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ABSTRACT

Systems and methods for electrochemical separation are provided. An
electrochemical separation device may include: a first electrode, at least one cell pair, and a
5 second electrode. The first electrode is segmented with each section including a straight
section and a curved section. The at least one cell pair includes an anion exchange membrane
and a cation exchange membrane wound around the first electrode to form a bundle. The
second electrode surrounds the bundle. A cross-section of the bundle has a straight section
and a curved section at first and second ends of the straight section. The radius of each of the

10 curved sections of the segmented first electrode is not dependent on the number of cell pairs.

CA 2890376 2019-09-30



10

et
L

20

CA 0289%0376 2015-05-05

WO 2014/077887 PCT/US2013/032068
ELECTROCHEMICAL SEPARATION DEVICE

FIELD OF THE DISCLOSURE
Aspeets relate generally to clectrochemical separation and, more particularly, to
electrochemical separation systems and methods involving ion exchange membranes

arranged 1o a racetrack configuration.

SUMMARY

In accordance with one or more aspects, an electrochermical separation device may
clude a first electrode, at least one cell pair comprising an anion exchange membrave and 2
cation exchange membrane wound around the first electrode to form a bundle having a
racetrack configuration, and a second clectrode surrounding the bundie,

In some aspects, the device may be contigured such that diluting and concentrating
streams flow co-currently from the first eloctrode to the second electrode. The first clectrode
may comprise an anode and the second electrode vaay comprise a cathode. The anode woay
comprise a straight section with a semi-circular section at each ond to detine a substantially
elongated S-shaped anode. The anode may further comprise a fastener such as a fasiening tab
at cach end to secure the at least one cell pair. The anode may be coated with an oxidation
resistant material.,

In some aspects, the anode may be segmented. The device may further comprise a
spacer configured to maintain a predeternined distance betwoeen first and second segments of
the anode. In other aspects, the cathode may be segmented. The device may further
comprise a manifold for factlitating {tuid tflow through the at ieast one cell pair,

fu some aspects, at least one end of the bundle is sealed with an adhesive. A vessel
may be configured to receive the bundle. The vessel may comprise endblocks. The device
may be characlerized by a mersbrane utilization of at least about 85%.

In some aspects, a cross-section of the bundle has a substantially straight section and a
curved section at fivst and second ends of the substantially straight section. The current
density may be substantially uniform throughout the substantially straight section of the
bundic. A ratio of a length of the substantially straight section to a height of cach of the
curved sections may be greater than zero. In at least some aspects, the height of the curved
sections is not dependent on the number of cell pairs. In some aspects, the anion exchange
membrane and the cation exchange membrane are planar and parallel along the substantially

straight section of the bundle. The bundle may generally have two axes of symmetry.



In some aspects, a water treatment system may include an electrochemical separation device
having a first electrode, at least one cell pair comprising an anion exchange membrane and a cation
exchange membrane wound around the first electrode to form a bundle having a racetrack
configuration, and a second electrode surrounding the bundle.

There is provided an electrochemical separation device, comprising: a first electrode; wherein
the first electrode is segmented with each segment comprising a straight section and a curved section,;
at least one cell pair comprising an anion exchange membrane and a cation exchange membrane wound
around the first electrode to form a bundle; and a second electrode surrounding the bundle; wherein a
cross-section of the bundle has a straight section and a curved section at first and second ends of the
straight section, wherein the radius of each of the curved sections of the segmented first electrode is not
dependent on the number of cell pairs.

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

2%« 29 <C 29 L

references to “an embodiment,” “some embodiments,” “an alternate embodiment,” “various

2%

embodiments,” “one embodiment” or the like are not 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.

BRIEF DESCRIPTION OF THE DRAWINGS

Various aspects of at least one embodiment are discussed below with reference to the
accompanying figures, which are not intended to be drawn to scale. The figures are included to
provide illustration and a further understanding of the various aspects and embodiments, but are not
intended as a definition of the limits of the invention. Where technical features in the figures, detailed
description or any claim are followed by references signs, the reference signs have been included for
the sole purpose of increasing the intelligibility of the figures and description. In the figures, each
identical or nearly identical component that is illustrated in various figures is represented by a like
numeral. For purposes of clarity, not every component may be labeled in every figure. In the figures:

FIG. 1 presents a cross-sectional schematic of an electrochemical separation device in

accordance with one or more embodiments;

Date Regue/Date Received 2020-05-13



FIG. 2 presents a detailed view of a section of FIG. 1 in accordance with one or more
embodiments;

FIGS. 3a and 3b present schematics of an electrochemical separation device in accordance with
one or more embodiments;

FIG. 4 presents a detailed view of a section of FIG. 3a in accordance with one or more
embodiments;

FIG. 5 presents a schematic of an electrochemical separation device housed in a vessel in

accordance with one or more embodiments;

2a
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FIGS. 6a and 6b present schematics of various flow patterns in accordance with one
or more embodiments; and
FIG. 7 presents data discussed in an accompanying Example in accordance with one

or more embodiments.

