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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 sane enbodi nent. -3-
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
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principles disclosed herein, and references to “an embodiment,” “some embodiments,” “an

k1 % 4L

alternate embodiment,” “various embodiments,” “one embodiment” or the like are not
necessarily mutually exclusive and are intended to indicate that a particular feature, structure,
30  or characteristic described may be included in at least one embodiment. The appearances of

such terms herein are not necessarily all referring to the same embodiment.
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15 FIG. 2 is a schematic illustration of Section A-A in FIG. 1 in accordance with 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 8 is a schematic illustration horizontal blocks to reduce current
bypass in accordance with one or nore_gnbodinments; FIG 9 is a schematic
illustration of staggered horizontal blocks in accordance with 30 one or
nore enbodi nent s; FIG 10 is a schematic illustration of a frane with

separatel y fHl®.ileas gschgimiadc illusaai@r sontemehisbmblhed faym fmir gectivho i ment s;
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schenat i | c | IFl&tlﬁatamhembmlhgtrMmmﬂ sview thioggh $ection Ardciorid&ndéimi t h one 10
or nore e 17 .is a schematic illustration of a view
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accordance with one or nore enbodi nents; 15FIG 19 is a schematic

i | 119t rermes eatbodinentssl oded vi ew of an ED device in accordance
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;
F1G. 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;



wi th one or nore enbodi nents; FIG 20 is a schenatic illustration of
a view through Section A-Ain Mdular. 4it 1 of FIG 19 in accordance with
one or nore enbodinents; FIG 21 is a schematic illustration of a view

t hrough Section B-B in Mdular Unit 2 20 of FIG 19 in accordance with one

or nore enbadGRNisSE schematic ilfokfatioddfiascell s&eRenAfiatel withidbts ad h@drdahean
arrangenent of nenbranes and cells in an ED device in accordance with one
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rbods ment o 15aRp S s BSE A Atbncd AUGY Qi) AGEPARARGE, bl REUCT 127
::Il IG Sf?xgtc?rgmomdammmh eatbedimientmr e enbodi nents; FIG 25 is a schematic
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with one or more embodiments;
FIG. 35 is a schematic illustration of fluid volume in flow passages inside a modular
unit frame in accordance with one or more embodiments;
15 FIG. 36 is a schematic illustration of inlet flow passages in accordance with one or
more embodiments;
FIG. 37 is a schematic illustration of examples of paths for current bypass around the
stack in accordance with one or more embodiments;
FIG. 38 is a schematic illustration of staggered vertical passages in accordance with
20  one or more embodiments;
FIG. 39 is a schematic illustration of vertical slots and horizontal grooves in an insert
in accordance with one or more embodiments;
FIG. 40 is a schematic illustration of a frame with recesses for inserts in accordance
with one or more embodiments;
25 FIG. 41 is a schematic illustration of a frame with an insert to be installed in
accordance with one or more embodiments;
FIG. 42 is a schematic illustration of a section view showing flow paths in an
assembled modular unit in accordance with one or more embodiments;
FIG. 43 is a schematic illustration of a molded frame in accordance with one or more
30  embodiments;
FIG. 44 is a schematic illustration of a molded frame with circular periphery in
accordance with one or more embodiments;
FIG 45 is a schematic iflustration of an insert with horizontal grooves on a curved side

in accordance with one or more embodiments;



5FIG 31 is a schematic illustration of transport processes in a preferred
ED nodul ar unit in accordance wth ong.or nore enbodi nents; FIG 32
is a schematic illustration of transport processes in an ED nodul ar unit
with current inefficiencies in accordance with one or nore enbodi nents;

FIG 33 is aischeidd iohembdid Hlusaiticanofaf mblded famktwifll lngkes@abgiodvayinED nodul ar
unit with 10 current inefficiencies and water | o0ss in accordance with one
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nore enbodi ments: DHIAIIED DESTRIPTEMGtic illustration of a
nol ded frane in accordance with one or nore 30 enbodi nents; FIG 44
Is a schematic illustration of a nolded frame with circul ar periphery in

accordance Wil 986, QrwiflPof GHGE! lHf®BlEnents, 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 §5% 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 45 is a schematic illustration of an insert wth horizontal grooves on
a curved side in accordance with one of. nore enbodi nents; -6- FI G
46 is a schematic illustration of a nolded frame with horizontal grooves in
recesses for inserts in accordance with one or nore enbodi nents;
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conpetitiveness of ED may be m%rov in conparison to RO which is
current $Lychterragtrddreirmaai tlevieesmay ogypdissrelattrically astiveongmbranes, such as semi-
permeable or selectively permeable ion exchange or bipolar membranes. Continuous
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 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



