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t hei r!% espepastve counter- el ectrodes, to mgrate through the anion and
cation exchange nenbranes. This generally results in the liquid of the
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electrodialysis systems and techniques configured for lower energy consumption.
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BACKGROUND

Devices capable of treating liquid streams with an applied electrical field to separate
ionic species therein are known. These electrically-motivated separation apparatus including,
but not limited to, electrodialysis and electrodeionization devices are conventionally used to

20 generate purified water,

Within these devices are concentrating and diluting compartments separated by ion-
selective membranes, An electrodialysis device typically includes alternating electroactive
semipermeable anion and cation exchange membranes. Spaces between the membranes are
configured to create liquid flow compartments with inlets and outlets. An applied electric

25 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 liquid of the diluting compartment being depleted of ions, and the liquid in the

concentrating compartment being enriched with the transferred ions.



In accordance with one or nore aspects, an electrically driven separation
device may 5conprise a first conpartnent at |east partially defined by a
first ion selective nmenbrane and a second ion selective nenbrane, and a
spacer conprising a screen, the spacer positioned between the first and
second ion sel ective nmenbranes and constructed and arranged to maintain
separation between the screen and each of the first and second ion

sel ective nenbranes. 10In sone aspeggﬁf %Pg screen may be surrounded by a
frame that is thicker than the screen™MaRdt |east sone aspects, the screen
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ion selective membrane and a third ion selective membrane. The first compartment may
20 comprise a dilute compartment and the second compartment comprises a concentrate

compartment. A second spacer may comprise a second screen. The second spacer may be

positioned between the second and third jon selective membrancs and constructed and

arranged to maintain separation between the second screen and the second and third ion

selective membranes. In some aspects, the screen may be about 0.002 inch to about 0.02
25 inch thinner than the frame.

In accordance with one or more aspects, a method of treating water may comprise
introducing the water to at least a first compartment of an electrically driven separation
device, promoting separation of a spacer screen from an adjacent ion selective membrane in
the electrically driven separation device, promoting transport of an ionic species in the water

30 from the first compartment to a second compartment of the electrically driven separation

device, and recovering treated water at an outlet of the first compartment.
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of an electric current applied through the electrically driven separation
device. In other 5aspects, the nmethod may further conprise nonitoring a
concentration of the ionic species in the treated water. In
accordance with one or nore aspects, a nethod of reducing energy
consunption of an el ectrodialysis device by at |east about 10% may conprise
reduci ng shadow effect in a conpartnent of the el ectrodial ysis device.
10Still other aspects, enbodi nents, and advant ages of these exenpl ary
aspects and enbodi nents, are discussed in detail below Mreover, it is to
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15 accompanying drawings are included to provide illustration and a further understanding of
the various aspects and embodiments, and are incorporated in and constitute a part of this
specification. The drawings, together with the remainder of the specification, serve to

explain principles and operations of the described and claimed aspects and embodiments.

20 BRIEF DESCRIPTION OF THE DRAWINGS
Various aspects of at least one embodiment are discussed below with reference to the
accompanying figures. In the figures, which are not intended to be drawn to scale, each
identical or nearly identical component that is illustrated in various {igures is represented by
a like numeral. For purposes of clarity, not every component may be labeled in every
25  drawing. The figures are provided for the purposes of illustration and explanation and are
not intended as a definition of the limits of the invention. In the figures:
I1G. 1 presents a schematic drawing of an ion-selective membrane spacer in
accordance with one or more embodiments;
FIG. 2 presents a schematic drawing of an electrochemical separation cell stack in

30 accordance with one or more embodiments;
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FIG 3 presents a schematic drawi ng of a holl ow spacer in accordance with
one or nore enbodi nents; FIGS. 4 presents a schematic illustrating
construction of a spiral wound el ectrodialysis cell in accordance with one
or nore enbodi nents; 5FIG 5 presents data regarding voltage drop per cel
pair versus product TDS at different differential pressures as discussed in
t he acconpanyi ng Exanpl e; FIG 6 presents data regardi ng energy
consunption versus ppin TDS in el ectrodial ysis product as di scussed in the
acconpanyi ng és@n%n)éeﬁentf @”C%?mﬁ’r“é%"éﬂ’t"éi Cgét*‘élﬁ?‘éé%ai MGeoBitag e arep cper cel |
pai r ver spsrcRnAJHGIenkDPS for a 10normal spacer and a holl ow spacer as

di scussed in the acconpanyi ng Exanple; and FIG 8 presents data regardi ng
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el ect r ocheoueal in e a6@Pafalih@ixaaylece may include nedia within one or nore
conpartnments within the device, such as one or nore concentrating and
diluting conmpartnents. Solid "nedia" (e.g., electroactive nedia or

adsorption nedia, such as ionlggpﬁgngﬁD@g@k?)n@ﬁy provide a path for ion
transfer, and/or serves as an increased conductivity bridge between the
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separation devices, or electrically-driven separation apparatus, include electrodialysis and
electrodeionization devices. Typically within these exemplary devices are concentrating and
diluting compartments separated by media having selective permeability, such as anion-

20 selective and cation-selective membranes. In these devices, an applied electric field causes
ionizable species, dissolved jons, to migrate through the selectively permeable media, i.e.,
anion-selective and cation-selective membranes, resulting in the liquid in the diluting
compartment being depleted of ions, and the liquid in the concentrating compartment being
enriched with the migrant, transferred ions. In some embodiments, an electrochemical

25 separation device may include media within one or more compartments within the device,
such as one or more concentrating and diluting compartments. Solid “media” (e.g., electro-
active media or adsorption media, such as ion exchange media) may provide a path for ion
transfer, and/or serves as an increased conductivity bridge between the selective membranes
to facilitate movement of ions within compartments of the device. In other embodiments,

30 such as those involving electrodialysis, at least some of the compartments may not include



selective nedia. In at | east one enbodi nent, none of the conpartnments of
the el ectrochem cal separation device include selective nedia.