DETAILED DESCRIPTION

Devices tor purifying fluids using electrical fields are commonty used to treat water
and other liquids containing dissolved 1onic species. Two types of devices that treat water in
this way are electrodeionization and electrodialysis devices, Within these devices are
concenirating and diluting compartments separated by ion-selective membrancs. An
electrodialysis device typically includes alternating electroactive seniipermeable anion and
cation exchange membranes. Spaces between the membranes are configured to create liquid
flow compartments with inlets and outlets. An applied electric field imposed via electrodes
causes dissolved ions, attracted to their respective counter-clectrodes, to migrate through the
anion and cation exchange membranes. This generally results in the hiquid of the diluting
compartment being depleted of ions, and the liguid in the concentrating compartment being
enriched with the transferred 1ons.

Electrodeionization (EDI) is a process that removes, or at least reduces, one or more
ionized or 1onizable species from water using electrically active media and an clectric
potential to influence ion transport. The electrically active media typically serves to
alternately collect and discharge ionic and/or tonizable species and, in some cases, to
facilitate the transport of ions, which may be continuously, by ionic or electronic substitution
mechanisms. EDI devices can comprise electrochemically active media of permanent or
teraporary charge, and may be operated batch-wise, ftermittently, continuously, and/or even
in reversing polarity modes. EDI devices may be operated to promote one or more
electrochemical reactions specifically designed to achieve or enhance performance. Further,
such electrochemical devices may comprise electrically active membranes, such as semi-
permeable or selectively permeable ion exchange or bipolar membranes. Continuous
electrodeionization (CEDI) devices are BV devices known (o those skilled in the arnt that
operate in a manner in which water purification can proceed continuously, while 1on
exchange material is continuously recharged. CEDT techmigues can include processes such as
continuous deionization, filied cell electrodialysis, or clectrodiaresis, Under controlled
voltage and salinity conditions, in CEDI systems, water molecules can be split to generate
hydrogen or hydronium ions or species and hydroxide or hydroxyl ions or species that can
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regenerate ion exchange media in the device and thus facilitate the release of the trapped
species therefrom, In this manner, a water stream o be treated can be continuously purified
without requiring chemical recharging of ion exchange resin,

Electrodialysis {ED) devices operate on a sitmilar principie as CEDI, except that ED
devices typically do not contain electroactive media between the membranes. Because of the
lack of clectroactive 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 clevated cloctrical current consumption, ED apparatus have
heretofore been most effectively used on source waters of intermediate salinity. In ED based
systems, because there is no electroactive media, splitting water is inefficient and operating in
such a regime 1s generally avoided.

In CEDI and ED devices, a plurality of adjacent cells or compartments are typically
separated by sclectively permeable membranes that allow the passage of etther positively or
negatively charged species, but typically not both, Prilution or depletion compartments are
typically interspaced with concentrating or concentration compartments in such devices. In
some embodiments, a cell pair may refor (o a pair of adjacent concentrating and diluiing
compartments. As water flows through the depletion compartments, ionic and other charged
species are typically drawn into concentrating compariments under the influence of an
electric field, such as a DC field. Positively charged species are drawn toward a cathode,
typically located at one end of a stack of multiple depletion and concentration compartments,
and negatively charged species are likewise drawn toward an anode of such devices, typically
located at the opposite end of the stack of compartments. The electrodes are typically housed
in electrolyte compartments that are usually partially isolated from fluid conmmunication with
the depletion and/or concentration compartments. Once in a concentration compariment,
charged species are typically trapped by a barrier of selectively permeable membrane at least
partially defining the concentration compartment. For example, anions are typically
prevented frora migrating further toward the cathode, out of the concentration compartment,
by a cation selective membrane. Once captured in the concentrating compartment, trapped
charged species can be removed 1n a coucenirate strear,

In CEDY and ED devices, the DC field s typically applied to the cells from a source
of voltage and clectric current applied to the clectrodes (anode or positive clectrode, and
cathode or negative electrode}. The voltage and current source (collectively "power supply™)

can be isclf powered by a varicty of mesns such as an AC power source, or for example, a
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power source derived from solar, wind, or wave power. At the electrode/liguid interfaces,
glectrochemical half cell reactions occur that initiate and/or facilitate the transter of ions
through the membranes and compartments. The specific electrochemical reactions that occur
at the electrode/interfaces can be controlled 1o sowe extent by the concentration of salts in the
specialized compartments that house the electrode assemblies. For example, a feed to the
anode electrolvie compartments that is high 1n sodium chlonide will tend to gencrate chlorine
gas and hydrogen ion, while such a feed to the cathode electrolyte compartment will tend to
generate hydrogen gas and hydroxide 1on. Generally, the hydrogen 1on generated at the anode
compartraent will associate with a {ree anion, such as chloride ion, to preserve charge
neutrality and create hydrochloric acid solution, and analogously, the hydroxide ion
geuerated al the cathode corupartment will associate with a free cation, such as sodium, to
preserve charge neutrality and create sodium hydroxide solution. The reaction products of the
clectrode comnpartments, such as generated chlorine gas and sodium hydroxide, can be
utilized in the process as needed for disinfection purposes, for membrane cleaning and
defouling purposes, and for pH adjusiment purposes,