Devices for purifying fluids using electrical fields are commonly used to
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electrochemical half cell reactions occur that initiate and/or facilitate the transfer of ions
through the membranes and compartments. The specific electrochemical reactions that occur
at the electrode/interfaces can be controlled to some extent by the concentration of salts in the
specialized compartments that house the electrode assemblies. For example, a feed to the

30 anode electrolyte 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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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 uniis 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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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
the cell stack. In at least certain embodiments, an electrochemical separation device may be

30 constructed and arranged such that one or more bypass paths present higher resistance than a
direct path through the cell stack. In some embodiments involving a modular system,
individual modular units may be configured o 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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A third compartment may be formed between the first compartment and the second
compariment 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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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



20 path. In other enbodi nents, the second fluid flow path may run at a 180
angle to the first fluid flow path. If3additional ion exchange nenbranes
are secured to the cell stack to provide additional conpartnents, the fluid
flow paths in these additional conpartnments may be the sanme or different
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of the Admmgeﬁeﬁa@lmvmg greateemembtang patxh@atloanna;q laélﬂldi? toaver smrgﬁ cation
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been f quﬂit)t pratiud vaddre Tn BB amBoditiehisZ b in@nbrane utilization that may be

achieved is greater than 65%. In other embodiments, the membrane utilization that may be

25  achieved is greater than 75%. In certain other embodiments, the membrane utilization that
may be achieved may be greater than 85%. The membrane utilization may be at least in part
dependent on the methods used to secure each of the membranes to one another, and the
design of the spacer. In order to obtain a predetermined membrane utilization, appropriate
securing techniques and components may be selected in order to achieve a reliable and secure

30  seal that allows optimal operation of the electrical purification apparatus, without
encountering leakage within the apparatus. 1n 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.
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| east  between the housing and the cell stack to provide a first modular unit in the housing. A flow

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

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

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



25 a portion of a periphery of the cell stack secured to the housing. A
frame may be positioned between the hgysing and the cell stack to provide a
first nodular unit in the housing. A flow redistributor may be present in
one or nore of the conpartnents of the cell stack. At |east one of the
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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



-16- applied electrical field is reversed thus reversing the stream
function. Miltiple spacer assenblies ggparated by spacers nmay be secured
together to forma stack of cell pairs, or a nmenbrane cell stack. The

el ectrical purification apparatus of the present disclosure may further
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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,



-17- projections, protrusions, flanges, or baffles may be fornmed as part of
i on exchange menbranes, the spacer, qQfshay be an additional separate
structure that is provided within the conpartnent. In at |east one

enbodi ment, a nenbrane or bl ocki ng spacer may be substantially
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through the compartment. The spacers may be made of polymeric materials or other
materials that allow for a desired structure and fluid flow within the compartments. In certain
25  embodiments, the spacers may be constructed and arranged to redirect or redistribuie fluid
flow within the compartments. In some examples, the spacer may comprise a mesh-like or
screen material to provide structure and allow for the desired fluid flow through the
compartment. The spacer may be constructed and arranged to redirect at least one of fluid
flow and electrical current to improve process efficiency. The spacer may also be
30 constructed and arranged to create multiple fluid flow stages in an electrical purification
apparatus. The spacer may comprise a solid portion to redirect fluid flow in a particular
direction. The solid portion may also redirect electrical current flow in a particular direction,

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

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



and prevent a direct path between an anode and a cathode in an electrical
purification apparatus. In sone enbodijgents, a spacer nmay pronbte current
flow through a cell stack -18- and generally deter current bypass with
respect to the cell stack. A spacer conprising a solid portion may be
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25  other embodiments, such as in modular embodiments, and electrochemical separation system
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



-19- separation nodular unit, having a second cell stack defining a
plurality of alternating depleting copartnents and concentrating

conpartnments supported by a second franme, the second el ectrochem cal
separation nodular unit positioned between the first el ectrochem cal
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R N S
el ect r ogqstpdlonRARAICAT is QGbsiaHdIIR berpendicular to the direction of flow through the
concentrating compartments. The first and second electrochemical separation modular units
25  may be configured to facilitate multi-pass flow within the system.

Tn accordance with one or more embodiments, a method of assembling a separation
system may include mounting a first electrochemical separation modular unit having a first
cell stack surrounded by a first frame in a vessel between a first electrode and a second
electrode, and 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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sides of the cell stack. The design of the frame, including manifold system and flow

distribution systems, may be configured such that it may receive the cell stack in any

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

30  improve current efficiency of the overall modular unit.

