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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
25  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, adjacent to and in cooperation with the first
electrochemical separation modular unit, having a second cell stack defining a plurality of
30  alternating depleting compartments and concentrating compartments supported by a second
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
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with the first ¢lectrochemical separation modular unit and positioned between the first
clectrochemical 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.
25 Still other aspects, embodiments, and advantages of these exemplary aspects and
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

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

k-1 LY

alternate embodiment,” “various embodiments,” “one embodiment” or the like are not
30  necessarily mutually exclusive and are intended to indicate that a particular feature, structure,
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.



5 to provide illustration and a further understanding of the various
aspects and enbodi nents, and are incotporated in and constitute a part of
this specification, but are not intended as a definition of the limts of
the invention. Were technical features in the figures, detailed
description or any cl aiBRIRFDESCRIVEONQF METEDBACKENGEgns, the reference
signs have been included for the sole purpose of increasing the
intelligibility of the figures and description. In 10the figures, each
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accldr dance wWrlith 20me schenmbic éllwstrbtoh aEScsipn ?A-A in FI(%. 1 in accordance \gfith one or
more embodiments;
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 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 wth 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
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enbodi nents; 5FIG 14 is a schematic illustration of a nobdular unit with a
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A-Ain FIG 14in accordance with one or nore enbodinents;” FIG 16 is a
schenntatacordahcswnhbnmmmhmminlﬂg)ddﬁerasI s of FIG 15 |n accordance wi th one 10
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accordance with one or nore enbodi nents; 15FI G 19 is a schematic

i Il ustrati onFi. 18nis esgheondd iNusewtion otaviem twuek Setivnabdoinddfcé4Wi t h one or
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Section B-B in Mdular Unit 2 20 of FIG 19 in accordance with one or nore
embdHi nermere embodiments;
FIG. 17 is a schematic illustration of a view through Section B-B in FIG. 14 in
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 iltustration of flow through a stack of cell pairs in accordance

with one or more embodiments;



FIG 22 is a schematic illustration of an arrangenent of nenbranes and
cells in an ED device in accordance wi4-h one or nore enbodi nents;

FIG 23 is a schematic illustration of a section view through an assenbl ed
ED device in accordance with one or nore enbodinents; 25FIG 24 is a
schemati c i | Flds26ad a echeniatia iltstratidreel adetwtaek ifrh Gam3vitnslasdoectandtace t h one
or nore enbodinents; FIG 25 is a schematic illustration of a frane with
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nol ded 30 endpl ates 1 n accordance wth one or nore enbodi nents; FI G
27 is m@@dﬁMWthndMnOMaanduﬁemS prototype nodular unit in a clear
acrylic cyli ne or nore enbodi nents:; FI G
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accor dapseinctdrdane vath SR @ HoLefHibaBittehts; - 5- FIG 29 is a schematic
illustration of a cell stack in a frame with slots in accordance w th one
or nore embodiGr8Atisa schematic Riustraldm ¢igransparhpieaesses inlandd? medplen it withow

t hrough_a f and. ell LT | o} e with one or nore
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FIG 32 is a schematic illustration of transport processes in an ED nodul ar
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an ED nodul ar unit
with one or more embodiments;

28

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;



10 current inefficiencies and water 1 oss in accordance with one or nore
enbodi nents; FIG 34 is a schematic ildg-ustration of current paths in a
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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 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



FIG 46 is a schematic illustration of a nolded frame with horizontal
grooves in recesses for inserts in accpardance with one or nore enbodi nents;
FI GS. 47A-47C present schematic illustrations of a nodular unit including
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purifying fluids using electrical frelds are conmonly used to treat water
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20 electrodeionization (CEDI) devices are EDI devices known to those skilled in the art that

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 hydroxy!l 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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through the membranes and compartments. The specific electrochemical reactions that occur
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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
compartmeﬁt 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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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. Insome 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. Muiti-pass flow configurations may be possible with the placement of
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direct path through the cell stack. In some embodiments involving a modular system,

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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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 peripbery 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.