In traditional plate-and-frame ED designs, the diluting and conceniraling streams are
in parallel, cither co-flow or counter-flow. Another possible design involves cross-flow
devices, in which the diluting and concentrating sireams are perpendicular to cach other.
Compared to plate-and-frame design, the cross-flow design has the advantage of higher
membrane utilization and lower pressure drop. Both the plate-and-frame and cross-flow
designs have alternating anion and cation membranes that are planar and separated by
screens, Each stack of parallel components is bounded at both ends by elecrodes, Current
flows from the anode to the cathode though each membrane in series, other than a fraction
that bypasses the stack by flowing through the inlet and outlet manifolds (leakage current)., If
the leakage current were a small fraction of the overall current, the average current density
would be substantially uniform throughout the stack. As the feed water flows through a
diluting compartraent, the rate of ion transfer to the adjacent coucentirating compartrnents
would thercfore be about the same along the flow path.

Plate-and-frame and spiral wound designs have been used for various types of
slectrochemical deionization devices including but not limited to electrodialysis (ED) and
electrodeionization (EDT) devices. Commercially available ED devices are typically of plate-
and-frame design, while EDI devices are available in both plate and frame and spiral

configurations. In spiral-wound designs, devices can be constructed with the membranes and
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screens wound in spirals around an electrode in the center; the other electrode being wrapped
arcund the periphery. The diluting and concentrating streams can flow radially in spiral
paths, mward or outward, co-current or counter-current, Alternatively one of the streams can
be radial and other in an axial direction. In a common configuration, the inper electrode is an
anede and the cuter electrode a cathode. Feed water, such as seawater, 18 introduced into the
center and fed to the diluting and concentrating compariments. Both strcams flow outward in
a spiral path towards the cathode. The ends of the spiral bundle are sealed with potting
adhesive. The product and reject are collected at the outer ends of the spiral compariraents.

Conventional spiral-wound designs may have certain advantages over plate-and-frame
designs. Their only leakage current is the current that flows along the spiral paths instead of
through the membranes and 1s expected to be miniroal. The assembly of the device has fewer
steps and is casier to automate. Components such as spacers in plate-and-frame are not
necessary, Spiral-wound designs have certain disadvantages as well including that the
current density decreases as the distance from the inner electrode increases, so the rate of
ionic transfer frora the dilute stream decreases as the diluting stream spirals outward, In
order lo remove the amount of tons required for an application, the membrane area can be
increased by increasing the length of the spirals or the dilute velocity can be decreased,
thereby wmereasing the residence tirne. Increasimg the raembrane areas and spiral length
increases the cost of membranes and the pressure drop. The additional membrane areas are
further away from the inner electrode with even lower current density. Furthermore, since
water loss is present due to electro-osmosis and osmosis, the flow rate of the final product
waler 18 further reduced, so that the energy and capital cost per unit product increase. | is
therefore possible to be in a diminishing return scenario in which a cost competitiveness
design s not possible, The number of cell pairs, and therefore the product Sow rate, 18
limited by the size of the gaps between the anode segments and the difficulty of winding a
large number of sheets. Increasing the radii of the segments, however, increases the cost of
the anode, which must be made of expensive oxidation resistant materials such as platinam
coated titanium, In order to achicve the salt removal required, the curront density at the
anode may be unacceptably high, on the order of several hundred amp/m’,

In accordance with one or more embodiments, a racetrack configuration may provide
certain advantages associated with spiral designs while minimizing their disadvantages.

One or more embodiments relate to devices that may purify fhuids electrically that

may be contained within 4 housing, as well as methods of manutacture and use thereol,
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Liguids or other fluids to be purified enter the purification device and, under the influence of
an electric field, are treated to produce an ion-depleted hquad, Species from the entering
liguids are collected to produce an ion-concentrated liquid.

In accordance with one or more emsbodiments, the efficiency of elecirochemical
separation systems may be improved. Current 1oss 15 one potential source of inefficiency. In
some embodiments, the potontial for current leakage ray be addressed. Current officiency
may be defined as the percentage of current that is effective in moving tons out of the dilute
stream mio the concentrate stream. Various sources of current inefficiency may exist in an
electrochemical separation system. In a cross-flow device, for example, one potential source
of inefficiency may involve curront that bypasses the cell pairs by flowing through the dilute
and concentrate inlet and outlet manifolds. Open inlet and outlet manifolds may be in direct
fluid communication with flow compartments and may reduce pressure drop in cach flow
path, Part of the electrical current from one elecirode to the other may bypass the stack of
cell paire by flowing through the open areas. The bypass current reduces current efficiency
and increases encrgy consumption. Another potential source of nefficiency may involve
ions that enter the dilide stream from the concentrate due to imperfect permselectivity of fon
exchange membranes. In some embodiments, various techniques and designs may facilitate
redaction of current leakage,

In accordance with one or more embodiments, an electrochemical separation device
may mclude a racetrack configuration to prevent current leakage,

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
the cell stack. In at least certain embodiments, an electrochemical separation device may be
constructed and arranged such that one or more bypass paths present higher resistance than a
direct path through the cell stack. In some embodinents, current efficiency of at least about
6% may be achieved. In other cmbodiments, a current efficiency of at least about 789% may
be achieved. In still other embodiments, a current efficicucy of at least about 80% may be
achieved. In at least some embodiments, a current efficiency of at least about 85% may be
achieved. In some embodiments, a current efficiency of at least about 50% may be achieved.