In one or more embodiments, a bypass path through a stack may be manipulated to

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

and arranged such that one or more bypass paths are more tortuous than a direct path through
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with o r|bu ectrochem ca
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



20separation may include a plurality of first passages oriented in a first
direction and configured to deliver fggd to at |east one conpartnent of an
el ectrochem cal separation device, and a plurality of second passages

oriented in a second direction, the plurality of second passages in fluid
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soci ate ow distributor. The port nay have various
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| n accowithtkeclodtrdehemisalorepastion deviesdi Insame embodimanks, dfe st dirgslipR & may be
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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.



associated with the cell pairs to define flow paths. If even one of the
seals fails then the entire nodul ar w24t nmay be deened i noperable. In
accordance with one or nore 30 enbodi nments, sub-blocks of cell pairs nay be
used to detect defective seals before stacking all of the cell pairs to
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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



-26- Section A-A would show the sane arrangenent of manifolds and slots for
the concentrate conpartnents. The inlet and outlet to the dilute and
concentrate conpartnents nay be isolated fromeach other by seals between

the corners of the stack and the frane as shown in FIG 2. The 5 seals can

be achigyestehi] vasd-RHS of @&ENAINEAS S UBRnaSIcshesdyvRsilitddsubiuhpnds or
conbi nat1ons thereof FIG 4 shows one nethod of sealing the corners. The
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stack by flowing through the bottom half of slots, along the horizontal manifolds to the port
manifold, back along the top horizontal manifold and back into the stack through the top half
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



-27- I n anot her enbodi nent, the configuration of the slots can be
nodified to further reduce current | eagkage and thus inprove the current
efficiency with the placenent of blocks within the slots. FIG 5 shows
nmodul ar unit 500 including a stack 510 of cell pairs in a frame 520 with
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45 95 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.



5stereolithography, 3D printing, fused deposition nodeling, etc. can be
used for fabrication of the frame. |n2a&nother enbodi nent, the frame 1220 is
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each pass. This invention is not limted to any specifi c nunber of cell

pailds or nunlm@on@fenpimég@@ts hechorivanighbipeksarprpeiinghe same logfipns HevEROt her

enbodl

Fespect e en TR ol s b SpointioR By B St RE bRl BRI T
ar e agaptvudleebhiyoléx aAIGE Daheds how tied Blocksyd30kan be snppaed sfeasmylasnfanl led with
a screen that separates the adjacent nmenbranes and_ enhances r{&m ng of the

fluid afagtionpf gigsintehproonglst tq@y&wﬁsﬂaﬁ%ﬁﬂmpmﬁn@t wisild ke blogkedy, Ynitastigh
Sectio The
PR R L A e e L
t h@motmemb(aﬁEMreaxthmdnhMmdméms sheasthooared tdmcé:ssmgd adifeyupOwith ngsosecur ed
by clip These nmenh olatet e dil.ut str (inlet an utl et

mani f ol W€ homyqpia %@O@Qd{z@? W@?ﬁ%fop Barkhiped priue! E HedtiReteeYihpar t ment s
at the k%c%qgemﬁg&%gmugﬁsgmgeg%@&k FIG 16 presents a close up view
of the inlet to the dilute conpartnments. FIG 17 is a

In another embodiment, the frame is machined or molded without the slots. Grids

which contain the slots and horizontal blocks are fabricated separately and inserted 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



5 view through Section B-B of FIG 14. The concentrate streamfl ows through
all of the concentrate conpartnents ingparallel, including the one at the
top and bottom ends of the stack. The outer O-ring on the top surface of
the frame of FIG 15 is used to seal the nodular unit against an adjacent
flat supbasend phlyshrnd(PPE Rdiforedit fllat cuddfas@ldse Siberd @iy, addbdfol0 frane of
an adj acent nodular unit above, or an endplate. FIG 18 shows, for exanple,
a secti@;ﬂiame@wnthﬁ@@waérqw@ﬂ!ﬂ%ﬁn%ﬁlﬁ@h%&?rw therel PEPEESE- the integrity of

the seals in_a nodul.an. uni T N Phihy

pl at es. Thenlt;r)'osf) gl%r%%l&%g{ng tga%heaﬁnﬁag?%%ﬁ&k#%éds%%@gfgg‘?ﬁl@ﬁ{aﬁ\gﬁbolt lt?%m

sur f ac ear@fortiljectidadubldingu mh tdditene rapld erddoty ping” wthniheestsoph af  t he nodul ar
unit seals against the top plate, The dilute outlet port , i.s plugged and a
15 prSes SUMPEEHORTEIN 3Dt Pridbe; BseiRPElor ICRNEFlcy Fn Persed ffgf&?‘?f.‘% oF 8§_k in
any of ﬁlgglﬁc{fhebq VG Rl TRHE: ARE Brafile_1200 M NssGRPIBE froRlr WclibndjBRlibyi N a
cross-lea 0 the concentrate stream The presence or rate of cross-leak can
be usedadhssiges thetrailica niewharded] enathodsngr coodhihagions) thieteofrgishown IFFIG- 129 shows a

tack of endpl at dul i ts 1900 and i nbr. 1970 bef
aseanbl e FRAOT SR 08 VL2 e B PEICBTHCHR LT DEHERE R B Earpl o