30 positioning a spacer therebetween. For exanple, the first spacer
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of the periphery of the first cation exchange nenbrane and at a portion of
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el ect ri pathe ek or Gffck@id from the first fluid flow path and the second 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
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P 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.



-14- I n accordance with one or nore enbodi nents, an electrical
purification apparatus conprising a cgl4l stack is provided. The el ectrical
purification apparatus may conprise a first compartnent conprising ion
exchange nmenbranes and nay be constructed and arranged to provide a direct
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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



In sonme enbodi ments of the disclosure, an electrical purification apparatus
is provided. The apparatus may conprige.a cell stack conprising alternating
ion diluting 10 conpartnents and ion concentrating conpartnents. Each of
the ion diluting conpartnents nay be constructed and arranged to provide a
fluid fhawfiow @ of det&id didcast imanis dgbntOtorh i filgndiesAeeNArsphéen ghagdrpar t ment s
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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



A bracket assenbly may be positioned between the franme and the housi ng of
the first nodular unit, the second nogglar unit, or both. The bracket
assenbly may provide support to the nodular units, and provide for a secure
attachnment to the housing. In one enbodi ment of the disclosure, the
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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,
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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
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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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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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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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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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desi gn with tlmelmhgnméksep@an@ad@écq@ﬁpég@e@mémemwfm@fa%@rqsam isTay be
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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.



250f slots. In accordance with one or nore specific non-limting

enbodi ments, a stack 110 of cell pairgsqmay be enclosed on four sides in a
frame 120 of unitary construction to form nodular unit 100, as shown in
FIG 1. FIGS. 2 and 3 present views through Section A-A The thicknesses of

the flow conpaictsranics vifitordeh® narambdogisncate a Evagteribliet nfaghaed afitst yide A 30
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the entire stack is housed in a cylindrical vessel. The slots that connect
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bypass reduces curr
casing to allow for multiple dumping during operation. In a cross-flow modular unit there

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



30efficiency (theoretical current required/actual current neasured, based
on Faraday's constant of 96,498 coul ophs/ equi val ent) and increases energy
consunption per unit volune of product O her nethods to inprove current
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25  ofslots.

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 enhancenment 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,
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of 1200 cell pairs, assembled from such thm and flexible components 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.



FIG 14 shows a nodul ar unit 1400 as anot her enbodinent. FIGS. 15 and 16
are 30 views through Section A-A and B9B, respectively. The thicknesses of
the flow conpartnments and the nenbranes are again greatly exaggerated for
clarity. Each conmpartment is filled with a screen that separates the
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FI'G  17sthck va Brdd 1M ZbIMa PN ne@eibiddin BarBli@ffoftbyed Bftverfib skRd)CRBi@BE € Stream
flows through all of the concentrate conpartnents in parallel, including

t he onestark, thedluidfownth thoordehperidbough anhthes sei ok vertingl stnis agd raciqwgeon t he
top surlfﬂac%@sf the frame of FIG 15 is used to seal the nodular unit
agai nst an 31 JJacent flat surface, which can be the top plate of a test

devi ce, the W@ f7rs86®s fat B casbRcBewevepdidh pbtedfially BgRavethe ofackRM1 @bgpl at e.
FIG 18 shows, for exanple, a section view throughIll a nodular unit device