In accordance with one or more embodiments, the flow within a compartment may be

adjusted, redistributed, or redirected to provide greater contact of the fluid with the
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membrane surfaces within the compartment. The compartment may be constructed and
arvanged Lo redistribute fluid flow within the corupartment. The compartment may have
obstructions, projections, protrusions, flanges, or baffles that may provide a structure o
redistribute the flow through the compartment, which will be discussed further below. fu
certain embodiments, the obstructions, projections, protrusions flanges, or baffles may be
referred to as a flow redistributor, A flow redistributor may be present in one or more of the
conmpartments of the cell stack.

Fach of the compartments in the cell stack for an electrical purification apparatus may
be constracted and arranged 1o provide a predetermined percentage of surface arca or
membrane vtilization for fluid contact. It has been found that greater membrane utilization
provides greater efficiencies in the operation of the electrical purification apparatus.
Advantages of achieving greater membrane utilization may include lower energy
consuruption, smaller footprint of the apparatus, less passes through the apparatus, and higher
quality product water. In certain embodiments, the membrane utilization that may be
achieved ts greater than 65%. In other embodiments, the membrane utilization that may be
achieved is greater than 75%. In certain other embodiments, the membrane ulilization that
may be achicved 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 any spacer. In order to obtain a predetermined membrane utilization, appropriate
securing technigues and components may be selected n order to achieve a reliable and secure
scal that allows optimal operation of the eloctrical purification apparatus, without
encouniering leakage within the apparatus. In some erobodiments, stack production
processes may invelve thermal bonding techniques to maximize membrane utilization, while
maintaining g large surface area of membrane that may be used 1n the process.

In accordance with one or more embodiments, an electrical purification apparatus
comprising a cell stack is provided. The electrical purification apparatus may comprise a first
compartment comprising ion exchange merbranes and may be constructed and arranged to
provide a direct flutd flow in a first direction between tho 1on exchange membrancs., The
clectrical punification apparatus may also comprise a second compartment comprising ion
exchange membranes and may be constructed and arranged to provide a direct fluid flow in a
second direction. Each of the first compartment and the second compartment may be
constructed and arranged to provide a predetermined percentage of surface area or membrane

uttlization for {luid contact.
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An clectrical purification apparatus may comprise a cell stack. The electrical
purification apparatus may comprise a f{irst corapartment comprising a {irst cation exchange
membrane and a first anion exchange membrane, the first compartment constructed and
arranged to provide a direct fhuid flow in a {rst divection between the {irst cation exchange
membrane and the first anion exchange membrane. The apparatus may also comprise a
second compariment comprising the first anion exchange membrane and a second cation
exchange membrane to provide a direct fluid flow 11 a second direction between the first
anion exchange membrane and the second cation exchange membrane. Each of the first
compartment and the second compartment may be counstructed and arvanged to provide a
predeternuned membrane utilization, for example, a tluid contact of greater than 85% of' the
surface area of the first cation exchange membrane, the {irst anion exchange membrane and
the second cation exchange membrane. At least one of the first compartment and the second
compartment may comprise a spacer, which may be a blocking spacer.

In accordance with one or more embodiments, the electrical purification apparatus
comprising a coll stack may further comprise a housing enclosing the cell stack, with at least
a poriion of a periphery of the cell stack secured o the housing. A {rame may be posilioned
between the housing and the celi stack, A flow redistributor may be present in one or more
of the compartments of the cell stack. At least one of the compariments way be constructed
and arranged to provide flow reversal within the compartment.

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. A spacer may be positioned in the cell stack, The spacer
may provide structure to and define the compartments and, in certain examples, may assist in
directing fluid flow through the compartment.  The spacer may be a blocking spacer which
may be constructed and arrange to redirect at least one of fluid flow and electrical current
through the cell stack. As discussed, the blocking spacer may reduce or prevent electrical
current inefficiencies in the electrical purification apparatus,

In accordance with one or more embodiments, a housing may include clectrodes,
Eundplates may include the electrodes. The clectrical purnification apparatus may comprise a
first electrode at an interior of the bundle and a second electrode swrrounding the bundle. The
first electrode may be an anode and the sccond clectrode may be a cathode 1n some

embodiments. In other embodiments, the first electrode may be a cathode and the second
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clectrode may be an anode. Once or both of the clectrodes may be segmented as discussed
herein,

The fluid flow i 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 flaid flow in
the first direction may be converted to a concentrating stream and the fluid flow in the second
direction may be converied to a diluting stream with the use of polarity reversal where the
applied electrical field s reversed thus reversing the stream function. Multiple spacer
assernblies separated by spacers may be secured together to form a stack of cell pairs, or a
membrane cell stack,

The electrical purification apparatus of the present disclosure may further comprise a
housing that encloses the cell stack. At least a portion of the periphery of the cell siack may
be secured to the housing. A frame or support structure may be positioned between the
housing and the cell stack to provide addilional support to the cell stack, The frame may also
comprise inlet manifolds and cutlet manifolds that allow the flow of liguid in and out of the
cell stack. The frame and the cell stack together may provide an electrical purification
apparaius modular unit. The elecirical purification apparatus may {urther comprise a second
modular unit secured within the housing. Adhesive may be applied to scal at least a portion
of the periphery of the cell stack to the inside wall of the housing.