201 n sone erpROIIROLS, bR FRINREsak ol acBRHmeate teenmEe of EANFaidesagn. The
frame for Unit 2 nay be oriented perpendicularly to the franes for Units 1

and (B agadk (sesshaight Dty FIGe2)) prrteulanhsifohe fravae i dspanblaghEory sgelansi A§i de Units

1 and 3 are the sane ifferent from.the. I Nginde-Uni i 20
is a viSPPRGEEH Séa(?gtq?ghogge,&{ PA{TSUOr £X4MBlgy @;%%ETIH Rg.og?\#@ﬂ# Plgg%gn%
Sect i ongiBmfkd 4hdWbi thicton (DIUD12AShick erapstirhiesihe depthithefrimp wontll lzet tobe of Uni t
1 are 25 concentrate conpartnments, the |last nenbrane at the top is an

ext endeabogt 088bar @iy AEM and the | ast menbrane at the bottomis an

ext ended or ﬁ(leﬁa;n al ib%%re%:i%l 1[rﬂitallj{6héf lﬁweggeﬁgégﬁhuﬁg%ﬁg%m%%sémy; op and

bottom are di e conpartnents ast rane at the top is an extended

CEMsandinkf€ioh ash staeihitandagt nubeebatdeti pairs i a dxdpefrane may bs epfficelt.i Tige AEM
The arrangenment of nmenmbranes and cells (n.the rmduépar lu%it , along with
bl ocki nfiexablemsmbrapssand sgregidiuths siackiee aytial cqieg @YDy ggheshie Py

mul 1 - PSS 0l S8 Gatil ABSigidlny! Forfilld e BofEd RERBI M e Bl fFieANEs and
resul ts I'n concentrate conpartments next  to the el éctrode conpartnents.
Those cihpdeipht of the stacipaictarsest S\ patiug adlwshef foeexaaple sneods indwrdispsased ect r ode
conpartnents and the next, dilute. Fl 23 1 Vi e hr.ough ap assephl ed ED
devi ce WHERIMhY2 H%H@_e&ggeslepg%\ﬁtfﬁmgﬁp%t\ng tﬁ? %ﬂ‘fl?ear\égotﬁ?ﬁérrd. aﬁtsg?w%f 4 is
a ogf ai J?l.e‘ﬂhé’ L&YY ina30ick Qb sehibedinlaUt fnOntY bt 18 tedfBd Uht@rthdpdrherd apsbiddl ut e

inlet of Unit 2 illustrating blocking spacer 2470 between nodular units
2400. The entite sssetnbbynmey bavetthbouejbctedhif any o8 the|seals il mesyliingrin gpmnplete loss
perpend(iatg[lﬁl ar. to %E% section in FIG 23 would show the 3-pass flow through
the conRpiFHplsa 8Ft nents. The endpl ates in

FIG. 13 is a schematic, for example, of the dilute stream in a 3-pass ED device with

[ -

1200 cell pairs. There are 6 modular units, each with 200 cell pairs. Alternatively, 3 modular
25  units may be used, each with 400 cell pairs. Many combinations of cell pairs 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 coinpartments. The last membrane at the top of the stack (AEM) and the



5 the ED device showmn in FIG 19 and FIG 23 can be drawn together using
threaded rods with nuts at the ends, @omonly called tie-rods or tie-bars
in plate-and-frane ED devices. The endpl ates nust apply sufficient

conpression to the nodular units to seal the O-rings. O her apparatus can
al so bdas semhnliransagphey/batwnp (@RI vetchd beyentl ohd sigcknand wreasealedity)-ri@ge exanpl e
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inside the walls (inboard). The ED device can be enclosed for cosnetic or
saf ety stazlis GiliS. 16Mpresantcd dosw ep vaw di¢haioks bthedilieenmpagmentst SiGely iSlaast i ¢
panel s, .for. ex | e. eyj can al s e inserted |nt ressure
Desger e e Seckion BB ruirtd: Fac@Brnif SeaiEl Bl 5T ares
ar e sqUnerittedniiatlentd1aRAraREY ildhuEng et gt thBadp @iddbotsaestids at'the sol i d.
The walls may be cored out if the frames are to be injection nolded to

