁr Eﬁ)thg%ﬁ e ffed 3340 at |east one
conmpartnment o ectroc em ca | on device; and
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
associated with a wider region of low velocity flow at the sides than the central manifold.

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



a plurality of second passages oriented in a second direction, the
plurality of second passages in fluid4gonmunication with the plurality of
first passages and with an inlet manifold associated with the

el ectrochem cal separation device. 102. The flow distributor of claima1,
wher ei npiohelebettatfloy deaibutnn $hes cdnsizbmbniddld ywas atsoiassdciated with 8 preEheef | ow

distributor of clajm2 _ wherein t secand .direction is substantially
hor i zon‘hjfﬁl:’.about 14@°Wﬁ@@lt%°§ﬁ§t°&gﬁwwﬁgﬁ' claim1, wherein the plurality

of first passages are arranged in 15parallel. 5. The flow distributor of
claim4, wherein the plurality of second passages are arranged in parallel.
206. The f | olwisfiodterapprecmteddhaieindiodimentswwicthe imethads land sppacatesek dissussphssage

intersects. at | t. one second sage. . The flow,distributor. of claim
o By ot act R0is 8 BFEEREn ERE ARG s afconiiorlonla i gt o
passagecqiisbnents 86:1A0£th RRgRFIRoWIAS desbripfibg of HIRMreted b 1he Wb@mphylk drdihgs.
wherein the plurality of first passages and the plurality of second

passageshemethads andpmparapiseedg capabla elamplereeniaiins. iniother ambpdimepsend @éheni cal
separ at e?H%$ﬁ¥fi&ﬁ'0r %98eing@§rrifeh i ﬁ'v%hoﬁ?&\%\fsr aﬁ'gjlleasl o'f]sg?ci#\rper ein the
y iTst p th P Ity

r
plurali assages are arranged lur of second

passagegnplémétatidie age pratided et fo€ tllisRative-pti2postonlyaad hteawt thitsidedbobor of
claim1, having a first sige conf icggred to be %i_sposed.proxl_lnate a cell
stadk ofimitg dn peticwlaneRisc PSP ARG ICABIECSIIFUEEA 1NARMEFROR WED 3P% PRS Bt or

conpri sﬁﬁreaen%dﬂﬁlﬁéﬂtg Xreq{cot Ris dg? ggbé gﬁ:l&deﬂgitonﬂl gﬁ’nila? }Jiﬁ il %}Iﬁr (gthé}w di stri butor

of claim 10, having a secon arranged opposite the rst side, wherein
t he di s¢mbdalient. conpri ses a plurality of ports on the second side.

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

EX- 1Y 434

containing,” “involving,” and variations

3T L%

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:



12. The flow distributor of claim11l, wherein the plurality of ports on the
first and second sides conprise slots.4110 13. The flow distributor of
claim1l, wherein each port on the first side is oriented substantially

per pendi cul ar to conpartments of the el ectrochem cal separation device.

14. The flow distributor of claim18LAME ein each port on the second side
is oriented 1lb5substantially parallel to conmpartnents of the el ectrochem cal
separation device. 15. The flow distributor of claim 14, wherein the

pl ural i 1y Ao @lstribuddt thi8edificABtica] {Barafiof Whipdiyfgd to distribute fluid
flowto the plurality of ports on the first side. 2016. The fl ow

di stribut or aplugdldy nf iG] pasisagesionenied ireaftst divectiporand sontigued fordsliveifded i s i n
fluid c nication with t or_nmore conpartnents of el ectrochem cal

Sepat at PO e smrEine o e R P RERRTE SR const r uct od and
arranged t o PpRIEDIE ofsHcbRMpasshRRWotiontod &l AtdchAd 8iédtide Ste PlurhIR of second

el ectrochem cal separation device. 25 18. The flow distributor of claim]l,
f ur t her paseagss iflyg camawinicasion seduthe plurglity ehfiest pesseges and sshadtinkeb t he f 1 ow
di stri byt ox r t e unifor i I bUut fromthe inlet manifold to
t he corrlgl%%tﬁ?%é%f’%c%e t"ﬁlgyeeéacetcr[{lg%egl#c%asﬁﬁaé%%oglr%&%gh device. 3019. The fl ow
distributor of claim1, constructed and arranged to fluidly isolate
concentrated and_diJuted outlet streans_associated with the el ectrochem cal
sepHt at #ohhe 89y distributgeof ggm lpw@eml%?hed?@t irgstipw s ypstantialhy verticabnt i gured to
be renovably received by the el ectrochem cal separation device.

3. The flow distributor of claim 2, wherein the second direction is substantially horizontal.

4. The flow distributor of claim 1, wherein the plurality of first passages are arranged in

15  parallel.

5. The flow distributor of claim 4, wherein the plurality of second passages are arranged in

parallel.

20 6. The flow distributor of claim 1, wherein at least one first passage intersects at least one

second passage.

7. The flow distributor of claim 6, further comprising a blocking member at an intersection
of a first passage and a second passage.

25
8. The flow distributor of claim 1, wherein the plurality of first passages and the plurality of
second passages are arranged to reduce current leakage within the electrochemical separation

device.

30 9. The flow distributor of claim 8, wherein the plurality of first passages are arranged with

the plurality of second passages to define a lattice structure.
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10. The flow distributor of claim 1, having a first side configured to be disposed proximate a
cell stack of the electrochemical separation device, wherein the distributor comprises a

plurality of ports on the first side.

11. The flow distributor of ¢laim 10, having a second side arranged opposite the first side,

wherein the distributor comprises a plurality of ports on the second side.

12. The flow distributor of claim 11, wherein the plurality of ports on the first and second

sides comprise slots.

13. The flow distributor of claim 11, wherein each port on the first side is oriented

substantially perpendicular to compartments of the electrochemical separation device.

14. The flow distributor of claim 13, wherein each port on the second side is oriented

substantially parallel to compartments of the electrochemical separation device.

15. The flow distributor of claim 14, wherein the plurality of ports on the second side is

configured to distribute fluid flow to the plurality of ports on the first side.

16. The flow distributor of claim 13, wherein at least one port on the first side is in fluid

communication with two or more compartments of electrochemical separation device.

17. The flow distributor of claim 1, constructed and arranged to promote current flow to

operating surfaces of the electrochemical separation device.

18. The flow distributor of claim 1, further comprising a port substantially centered with
respect to the flow distributor to promote uniform flow distribution from the inlet manifold to

the compartments of the electrochemical separation device.

19. The flow distributor of claim 1, constructed and arranged to fluidly isolate concentrated

and diluted outlet streams associated with the electrochemical separation device.
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20. The flow distributor of claim 1, configured to be removably received by the

electrochemical separation device.