In certain embodiments of the disclosure 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 fuid flow within the compartment. The compartroent may have
obsstructions, projections, protrusions, flanges, or baffles that may provide a structure to
redistribute the flow through the compartmoent. The obstructions, projections, protrusions,
flanges, or baffles may be formed as part of ion exchange membranes, the spacer, or may be
an additional separate structure that is provided within the compartment.

This wvention is not Huited in use to electrodialysis equipruent. Other
clectrochemical deionization dovice such as electrodeionization (EDI) or continuous
clectroderomzation {CEDT) can also be constructed using a racetrack confliguration. Potential
applications include desalination of seawater, brackish water and brines from oil and gas
production.

In accordance with one or more embodiments, an electrochemical separation device is

provided. In some embodiments, the electrochemical separation device may be an
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electrodialysis device. In other embodiments, the electrochemical separation device may be
an electrodeionization device.  According to certain embodiments, the electrochemical
separation device may comprise an clectrode and at least one cell pair. The cell pair may
comprise an anion and cation exchange membrane. In at least some ernbodiments, the ion
exchange membranes may be wound around the electrode to form a bundle. The bundle may
have g racetrack configuration. In various embodiments, the electrochernical separation
device may further comprise a second electrode that is configured to surround the bundle.
One or both of the electrodes may be segmented to accommodate the racetrack configuration
of the bundle. In certain embodiments, the electrochemical separation device may further
comprise a manifold for facilitating fluid flow through the at least one cell pair of the bundle.

I accordance with one or more embodiments, a racetrack configuration may combine
the advantages of plate-and-frame, cross-flow and spiral wound ED devices. In the
membrane area bound by the straight sections of the anode and cathode segrents, the
membranes are planar and parallel, as in plate-and-frame and cross-flow devices. The current
density is substantially uniform and the rate of onic removal from the diluting compartments
is not a function of the distance from the inner elecirode. The only membrane area not active
in tonic transfer 1s the small fraction encapsulated in the potting compound. Membrane
utilization of over 85% 1s expected, as w cross-flow and spival devices. The ounly leakage
current is the current that flows along the racetrack paths instead of through the membranes
and is expected to be minimal. The assembly of the device has fewer steps and is easier to
automate. Components such as spacers in plate-and-frame and modular frames in cross-flow
are not necessary

In accordance with one or more emibodiments, the design of a device having a
racetrack configuration may involve numerous variables for optimization inchuding number
of cell pairs, length of the straight section{s} in the inner electrode, number of windings
around the inner electrode and length of flow paths, flow velocity at the inlet to the dilute and
concentrate compariments and inter-ruembrane spacing and type of screens in the diluting
and concentrating compartments, which can be the same or different. The membrane arca in
the circular portions of the racetrack paths are subject to the non~uniform current density as 1o
spiral devices. In those arcas, the challenge of diminishing rate of tonic removal with
distance from the nner electrode 1s present, and there may be a diminishing retum i cost

competitiveness as the number of windings is increased.
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FIG. 1 is a schematic cross-section of an electrochemical separation module 100 with
a racetrack counfiguration that features an anode 110 and a segmented cathode 128, Two
stacks of cell pairs comprising anion and cation exchange membranes are wound arcund the
anode 1190 to form a bundie. The cathode 120 is segmented to form two sections that are
configured to surround the bundie. Feed water, such as seawater, is introduced into infets 130
that arc posttioned near the conter of the racetrack near the anode 110, The feed water 1s fod
to the difuting and concentrating compartments of the module through inlets 130 and then
proceeds to flow outward to the cathode 120, Once the feed water has been treated by the
diluting and concentrating compartments, the corresponding product and reject flows are
collected at the outer ends of the racetrack configuration and exit the module through outlets
140. In some embodiments, the module may be configured so that the diluting and
concentrating streams flow co-currently with each other in a substantially wound flow path
from the anode to the cathode. In the alternative, the module may be configured so that the
diluting and concentrating streams flow counter-current to each other. In another
embodiment, the module may be configared so that one of the diluting and concentrating
streams (fows in a substantially wound flow path from the anode o the cathode, while the
other of the diluting or concentrating streams flows in a substantially axial direction
perpendicular to the other stream. This particular configuration may be suttable in
applications where the conductivity of the feed water is low. In yet other embodiments, the
module may be configured so that the diluting and concentrating strearns flow mward from
the outer cathode to the inner anode. For clarity, the thickness of all the components have
been exaggerated and only two cell pairs per stack are shown in the figure, with the cell pairs
wound around the anode only twice. In practice, the number of cell pairs and number of
windings may be more, particularly if the membranes and any screens (discussed further
below) are configared to be thin,