1800 t Slevwigg thpuch theagrticelslers foprongendofithe Hacksa dhreetherniRIG. §rkowoons ar unit
is cla -he I . : Al -1 ich seals
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19 5 i B B bbb S kLo
Wl r;‘eg#{},&ed(l’;&g&té tﬁ%&%,%ub%%h&&oh%b&%ﬁ&ﬁ?& bahRicsd HRELIbRE presence or rate

of cro can be used as a criteria for determ ning m)_dul ar unit
qudlsity. FI Gn sbheshibndingensy, slukharizoptabiplodtsese noiod dheasameniotations 0eand

separating nenbranes 1970 before assenbly., The co ent be, al i gned
Usi ng | UaPIRGHIE e O PRI B by comiiEiehenpe et omabtIe uni ¢
may useyld@leSAMRAARMEGI0Sh&Rs hdWenhd b1adR J30'cah/Bb Etaggéi‘?d’scb@nl? hisgatied
perpendicularly to the frames for Units 1 and 3 as 1llustrated by the

| ocat i oiastiof of e inlef prsoutiehie anyaiken flavs cermpaginens woulhbe Blogkes. tUndfosmme, but

different fr the stack inside Unit 2..El G .20 is a viewthr h. Section
A A+ e R0 HeqibIs Sue Bt Rondll bonviTcaRtrd B Brghe I RO o
compar tiembsnakertde hepmarehbdainham, te dtiigkred bidcks AmyCOiNaRNip Witle one of
conpartments, the last nenbrane at the top is an extended or separating AEM

and t hethe henzapsahmanifeldstil thrdragstis dnbe waghnederapelded ByongdapescaPiéy CEM I n

Unit 2, I op and bottomare dilute

corrpartrﬁéﬁ?tss,tﬁ?%%ﬁ?asi&ye&r;gzr’lzsn(g{t%%ﬁ?ﬁﬁe&top is an extended CEM and the | ast

menbr ane at Intwothei trabodisieas thexiandi’ dnavhired panmidedgrifitct thElsotar Gadgenent  of
nmb d I int dul it I i th bl ocki

renbr anv%ﬁicﬁ rc]:ontgi% tLg sllotr; ang %ogtz)onlflal%lioclll(rs] I.'—.iresfabr?ca(t)epcfJ se\famarately al?dc inlsgr(tged into the

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



30 nmenbranes, as shown in the schematic in FIG 22, allows nulti-pass flow
configurations in the dilute and concegtrate streans and results in
concentrate conpartnents next to the el ectrode conpartnents. Those
concentrate conpartnents serve as buffer cells between the el ectrode

conpar tPeoh Sn@pelytipens €XY). Rdinforindfilers 2dchi £ ghasy Fibs niydeglldedifaassenbl ed ED

devi ce showi ng the 3-pass flow through the djlute conmpartnments. FIG 24 is
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si des ame al so can be asymetrical in length and nunber.
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housed in.a |.i ndp,i cal. vessel .2680 (shown transparent). O-rings o e
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cyldondef, tRNsARME atikck bfeMblddns bifRRse mh 6ot tBde PntAlthdtiRet aff potledul ar
bl ocks during assenbly, structural support to the round frames as the flow

conpar t Femnsiraasgenvhlyithal opyeito bp saeierkif Boy abthesealafadl, prsukingin seapiglerlpsg
operati rLevent | of external |eaks if any of the O-rings between the
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nodul ar Ween the units and the endpl ates were to | eak, and as

a cosnetic clen3 ishschematiador &a&Imple s the difiye sttdanbia aBepas & Yevide Whie franes
can be designed and fabricated with sufficient stiffness and 30 strength.

One or H0seHpairst Fe afe meddapinits. easherith kel pasedliemagey osmodplar
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unit comsidsued peksibld. h Addftioaatdy, 32ébnfigntation camgbsisyhsnd0O Ovith 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 pnent. O her electrochem cal deiappzati on device such as

el ectrodei oni zati on (EDT) or continuous el ectrodeionization (CED) can al so
be constructed using a cross flow configuration with nultiple passes using
al erdullgﬁt n}idrﬂiﬁl’&nel\&ttﬂile Bdtauns (CEMWaktehd beldndpid sisckednd ardsoatedey. O-bings cr oss- f | ow
el ectrodi al ysis_(ED). and el ectrodei oni zation (EDI) deyices the djlyting and
concenﬁea‘t‘rF%QYSllpfea S¢ M braneaisoRts ihe HauretsER died ea Owieté%?@ﬁf_og#hﬁﬂs