avoi d eskaskssively thick sections. Pressurized fluid is punped through the
nmodul ar uni t.s, dur.i eration, [ ed [ i : to the
Sl Bopiﬁle Pis € (?f'tﬂ% Ak %ggg('}.bl% 1g?1 efdﬁtg s?érHEéj
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FIG 26 shows six et ween two ded endpl ates, all
housed it. & hEythodudan undd is viesped b2iG&en (wd platest Thabpemmpidte hd-an Ggimgon t he
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opeldat | passupzel/Bidiop gaoils applicstndhe dibuk olétiportn\A Rk ithanyoefhondsbaieeeaedn t he
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T CosmepPablsER ki SEHP sral wiDie P BLEr S Els B EThE LS ARLE shohm PG, o 21 e
can be glesinddefrad ¢t draddlibfadRbewistdasatitet eildeshfdinessdaacudDqsllicengt h.
One or nore non-structural cosnetic covers can be used to encl ose the

nmodul arFi§hil@shows asackof endglases, madplar npitssk908 ead separdine anemlragesi 194@rt ed into

a circuy encl asur ] t f . Fl : i | te a nodul ar
ani ¢ coPGrrastati ThetoTiRend eob B Bt Rinsdoif ort i kiR, Thi s
i nvENt i on i SIn'Wind dniidd@derits) cadembdulat et maygiusd hisisame Guinerdesipn. Théframe

el ectrochem cal deionization device such as el eﬁé‘rjodei onj zaibi on (EDI) or

cont i nuBi$nd way Seeriere RerPeiquishy i tE%FF*“@F% frifnits drad A ast BHRTRY a cross
flow Co{eﬁlfeilgééﬁﬁﬁé LGS, Wetsgﬂkﬁngﬁll% iUl 2 fH%‘%HJn@Ir %ﬁt{;ﬁﬁ@eﬂ’t‘ fidmaleots in

which ¢ pairs are inserte n cross-fl ow efectrod sis (ED) and
el ect r ostadkoinsidaingtr®. (IO 20 dewvviewshtongh Sedticni A\ Arldnic bane Fi@G alliing vedw eans

flow in directigns rpendicylar to each other. Potential a i.cations
i ncl ude!¥ Iéeﬁﬁ?l? ggg HP &é"é _ g last B?%B%T@Wtﬁ/\%tttg‘? togr?ﬂgbf’ﬁﬂ%‘s& ﬂ%‘rf%r?l and
gasyPr ogifbhille cofpdrRhchts 8% 198RSk RRAUAAIpUS hf BxtERIAS SefHRMtineA BvEd
cross-flow nodul ar” units.
and the last membrane at the bottom is an extended or separating CEM. In Unit 2, the last
compartments at the top and bottom are dilute compartments, the last membrane at the top is
an extended CEM and the last membrane at the bottom is an extended or separating AEM.
The arrangement of membranes and cells in the modular units, along with blocking
30  membranes, as shown in the schematic in FIG. 22, allows multi-pass flow configurations in
the dilute and concentrate streams and results in concentrate compartments next to the
electrode compartments. Those concentrate compartments serve as buffer cells between the

electrode compartments and the next dilute. FIG. 23 is a view through an assembled ED
device showing the 3-pass flow through the dilute compartments. FIG. 24 is a detailed view



10 In some non-limting enbodi ments, nodular units may be incorporated into
a vessel. In at |east one non-limtinggenbodi nent, the vessel may be
substantially cylindrical. FIG 27 illustrates a 50 cell pair nodular unit.
In this design, open inlet and outlet manifolds are in direct fluid

conmmuni efathe diiueiotitiettdidddubaw honpand dibne mletof Unitdsilustaohgibbodking sp2&r The

open mapifol ds redu pres e drop in each stream but part of the
el ectri%ﬁo%‘f"‘?e@ﬁ?o‘fj%d‘\ngﬁégé%el ectrode to the other can bypass the stack

of cell pairg fuidn Ul BFobH B IehbR IS hRALBA SNt PAPRUARSS 0GR §bn [educes
current efficiency and 1 ncreases energy consunption. For desalination of

NaCl soFkt.i23rvsquld shravethe 3efass Bperibypuglathelsonecuitrate compdrtasnisoThewadplates her e:

= cyrrept ficiency . (glc@n =flowrate per dilute co rt ment, at
i e B It ohnanma ) 2t el b e Rt i E E R E Vha
concent f@6 hORe 8hdsdidrimBnly¥aRéd Ge-rods or ti6-WAKARPlAd-haN fraine D dveoeguUiThet z =
valence = 1 for NaCl F = Faraday's constant 30l = current -32- For

desal i nendpbatesanuss apils sefficienteerapressgrf odhemegulanynitsdo sedl dhy Qursgsa®thes| | ows:

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 cach 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.



where: G = concentration of individual i1ons zi = val ence of individual
ions A "process efficiency Tip" may hgjdefined as follows for NaC
solutions: (qgd )out (C a-00) z F The process efficiency is generally |ess
than or equal to the current efficiency: A(q) G nzF where: A (qd) =rate

of wat er | oSFhif ir3@hfidicis@bt lih&ed BMpand sRBGrodlalesik eqEip@eht @thenosi s or
osnosi s.. 25l n sone. enbhodi rrents ‘Ffi stens and net hods nay support a stack of
cel | pailecdroghericpl deiqragatioy dgvice aib aspirstrodelpmizahian (RRLORAONINYQNS sl ot s whi ch
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streans to their respective ow conpartmentS in the stack as illustrated
in F GSnu]Z@leamuﬂsesmlsmgmnngdlﬂd&efraxqmﬂhekdndmwdﬁch selpfaiis wohingertbdsi gn i s

redyction of_current hypass by mnation of the o reas at .the inlets
o Sout ot o g edieznebpagen s @w%oée%r@ﬁ?wﬁ@ml sy g%‘”ff’éttﬁ‘é@iﬁ‘&’tngt he
corner Saﬂdrboﬁcéﬂtﬁﬁﬁg ktPeahRr A8 MAlishs &ﬂ&nd@u@é%lfo ER@lotk@n PBRnfiecked for
cross-1 eaks, desalination performance and pressure drop. Miltiple bl ocks

can be aplickigs inslidsrdesalimation nbstatvater, UmackishByaserdnddorimesrioprmbansagas be
|nserted ettween the blocks to direct the dilute and/or concentrate stream
into PP E%pass - 33-

Various designs and manufacturing methods may be used cross-flow modular units.
10 In some non-limiting embodiments, modular units may be incorporated into a vessel. In at
least one non-limiting embodiment, the vessel may be substantially cylindrical. FIG. 27
illustrates a 50 cell pair modular unit. In this design, open inlet and outlet manifolds are in
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:

I:(qd )in Ciﬂ-(qd )out Cout zF
20 % [

where:

;= current efficiency

{qa)in = flow rate per dilute compartment at inlet
25 (qQd)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



flow configurations. FIG 31 illustrates transport processes in an ideal

el ectrochem cal separation system FIG2-32 illustrates transport processes
involving current inefficiencies within an el ectrochenm cal separation
systemand FIG 33 illustrates transport processes involving current

i nef fi cFemisyalimation nbicawnicorcuwientefficierry hoy be ealcdhted s Gdlomvsi cal separati on
5system FIG 34 illustrates that the current can still bypass the
stack by flowtng through the gaps between,t frame and the stack and

wi thin the verti gal ts [from qne of |th tack to the other. Current
bypass throu t{t d@ sfo@sers "Kﬂeﬁ@f ztiizg%j“f ant. In accordance with one
or nore eqﬁg i ment sy ‘et hdds nay reduce cimrent bypass in cross-flow ED
devigces. I'h 10 sonme enbodi menfs, flow passages in a sub-block frame my
reduce the fraction of current that bypasses the stack and thereby increase
current efficiency. The passages may connect the inlet and outlet ports to
the fl ow conpartnents in the stack of cell pairs. FIG 35 shows the fluid
vol ume VHS¥) ow passages inside a sub-block frame. Stream 1, for exanple,
enters the &ranp é}ﬁraﬁﬂnbf‘in%vim o@dnd flows through a lattice of passages
into the stack. For stnmplicity the 15 fluid volunme in the stack is

r epr esent edz; byvakente afisgvicent ionkock. The actual fluid volune in the flow
cor%grtmants in the stack is defined by the nenbranes and the screens. From
thestack Stream 1l flows to the outlet port via a second |attice of
passagesg.« LA & psL.ent [ .1; otherw se the
desi gn %f pﬁ‘%w péélgg%'e@’ P?gftkﬁgheggﬁ(gs{]%ln%%éﬁg}?idgu e?g%'l ed view of the
inlet flow passages for Stream 1. Flow fromthe inlet 20 port is