In some non-limiting embodiments, the anode 110 may be fabricated by taking a flat
plate and then bending or rolling the ends. In the alternative, the anode may be constructed
by welding sections of flat plate to sections shaped like halfecylinders. According to some
cubodiments, the membranes may be homogencous in coustruction and be 0.025 ram thick,
and the screens may be (.25 mm thick, yielding a cell pair with a thickness of §.55 mm.
These dimensions would allow a stack of 50 cell pairs to subscquently be able o fit into an

end section with a radius of 13.8 mm.
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FIG. 2 is an cnlarged detail of one of the inlets 230 to the dilution and concentration
compartments aud positioned near the center of the racetrack configuration. In this particular
embodiment, the anode 210 may comprise a straight section with a semi-circular section at
each end to define a substantially elongated S-shape. The ends of the seni-circular section
may further comprise a short straight section that miay function as a fastener such as fastening
tab 250, In various crabodiments, the anode may comprise a fastening tab positioned at cach
end that secures one or more cells pairs to the anode. As tlustrated, two stacks of rectangular
membranes and screens may be nserted into ond scctions of the anode and mechanically
clamped mto place by fastening to the tabs 250, In some embodiments, the membranes and
screens may be mechanically clamped into place by bending the tabs 250, The membranes
and screens may then be wound around the anode to form a racetrack-shaped configuration.
The substrate of the anode may be manutactured from vartous materials such as titanium and
may be further coated on the surface with an oxidation-resistant material such as platinum,
iridium oxide, ruthenium oxide, and mixtures thereof.

FIGS. 33 and 3b present schematics of an electrochemical separation module 300 with
a racelrack configuration that {eatures a segmented anode 310 and a segmented cathode 320,
The anode 1s scgmented to form two sections and two stacks of cell pairs comprising anion
and cation exchange membranes are wound around the anode 310 to form a bundle. Ina
stmilar fashion as FIG. 1, feed water 18 introduced into indets 330 that are positioned near the
center of the racetrack near the anode 310 and then may proceeds to flow outward to the
cathode 320 and exits the module through outlets 340, As previously discussed, the module
may be configured so that the diluting and concenirating streams may flow co-currently or
counter-currently to each other. The module may also be configured so that the diluting and
concentrating streams flow in a substantially wound path from the anode to the cathode, or
the module may be configured so that one of the diluting and concentrating streams flows in a
substantially wound flow path from the anode to the cathode, while the other of the diluting
or concentrating streams flows in a substantially axial direction perpendicular Lo the other
stream. In the alternative, the module may be configured so that the diluting and
concentrating streams flow imward from the outer cathode to the 1ouer anode.

FIG. 4 is an enlarged detail of the center region of FIG. 3a and shows the inlets 430 w
the dilution and concentration compartments positioned near the center of the racetrack
configuration. In this embodiment, the anode is segmented, with each section comprising a

straight section and a curved section. When the anion and cation exchange membranes are

pn
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wound around the anion, the corresponding bundle may also have a substantiaily straighs
section and a curved section. The segmented avode may allow for more flexibility n the
construction of the module. For example, the radii of the curved sections of the anode and
the curved sections of the bundle can be independent of the number of cell pairs, because the
distance between the straight sections of the segmented anode may be varied. As illustrated
in the figure, onc or more spacers 470 may be posttioned n between the straight sections of
the segmented anode to push the two segments of the anode apart. The spacer may be
configured to maintain a predetormined distance between the two segments of the anode.
One example of a suitable type of spacer may be a screw-type mechanism. As previously
discussed, the ends of the senii-cirenlar curved sections of the anode may further comprise a
short straight section that functions as a claroping tab 450 and in some embodiments, the
anode may further comprise a fastener positioned at each end to secure one or more cells
pairs to the anode,

FIG. 5 illustrates a racetrack-wound bundle that has been placed in a vessel. A
racetrack configuration bundle may be mounted in a vessel in various ways. In accordance
with one or more non-imiting embodiments, once the one or more cell pairs are wound
around the inner clectrode, onc or both of the cnds of the bundic are scaled n potting
acdhesive 580 and trivnmed. The potled bundle may then be inserted nto a cyhindrical vessel
590, The vessel may further comprise one or more endblocks (not shown). One or more
outlet manifolds 585 may comprise outlets for the product and reject streams. Inlet manifolds
may also be in fluid comnunication with the racetrack bundle. Any gap between the bundle
and the mside of the vessel may be further filled with contoured parts {(not shown) so that the
vessel 590 functions to support the outer periphery of the bundle. The vessel 590 may be
further capped at both ends by endblocks (not shown} that may provide the inlet and outlet
ports and electrical connections to the electrodes. If contoured parts are used, they may be
fabricated from low-cost and non-corrosive materials such as plastics and formed by molding
or machining processing techuigques. The contoured parts may also function to support the
outer periphery of the bundle, or perform other functions. For example, onc or more of the
contoured parts may contain oue or wore manitolds for collecting the efftuent from the reject
or product streams and routing it to a corresponding port. In certain embodiments, the filler
paris arc not necessary. For example, the potted bundle may simply be inserted into a round
vessel and endblocks may be attached. Filler material may then be injected into the space

between the bundle and the inside surface of the vessel. Examples of suitable filler matenials
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include rigid or seni-rigid potting compound and scalant foam, which may expand and
solidify afler being iujected into the cavity. The vessel 590 may take on any nuwber of
different shapes, including rectangular or racetrack shapes. These configurations may enable
multiple devices to be packed more compactly into the vessel. The vessel wuay be any shape
that 1s suitable for performing as a housing for the bundle configurations described in the
devices and systems disclosed herein,