Pot ent i gla AR Rh{sPRSM'AE lyAGlERAN SRl LA AeRNBDGhd bBtEA thafLiAL er and
brines Tromoi'l and gas production. Various designs and manufacturing

met hodsstacky H6. U6 ptsantos slofd aywiewdhfltlar inliitd the dilQtel congpartmensn FlGni tisag

enbadi ments, nodyl .t [ ted i ol t | t
one nontiY diohHy emsadl ROTETCL Ko eerbiie St Sy SREARY A nari car.
FI G 27:dnldiiskd @ngSr@nents iﬁ%all@@ﬁﬂcl#q?@{h@ronﬁ Bi the tdparddiobtoBESHdg Bf tHepen i nl et

and outlet manifolds are in diréct urd communi cation with the flow
conpartstahts as illustrated in FIG 28. The open nmanifol ds reduce pressure

drop in each_stream but r{ of .the ectric ro.ent fraom,one

15el ect rodehpbe ?‘ﬁ%rr%'trwgrongg#ogf&% © e e%?lgg I?%g%é‘cesl i used tPge%iﬂ? | owi ng

t hr oughmbigaORSMgdlRes aditRnPHRIEHFac Whidhicah &8 HeHp plité 6 teef doviiephey and
i ncreases energy consunption. For desalination of NaCl solutions, current

ef tilci eftepe phgn thaceal wotdlapnibabove] areRendplelel &fEnl fhos  REFxample: & F 20
her e aued i o Pl o SR AU S it My OB
concentirft. | The rabdulad usitds clahnped Gewtcer two plaent Tat bottomatplae hatam OQuinget z =
val enc ewlficlll séa?sr ag%g%thi bf)ttgglrs%gjfggé gf tﬁg gfotdﬁ{g&' ur?i(f) %razlm%u rTrhg IES[-ring at the top of
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 c¢lips. 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 compariments, 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



-32- For desalination of seawater, current efficiency my be cal cul ated as
follows: (G d )out in Ecizi out_ wheng: C = concentration of individual
ions zi = valence of individual ions A "process efficiency rip" nmay be
defined as follows for NaCl solutions: (qd )out = (Cmcut) z F The process
ef fi ci esfalte HButg@d¢if ModugsddihRanddihae) itdét of @nitkillastratimgtbledkingodpacary: | 1P

2470 between modular units 2400.

A section view through the assembled ED modular unit perpendicular to the section in

F1G. 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 mjection 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.



A(q) GIIzF where: A (gd) = rate of water loss fromthe dilute
conpartment due to el ectro-osnosis or.zgsnosis. 251 n sone enbodi nents,
systens and net hods may support a stack of cell pairs on all sides by a
franme. The frame may have vertical slots which connect the inlet and outl et
mani f ol ds f oThishgvediibtisenodtichitled ircadetio alcetradinlgsineqlipmehici@therespect i ve fl ow
conpartnents in_ the stack as _iIIustratled in FIGS. 29 and 30. Anong the
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el ect r ogppdichtéerls incdpder desalinationy of seawater,rackish witgsanddirimes froamebanrd gar ocesses
i nvol vi ﬁﬁﬂc rrent inefficiencies within an el ectrochem cal separation

system BWE"FIG: 33 illustrates transport processes involving current
inefficie ncvaommigﬁﬁammmm&mmg £ithodS faf be @beldrbac@Mhvalls apigd. at i on
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direct fluid communication with the flow compartments as illustrated in FIG. 28. The open
manifolds reduce pressure drop in each stream, but part of the electrical current from one

15  electrode to the other can bypass the stack of cell pairs by flowing through the open areas.
The bypass current reduces current efficiency and increases energy consumption. For

desalination of NaCl solutions, current efficiency may be calculated as follows:

[(qd ) Cin (94 ) e Com] zF
20 & .

where:

i = current efficiency

(qa)in = flow rate per dilute compartment at inlet
25 (9a)out = flow rate per dilute compartment at inlet

Cin = concentration at dilute inlet

Cout = concentration at dilute outlet

z = valence = 1 for NaCl

F = Faraday’s constant

30 I = current



10 sone enbodi nents, flow passages in a sub-block frane may reduce the
fraction of current that bypasses thes3stack and thereby increase current
ef ficiency. The passages nay connect the inlet and outlet ports to the flow
conpartments in the stack of cell pairs. FIG 35 shows the fluid volune in
fl ow palksagedinatiai cftseawstel)-chirogtlefi¢ian®. mSt beaulated oy fotlsanpl e, enters the
frame at an inlet port and flows through a Iattice of passages into the
stack. For sidmplicity the_ 15 f|UI vol u the stack is represented by a
t ransparent OCS Eiﬁgactua uid %i the flow conpartnents in the
stack is def| {ﬂa EB ke c ens. Fromthe stack Stream 1
flows to trQe utl ets port vina a sec nd | atfangce of passages. Stream 2 is
orignted pgrpendicular to Stream 1; otherwi se the design of flow passages
is the sane. FIG 36 is a detalled view of the inlet flow passages for
Stream1l. Flow fromthe inlet 20 port is distributed to a nunber of

hori zontal passages in parallel. Each horizontal passage in turn

di strib¥hes: its portion of the flow to a number of flow conpartnents in the
stack via %gramn&: assa egv1 &pe outlet of the flow conmpartnents, the
reverse sequence 0 %%8 3 %‘f Plcal passages -> horizontal passages
->out | et p(,’zr%)vaﬁhd:@dﬁnalhﬁiuﬁl Pnsto exit the sub-block. FIG 37 shows that

t he bypass current can flow fromone end of the stack to the other 25only
thr%bgh a series of vertical and horizontal passages; the horizontal
passageg « i.C 0 nIy t hrough the port
ani f ol S'Bf#ﬁéesregf(imgncg' nveoma rf:) 2 fi q! as\% lowg ?chrq\la%l sgfutlga ‘the inlet port

mani fol d and the other via the outlet port mani fol d. Insert 3795 includes

i nlet nanlfo 79Z The current paths through the sub-bl ock can

t her ef or Qéﬁme gﬁigatgézg‘circuit with 30three resistors in parallel
one ist g*re5|stanc of the cell pairs in the stack and the other two are
resi stances of the t sets of paths for the bypass current. By proper

si zisng of the passages, the electrical resistance of the convol uted paths
for the_bypass cyrrent ,can be nade significantly hlg r. than the resistance
of the Fgllil‘%g‘@[;esﬁ&ﬁj'wlencglﬁ gqnﬁfagl@ goss thm At egpad to theeupigisifi Ftﬂ;‘?n‘éf- the current can
therefore be forced to flowthrough the stack. In at |east sone

enbodi nents, at |east 70% of the current may flow through the stack and

t herefore at Ieaaﬁ(q?bdﬂ 7% current efficiency may be achieved. In at

| east sofg edhodi east 80% of the current may flow through the
stack and therefore atl | east 5 about 80% current effici ency may be
achjeeved. In at |east sonme enbodi nents, at |east 90% of the current may
flow through the stack and therefore at |east about 90% current efficiency
may be wb#teeved. The flow passages adjacent to the stack are oriented

vertical |l hat
y E\?qu = rate o? water loss from the dilute compartment due to electro-osmosis or

0SMosis.