di stributed n el of i zontal passages in parallel. Each horizontal
passage in t(fgh)aodi Zg?ri'&we)s??{s portion of the flowto a nunber of flow
conpartnepfs in the gtack via vertical passages. At the outlet of the flow
conpartnments, the reverse sequence of passages (vertical passages ->
horizontal passages -*outlet port) allows the flowto exit the sub-bl ock.
FIG 37 ﬁhows th .the.bg%lagai qurr nt can 1fl(ghw fron%)of?e. end of the stack to
the ot h&r® BRGHS yIigirnsy dhesetallyiless tian orbapal da the rarepbetfiSisheYs) passages; t he
hori zontal passages are in fluid conmunication with each other only through
the port manifol gz There are two sets of bypass paths, one via the inlet
port manifold an (QQ)&En@F via the outlet port manifold. Insert 3795

i ncl udesnprﬂ‘éni MWW. The current paths through the

sub- bl ock can thereforke be represented as a circuit with 30three resistors
inJomrallel; one is the resistance of the cell pairs in the stack and the
other twp are resistances of the two sets of paths for the bypass current.
By prop®Pesizing of the passages, the electrical resistance of the

convol ut ed_RRLSS 8orb i ARG, BB ccHflrBRnl B MATLIHRARLY 1 oher

than the resi'stance o
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



t hrough the stack. The mpjority of the current can therefore be forced to
flow through the stack. In at |east sgpe enbodi nents, at |east 70% of the
current may flow through the stack and therefore at |east about 70% current
efficiency may be achieved. In at | east sonme enbodi nents, at |east 80% of
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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



5 Multiple sub-blocks using this frane design can be stacked up and
inserted into a cylindrical housing. k4G 45 shows a correspondi ng insert
with the horizontal grooves on the curved side. Not all of the flow
passages have to be placed in the inserts. Horizontal grooves can be
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W thin i%se(f%/xj:ainrb%rijagr%ate\ﬁ%%ﬁrﬁgchining 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
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i N posi §dpiatibR device may comprise a modular unit. The modular unit may comprise at least one
cell pair and a frame. The at least one cell pair may be attached to the frame. The device
30  may be an electrodialysis device. In other embodiments, the device may be an
electrodeionization device. The frame may include one or more slots. In some embodiments,
blocks may be within the slots. In at least one embodiment, the slots may be perpendicular to
the at least one cell pair. The device may further include a blocking membrane or spacer

between each modular unit. The device may include a plurality of modular units. The
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f1 ow di gbidehithte Ahy HeFsbhA el WRLLINAY 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
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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 iilustrates 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 infet 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



Control Frame Feed Conductivity nS/cm 56.16 55.9 Product Conductivity nS/cm

55.23 54.08 Anperage A 2.01 3.0 Produgg. Flow Rate 1/mn 2.81 2.66 Current
Efficiency %49 63.3

housing section using adhesive at corners. The blocking spacers do not have to be sealed to
the inside wall of the housing 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.
5  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.

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

1S facilitate evaluation of flow distribution and pressure drop. Lower pressure drop may lead {o
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 ¢m. 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.



5The control nodular unit wthout the frane had a neasured current
efficiency of 49% The nodul ar unit wgph the frane had a nmeasured current
efficiency of 63.3% This represents approximately a 29% i nprovenent in
current efficiency when using a frame with slots. EXAMPLE 2 10A prototype
nmodul ar unit with 145 cell pairs in a 3-pass flow configuration was
assenbl ed. The cell pairs were .in 3 franmes, containing 50 cell pairs, 50
cel | paTb%%?ﬁ%F‘%therﬁa‘feF%as foepectively. In tests with 56 nS/ cm NaCl
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EXAMPLE 2
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/em 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 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
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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:



4. The nodular unit of claim3, wherein the manifold system further
conprises an outlet manifold in fluid4g¢gomuni cation with an outlet of each
depl eting conpartnment and with an outlet of each concentrating conpartnent.
20 5. The nodular unit of claim3, wherein the frame includes a flow
distribution systemin fluid conmunCEAIM8n wi th the manifold system 6.
The nodul ar unit of claim5, wherein the flow distribution systemis in
fluid conmunication with an inlet of each depleting conpartnent and with an
inlet of RAGRAIHANGE Uil AR MBS prisife: The modul ar unit of claim
5, wherein the flow distribution systemconprises at |east one bypass path
confi gured tacaletarkalefinmgearlutalitysof d@rmdting Hepletogudoarpatimentsgihdc| ai m 6,
wherein the fl.ow distri bL{[i on system conprises a plurality of first fluid

passageOnEHIEHPR SOPRIIET AN di rection. -42- 9. The modular unit of claim

8, wherein thgarhb oWélindtdgl th@bélpgtaayaﬁqummaah%!aeﬁalﬁt;am;isﬁeﬁsg@ utegabi ty of
second fluid Hassages oriented in a second direction and in fluid