According to some embodiments, a cross-section of the bundle formed from the
wound anion and cation exchange membrancs and the anode may have a substantially
straight section and a curved section at first and second ends of the substantially straight
section. In certain embodiments, the current density may be substantially uniform throughout
the substantially straight section of the bundle. Iu various embodiments, a ratio of the length
of the substantially straight section to a height or radius of each of the curved sections may be
greater than zero. In at least one embodiment, the radius of the curved sections may not be
dependent on the number of call pairs. For example, the configuration of the device may be
as shown in FIG. 3. According to some ernbodituents, the radius of ¢ach of the curved
sections is equal o about the thickness of a stack. In various aspects, the anion and calion
exchange membranes are planar and parallel along the substantially straight section of the
bundie. In some emboduments, the bundle may have two axes of symmetry, In yet another
embodiment, the curved sections may not be substantially semi-circular, but may be olliptical
or other curved shape.

FIGS. 6a and 6b present schematics of different potential flow patterns in accordance
with one or more embodiments. FIG. 6a presents both streams flowing co-currently ina
racetrack pattern from an inner electrode to an outer electrode. Alternatively, the streams can
flow co-currently from the cuter electrode to the inner electrode. The sireams can also flow
counter-currently. FIG. 6b presents a cross-flow configaration in which a first stream flows
co-currently in a racetrack pattern from an inner electrode to an outer electrode. The edges of
stream | compartments may be sealed. Stream 2 Jows n a direction perpendicular to stream
1. The cdges of tho compartments associated with strcam 2 may be open.

According to at least one embodiment, the electrochermical separation device may be
characterized by a membrane utilization of at least about 85%. In some embodiments, the
membrane uiilization may be at least about 90%. These values may be higher than those
achieved using plate-and-frame designs. In addition, the pressure drop across the device may

also be lower than the pressure drop across plate-and-frame designs.
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In various embodiments, one or more of the clectrochemical separation devices may
be used in a water treatruent system.  The water treatment system may further comprise other
components and devices, such as sensor and control devices, additional manifold and
distribution assemblies, storage devices, and additional reatment devices. In some aspects,
one or more of the electrochemical separation devices may be inserted into a pre-existing
water treatment systerm.,

The racetrack configuration of the disclosed electrochemical separation devices may
offer cortain advaniages that are experienced by using plate-and-frame, cross-flow, and
spiral~-wound configurations, and may provide additional advantages that are not experienced
by using these other types. For example, the membrane area bound by the substantially
straight sections of the anode and cathode ruay be planar and parallel, allowing for a
substantially uniform current density in this region. In addition, the rate of ionic removal
from the diluting comparttaents is not a function of the distance from the inner clectrode.
These are distinct advantages over spiral-wound devices, since current density may decrease
as the distance from the wuer electrode ncreases in this type of configuration. This means
thai the ionic transfer vate from the dilute stream decreases as the diluting stream spirals
outward. To achieve a desired level of ton removal, the current density at the mner electrode
may be unacceptably high (on the order of several hundred amp/r’). Tu addition, the
membrane arca may have to be increased by increasing the length of the spirals or by
decreasing the flow rate through the dilution compartment. Both of these approaches require
that the residence time be increased and may contribute to an increase in pressure drop across
the device. In addition, increasing the mernbrane areas and spiral length may merease the
cost of both manufacturing and operating the membranes. Furthermore, water loss associated
with electro-osmosts and osmosis may contribute to a reduced flow rate of the product
stream. Spiral-wound devices may also be disadvantaged by the fact that the number of cell
pairs, and therefore the flow rate of the product exiting the device, may be limited by the size
of the gaps between the anode segruents and the difficulty 1o winding a large number of cell
pairs around the contral eloctrode. Increasing the radms of the scgmonted mner cloctrode ina
spiral-wound device may werease the cost ot the clectrode, and this additional cost may be
significant. Use of the racetrack configuration may minimize one or more of these
disadvantages associated with the spiral-sound device.

A further advantage of the racetrack configaration may be that membrane utilization

rates can be over 85%, since the only areas of the membrane that may not be actively used for
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ionic transfer are the small portions that are encapsulated by the potting compound. There
may also be minimal leakage current, since this only occurs in the current that flows along
the raceirack paths (instead of through the membranes). The device may require fower steps
to manufacture and assemble, and may be easier to automate or conirol, In addition, separate
components such as spacers and frames may not be required.

Optimization of the electrochemical scparation dovices deseribed herein may be
achieved by varving one or more parameters, such as the number of cell pairs, the length of
the substantially straight section{s) u the inner electrode, the number of windings around the
inner electrode and the length of the flow paths, the flow velocity at the inlet(s), the spacing
between the membranes, and the type of screens used in the diluting and concentrating
cormpariments.