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



communi cates with several cell pairs. They are staggered vertically as
shown in FIG 38 so 10 that every fl owsconpartnent is in comunication with
mul tiple vertical passages. The di nensions and spacing of the vertical and
hori zontal flow passages affect the flow distribution in the flow

conpar t fisRicohfgiriigorst G, HNdtubthreveikpdrt pfocesedinanddeap clcttrddhemicad st reans.
Comput ational Fluid nam.cs (CFD) software can he used tq optim.ze the
desi gn. SSPArAEERBY i o Bl GreXit Hustiaes transRarhRiocssseninpieiag gueednedHelRACEh FI G 36
may be LARHARE cledriobhdinibd A fauiod BRI & FIHNYS illdslified BLARBA!prd Qs Passages
may be integral to the trame. In“other enbodi nents, at feast a portion of
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insited into the franme. For exanple, an insert may include a portion of
the 1 ot|585sages. An insert may include slots and/or grooves that are

fabricated SeRANRQLRhsfraftlthdt MRLurRAL @hls8l U ga@ the @k by2bise (3Bugihes the
vertical slots on one face of an insert 33' 5 and the "horizontal grooves on

t he ot hzapsbetvwegn the leapeand the isiack hed wishin theversing shds fremrmnglend obtheptiskages.
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to formthe port manifolds. Features such as grooves 25for O-rings to seal
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optim zed -35- using Finite El enent Analﬁa s (FEA) software to mnim ze
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be located in the inserts as illustrated in FIG 46. Selection of the best
frame and i nElér. 87 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



10 design for a cross-flow nodular unit will be affected by the relative
conplexity and costs of conponent fahrigcati on and assenbly. The insert
and frames may be fabricated fromnmaterials with the requisite nechani cal
properties and chemi cal conpatibility with the fluid to be treated. In

appl i cahiamgh t]mmdmlaéflﬂesa‘bﬁiuyaifiﬂmnwfensezm/@élefqre beforescamiflosy thpbuabtthe
materials are f vored be Sﬁrgf of their tﬁt ance 15t%9 rosbon and | ow

Cost . PGthndnat e SRt SeF £ elE‘EFeatplS"I‘SNPﬁW G FGymay yag #i3gkene

(PE), politRéeRY: 8NEast RRut 709 o@thoasicieRd Ry BY Llaﬁévedaqﬁ xﬂ 1@5§t témke butadiene
styrene (ABS), polysulfone or blends of pl astlcs such Noryl, which is a

bl end cfmbsslimpnters lasie80¥% biide cRRO) randlps|tystglr eta(:P&)d thiesifore at kiastg

resioet U A R R R TR pPOBRT S 0PN RS B IRO G  n one

or nor epfahid O Riag flowthed RathOshaMidahedRiro Bi 16ak hbdut 90Y GereiBYffieRAPY | se at
| east one cell pair and a franme. The at |east one cell pair nmay be

cont ai Hady b adliisvedhe frame. In some enbodi ment s, the el ectrochen cal

dei oni zat Ony %6‘9&3&?%/ Caﬁ éﬁt%? t nstaclkea% ant&{ ye%xéailgrewtﬁaef earir(i)hn ot her

enbodi nent s, m ca Sl oni zati on rise an
el ect r ageimmiizates wih decrat ecll phies. Tirard@ygdenal wﬂ@caﬂllsles elﬁom)meFIZB 38lets. In

s% rr}godl ma)hé bl ocks may be within the slots. In at |east gne

di N8Rk EVeRHEOE compantRentidincomBwiFimayith Bujtiple yartical passagise 1061 | pair.