communi feeilifasnilvadtfiov Hsoyghihersli stadke first flui d passages. 510. The nodul ar
unit of claim9, wherein the first and second directions are substantially
perpendi cular. 11. The nodul ar unit of claim5, wherein the flow

di st ri byt Tl msdsbemicaaMinSE Svifeih (edidme BRrdnfietdiombinaid vatiealdef i nes a
recess configured tg receive the insert. 10 12. The nodular unit of claim
11, 10whedlignmeptef theed} stackef i nes a lattice structure configured to pronote
uniformflow distribution to the cell stack. 13. The nodul ar unit of
claim1l, wherein the insert has a first side proximte the cell stack,
15and &.sBeomdddudeniogfiadsint 2 wheeeif threghars fode systemal covhpriseis an iddet magédd in

conprises.a plurality o Qrts on at |l east one of the fjrst.and_segond
P, Td SoRpuniation ain Rtlcoe! BB ieRITDE SSRERE LA Sh AR I ALRETT | | st

si de Ofcoht?&ﬂaﬁﬁg%m%)énﬁéﬂt?m ed substantially perpendicular to ion exchange
menbranes of the cell stack, and wherein each 20port on the second side of

thésinsert is oriented substantially parallel to ion exchange nenbranes of
t he cel 4 f‘ﬁ ack . . . . .
. The'modular unit of claim 3, wherein the manifold system further comprises an outlet
manifold in fluid communication with an outlet of each depleting compartment and with an

outlet of each concentrating compartment.

20 5. The modular unit of ¢laim 3, wherein the frame includes a flow distribution system in

fluid communication with the manifold system.

6. The modular unit of claim 5, wherein the flow distribution system is in fluid
commumnication with an inlet of each depleting compartment and with an inlet of each

25  concentrating compartment.

7. The modular unit of claim 5, wherein the flow distribution system comprises at least one

bypass path configured to reduce current loss.

30 8. The modular unit of claim 6, wherein the flow distribution system comprises a plurality of

first fluid passages oriented in a first direction.



15. The nodul ar unit of claim 14, wherein at |east one port on the first
side is in fluid communication with tyo_or nore conpartnents of the cell
stack. 25 16. The nodul ar unit of claim 14, wherein the plurality of ports
on the first side are staggered. 17. The nodul ar unit of claim1,

wher ei n9.t ike sedblasidcsks dlsinc&inslicteio tledlan disaibuging egktém finftheachingriesat | east
about 85% fluid contact with respect to surface. are% [ on exchan%%

.of
merbr anR¥TaibY pierond fd passeecsionierted i g seoprd difgefinand i fludgommupiggt
wher ei nwﬁﬁtﬂe%ﬂﬁltaligfkﬁ‘ﬁ}gtﬁlhﬁ gsﬁgéfgpi ng conpartnments and concentrating
i ses a bl bckl

conpartments ‘conprise g spacer or flow redistributor. -43- 109.
The nodul ar unit of claiml, wherein the cell stack is configured such that

a direct] of flow thr h the depl.etin ompar,t pents is di.fferent than a
i Tt b Br et e T &, e e e SRR hsate SRR L ial o
unit of pghdHdidular. Wherein the cell stack is configured such that the

direction of flow through the depleting conpartnent is substantially
perpendi cular to the direction of flow through the concentrating

conpart PP“‘I’I‘?@ modular unit of claim 5, wherein the flow distribution system comprises an insert,
and wherein the frame defines a recess configured to receive the insert.
10
12. The modular unit of claim 11, wherein the insert defines a lattice structure configured to

promote uniform flow distribution to the cell stack.

13. The modular unit of claim 11, wherein the insert has a first side proximate the cell stack,
15 and a second side opposite the first side, and wherein the insert comprises a plurality of ports

on at least one of the first and second sides.

14. The modular unit of claim 13, wherein each port on the first side of the insert is oriented
substantially perpendicular to ion exchange membranes of the cell stack, and wherein each
20 port on the second side of the insert is oriented substantially parallel to ion exchange

membranes of the cell stack.

15. The modular unit of claim 14, wherein at least one port on the first side is in fluid
communication with two or more compartments of the cell stack.

25
16. The modular unit of claim 14, wherein the plurality of ports on the first side are

staggered.

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

membranes defining the cell stack.

18. The modular unit of claim 1, wherein at least one of the depleting compartments and

concentrating compartments comprises a blocking spacer or flow redistributor.
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19. The modular unit of claim 1, wherein the cell stack 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 modular unit of claim 1, wherein the cell stack is configured such that the direction
of flow through the depleting compartment is substantially perpendicular to the direction of

flow through the concentrating compartments.