In accordance with one or more embodiments, a water treatment system is provided,
In various erabodiments, the water treastment system may be an electrochemical separation
system, as described and characterized above. The water treatment system may inclhude a
feed inlet that is tluidly connected to a source of water 1o be treated. Non-limiting examples
of suitable sources of water 1o be treated inciude sources of potable water, [or example,
municipal water or well water, sources of non-potable water, for cxample, brackish or salt-

water, pre~-treated semi-pure water, and any combination thereof,

The function and advantages of these and other embodiments will be more fully
understood from the following example. The example is intended to be illustrative in nature

and is not to be considered as limiting the scope of the embodiments discussed herein,

PROPHETIC EXAMPLE

A case study was conducted to evaluate mamafacturing cost and energy consumption
for the racetrack configuration in accordance with one or more ernbodiments in comparison
to the conventional spiral-wound configuration. The case study focused on a desalination
application assuming feed having a TDS value of 36,500 ppm and a desired product having a
TS value of 2000 ppm. This type of desalination plant may be useful for off-shore platform
operations where supply water is injected into an oil reservoir to increase otl recovery.

The racetrack configuration included an ED modale with four tums that incloded a
straight section with a length of 200 mm. The spiral-wound module used for the study

included 5 turns,
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The results of the study are shown in FIG. 7. The comparison between the two
configurations included the manufacturing cost per unit of product flow rate (t'/h), as
indicated on the y-axis versus the energy consumption per cubic meter of product, as
indicated on the x-axis. The results dernonsirate that for a given energy consumption, the
racetrack configuration is fower in cost. Across the entire range of energy consumption
valucs, the racetrack configuration 1s consistently lower 1n cost than the conventional spiral-

wound configuration.

It is to be appreciated that enibodiments of the methods and devices discussed herein
are not limited in application to the details of construction and the arrangement of
components set forth in the description or illustrated in the accompanying drawings, The
methods and devices are capable of implomentation in other embodiments and of being
practiced or of being carried oul in various ways. Examples of specific implernentations are
provided herein for illustrative purposes only and are not intended to be limiting. In
particular, acts, elements and features discussed in connection with any one or more
embodiments are not intended to be excluded from a similar role in any other embodiment.

Also, the phraseology and terminology used herein is for the purpose of description
and should not be regarded as himiting. Any references to embodiments or elements or acts
of the systems and methods herein referred to in the singular may also embrace embodiments
inchuding a plurality of these elements, and any references in plural to any embodiment or

element or act herein may also embrace embodiments including only a single clement. The

59 44 LI >

use herein of “including,” “corprising,” “having,” “containing,” “involving,” and variations
thereof is meant to encompass the items fisted thereafier and equivalents thereof as well as
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 Hmit the present
systerms and methods or their components (o any one positional or spatial orientation.

Having described above several aspects of at least one embodiment, it is to be
appreciated that various alterations, modifications, and improvements will readily occur to
those skilled in the art, Such alierations, 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 cxample only.
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CLAIMS

1. An electrochemical separation device, comprising:

a first electrode;
wherein the first electrode is segmented with each segment comprising a straight
section and a curved section;

at least one cell pair comprising an anion exchange membrane and a cation
exchange membrane wound around the first electrode to form a bundle; and

a second electrode surrounding the bundle;

wherein a cross-section of the bundle has a straight section and a curved
section at first and second ends of the straight section,
wherein the radius of each of the curved sections of the segmented first electrode is

not dependent on the number of cell pairs.

2. The device of claim 1, configured such that diluting and concentrating streams

flow co-currently from the first electrode to the second electrode.

3. The device of claim 1, wherein the first electrode is an anode and wherein the

second electrode is a cathode.

4. The device of claim 1, wherein the first electrode comprises a straight section with

a semi-circular section at each end to define an elongated S-shaped anode.

5. The device of claim 4, wherein the first electrode further comprises a fastening tab

at each end to secure the at least one cell pair.

6. The device of claim 3, wherein the anode is coated with an oxidation resistant

material.

7. The device of claim 1, further comprising a spacer configured to maintain a
predetermined distance between a first segment and a second segment of the first

electrode, wherein the first electrode is an anode.

8. The device of claim 3, wherein the cathode is segmented.
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9. The device of claim 1, further comprising a manifold for facilitating fluid flow

through the at least one cell pair.

10. The device of claim 1, wherein at least one end of the bundle is sealed with an

5 adhesive.

11. The device of claim 1, further comprising a vessel configured to receive the
bundle.

10 12. The device of claim 11, wherein the vessel comprises endblocks.

13. The device of claim 1, characterized by a membrane utilization of at least 85%.

14. The device of claim 1, wherein current density is uniform throughout the straight

15 section of the bundle.

15. The device of claim 1, wherein the anion exchange membrane and the cation

exchange membrane are planar and parallel along the straight section of the bundle.
20 16. The device of claim 1, wherein the bundle has two axes of symmetry.

17. A water treatment system, comprising the electrochemical separation device of

claim 1.
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Manufacturing Cost vs, Energy Consumption
Racetrack-wound ED module with 4 Tums vs, Spirabwound with § Tumns

Seawater Feed 368500 ppm TDS, 20 C
Product 2000 ppm TDS, 80% Recovery
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