I n acc eibadio ochem cal
separ at) BRogen Lk tpfe B i AicaTRAGFROAG) A G RaRe s e PR Oy

conpri s@sta:buimxamtthe)ﬂewmehipapaient iankk stadk aniehe Fhealhprebeas droprie tieathlo pai r may

be attached tq, the fra ) devi c be an el ectrodl aly devi ce.
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el ectro t(fllglgmn% edﬂ?%%%at I on device may include bonding a first ion
exchange nenprane 5 first screen, bonding a second ion exchange

mergr ane t o FHg 3Dishews tlernveaicahdog %nmﬁiﬁdoamﬁan insert 3995 and the horizontal

grooves on the other to form respectively the vertical and horizontal flow passages. The
insert can be fabricated by machining or by molding. FIG. 40 shows an example of a frame
4020 design amenable to fabrication by machining. The frame has four recesses 4025 for
inserts and four relatively wide grooves to form the port manifolds. Features such as grooves

25  for O-rings to seal a sub-block to another are not shown for clarity. FIG. 41 shows a section
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



and screen, bonding a second screen to the first ion exchange nenbrane,
first screen and second ion exchange nenbrane to forma cell pair, bonding
a plurality of cell pairs together to forma stack of cell pairs, inserting
the stack of cell pairs into a frane, and sealing the stack of cell pairs
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in the geokddRidhszatidhbevice. 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



potted corner portion that w cks through the corners of the screen may act
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dilute manifold fromthe concentrate manifold preventing cross-|eak. The
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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



efficiency. The size of ports or sots nay be varied on the insert to vary
flow distribution. FIG 49 illustrateg7a flow distributor or insert 4995
with ports 4997 |ocated towards center. In 20 sone enbodi nents, the size of
slots on the insert may be varied at different |ocations. The function and
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menbrane for both nodular units is 0.024 n2. The flow path length is 17.1
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e/ ICOm SI?éf(])'r% 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 comers 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



55.9 Product Conductivity nS/cm 55.23 54.08 Anperage A 2.01 3.0 Product
Flow Rate 1/mn 2.81 2.66 Current Effiigiency %49 63.3 5The control

nodul ar unit without the frame had a neasured current efficiency of 49%
The nmodul ar unit with the frane had a neasured current efficiency of 63.3%
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afrapp with slots. . i .
the Ens%% walf of tﬁe gousing but are instead sandwiched between modular units and sealed

between the ends. In some non-limiting embodiments, two modular units with flanges at
ends may be stacked with a blocking spacer in between. The flanges may be bolted together.
The blocking spacer may be molded with a frame and sealed between the flanges with
adhesives or gaskets. Alternatively, the frame may be molded of a thermoplastic material or
other fabrication method. In some embodiments, modular units may be connected with
clamps or tie bars. The design of the blocking spacer may be modified accordingly. FIG. 48
illustrates one non-limiting embodiments of modular units assembled with a flange.

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
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

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.

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
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.



EXAMPLE 2 10A prototype nodular unit with 145 cell pairs in a 3-pass flow

configuration was assenbl ed. The cell3pairs were in 3 frames, containing 50

cell pairs, 50 cell pairs and 45 cell pairs, respectively. In tests with 56

nS/cm NaCl solution as feed, the average process efficiency was 65% w th

flow velocity in the range of 2.0 -4.3 cnms. 15EXAMPLE 3 A nodul ar

unit w an insert in the supporting frame (Beta 2.5) was operated in
A el
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not be regarded as limting. Any references to enbodi nents or el enents or
acts EXAMPLE 2

It isito be

10 A prototype modular unit with 145 cell pairs in a 3-pass flow configuration was
assembled. The cell pairs were in 3 frames, containing 50 cell pairs, 50 cell pairs and 45 cell
pairs, respectively. In tests with 56 mS/cm NaCl solution as feed, the average process

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 medular 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
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use herein of “including,” “comprising,” “having,” “containing,” “involving,” and variations

thereof is meant to encompass the items listed thereafter and equivalents thereof as well as

“ ”

20  additional items. References to 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:



2. The systemof claim1l, wherein the spacer is configured to pronote
current flowto the depleting and conggntrating conpartnents within the
system 20 3. The systemof claim1l, wherein each el ectrochem cal
separation nodul ar unit includes a cell stack defining the plurality of
alternating depleting conpartnments @hcdlbihcentrating conpartnments and a
support systemconfigured to maintain vertical alignnment of the cell stack.
25 4. The systemof claim 3, wherein the support system conprises a frane

surroungi Rg diddroBifinhica (s@Gdtation sylRRy, s¥mbsimef claim4, wherein the frane
includes a manifold system 30°6. fhe systemof claim5, wherein the frame

i ncl udes a f#bwstdiestredehuti on systemin fluid comunication with the
maniosf ol d system -142- . The systemof claim1l, wherein the first and
second el ect  SERBMFIEEF%epar ation modul ar units are arranged in parallel.
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system of cl akdvoid clevdeshemical bepapition addduar ahit dephdihg aglesiipaf hle@ndtthgand 15
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the second electrode; an
a spacer, disposed between and adjacent the first and second electrochemical

15  separation modular units, configured to reduce current loss within the system.

2. The system of claim I, wherein the spacer is configured to promote current flow to the

depleting and concentrating compartments within the system.

20 3. The system of claim 1, wherein each electrochemical separation modular unit includes a
cell stack defining the plurality of alternating depleting compartments and concentrating
compartments and a support system configured to maintain vertical alignment of the cell

stack.

25 4. The system of claim 3, wherein the support system comprises a frame surrounding the cell

stack.
5. The system of claim 4, wherein the frame includes a manifold system.

30 6. The system of claim 5, wherein the frame includes a flow distribution system in fluid

communication with the manifold system.

7. The system of claim 6, wherein the flow distribution system comprises at least one bypass

path configured to reduce current loss within the system.



15. The systemof claim1l, wherein the first and second el ectrochem cal
separation nodular 25 units are configgred to provide non-radial flow
within the system 16. The systemof claiml, wherein the first and second
el ectrochem cal separation nodular units are configured to provide a
uniformliquid flow velocity profile within the system 3017. The system of

claim1l erein t systemi.s copstructed d arranged to achie at | east
about 85% WS&%BE@%}B{ ivWe'ilqlielF‘é]%‘b f encsecopd eleatrosheinitak S%rﬁtl%wﬁﬁﬁ@é

merbr an@gitsGed hiddiped i garglig@ct rochem cal separation nodular units. -43- 18.
The systemof claim 1, wherein at |east one of the depleting conpartnents
and concentrating conpartnents conprises a bl ocking spacer or a flow

di i b, : 19.. .Th . lajm 1 int . [
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conpar t uRtase tendubleer ent than a direction of flow through the

concentrating conpartnents. 20. The systemof claim1l, wherein the
systemis configured such that the direction of flow through the depleting

conpar t {pny %st%ﬁp?c‘iic@{lm @l&ﬁéré?g Ekgzefﬂgf[ a%"dl s%Eor}doeléc%cgéngiggltsief))eﬂat%n ﬁqlc)&)lyyarlo
t hrough the concentrati ng conpartnents.
units are mounted in a vessel.
10
11. The system of claim 10, 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 plurality of depleting compartments and
15  concentrating compartments each has an inlet in fluid communication with the inlet of the

vessel.

13. The system of claim 5, wherein the flow distribution system comprises an insert, and
wherein the frame defines a recess configured to receive the insert.

20
14. The system of claim 13, wherein the insert defines a lattice structure configured to

promote uniform flow distribution to the cell stack.

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

25  units are configured to provide non-radial flow within the system.

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

units are configured to provide a uniform liquid flow velocity profile within the system.

30 17. The system of claim 1, wherein the system is constructed and arranged to achieve at least
about 85% fluid contact with respect to surface area of ion exchange membranes defining the

electrochemical separation modular units.
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18. The system of claim 1, wherein at least one of the depleting compartments and

concentrating compartments comprises a blocking spacer or a flow redistributor.

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

concentrating compartments.

20. The system of claim 1, wherein the system is configured such that the direction of flow
through the depleting compartment is substantially perpendicular to the direction of flow

through the concentrating compartments.