El ectrochem cal separation is a process that renoves, or at |east reduces;
one or nore ionized or ionizable species fromwater using electrically
active nmedia and an electric 5potential to influence ion transport. The
electrically active nedia typically serves to alternately collect and
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avoided. A variation on ED is electrodialysis reversal (EDR) in which the direction of ion

flow is reversed by reversing the polarity of applied electric current, Another variation is

reverse electrodialysis (RED) in which salinity gradient energy is retrieved from the chemical

25 potential difference between salt and fresh water across alternating cathode and anode

selective membranes.

In ED devices, a plurality of adjacent cells or compartments are typically separated by
selectively permeable membranes that aliow the passage of cither positively or negatively
charged species, but typically not both. Dilution or depletion compartments are typically

30 interspaced with concentrating or concentration compartments in such devices. As water

flows through the depletion compartments, ionic and other charged species are typically



drawn into concentrating conpartnents under the influence of an electric
field, such as a direct current (DC) field. Positively charged species are
drawn toward a cathode, typically |ocated at one end of a stack of nultiple
depl etion and concentrati on conpartnents, and negatively charged species
are |likew se drawn toward an anode of such devices, typically 5l ocated at
the opposite end of the stack of compartnents. The el ectrodes are typically

housed in, el ectrolyte conpartnents that are usual]y artlally i solated from
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30free cation, such as sodlunl to preserve charge neutrality and create
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reaction 1%198%(:1 hid u JqfuQ?l()ﬂb?htouﬁ]dl?e membrances 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
assemblics. For example, a feed to the anode clectrolyte compartments that is high in sodium
25 chloride will tend to generate chlorine gas and hydrogen ion, while such a feed to the cathode
electrotyte compartment will tend to generate hydrogen gas and hydroxide ion. Generally,
the hydrogen ion generated at the anode compartiment will associate with a free anion, such
as chloride ion, to preserve charge neutrality and create hydrochloric acid solution, and
analogously, the hydroxide jon generated at the cathode compartment will associate with a
30 free cation, such as sodium, 1o preserve charge neutrality and create sodium hydroxide

solution. In accordance with some embodiments, the reaction products of the electrode
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conpartments, such as generated chlorine gas and sodi um hydroxi de, can be
utilized in the process as needed for disinfection purposes, for nenbrane
cl eani ng and defouling purposes, and for pH adjustnment purposes. In
accordance with one or nore enbodi nents, the el ectrochemnm cal device may be
s operated by applying an electric field across the conpartnents through
el ectrodes. Operating paraneters of the device may be varied to provide
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electrodes may be coated with various materials, for example, iridium oxide, ruthenium
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oxide, platinum group metals, platinum group metal oxides, or combinations or mixtures
thercol. The electrodes typically promote the formation of hydronium and hydroxide ions.
These ions, along with the ions in the various feeds, are transported by the potential across
the electrochemical device. The flow of jons is related to the electrical current applied to the
module.

30 In operation, a liguid to be purified, typically having dissolved cationic and anionic

components, may be introduced into one or more depleting compartments. An electric field
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pertinent to aspects directed to el ectrochem cal separation techniques,
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migration may be across one or more ion-selective membranes of the electrochemical device.
25 lons may be concentrated or trapped in one or more compartments, for example, based on
their charge or nature. The orientation and nature of various ion-selective membranes within
the electrochemical device may influence migration therein as well as what type of products
may be formed in the various compartments, Streams of generated products may exit the
electrochemical device via outlets associated with the various compartments, for example, a

30 product solution outlet and/or a reject solution outlet.



types of nenbranes which border the conmpartnent, as well as the type of
feed(s) supplied to the conpartnent. The nature of nei ghboring conpartnents
may i nfluence each other. In sone enbodi nents, a conpartnment nmay be an

el ectrol yzing conpartnent. For exanple, a depleting conpartnment may be
referred to as an electrolyzing conpartnent. In sone 15enbodi nents, a
concentrating conpartnent may also be referred to as an electrolyzing
compartnent. In so enbodi ments, water, splittin nay generally occur in an
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I n sone enbodi nments, honobgeneous nenbranes may be inplenmented. O her
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menbrane, or even a ren
20 embodiments, the membranes may be ion-selective, ion permeable or permselective

membranes, Such membranes may generally altow ions of a particular type of charge to pass
through the membrane while inhibiting or preventing passage of ions with different charge or
valence or type of charge. The ion-selective membranes may be any suitable membrane that

can preferentially alfow at least one ion to pass therethrough, relative to another ion. Thus,

o)
(v

one or more compartments may be at least partially defined by one or more ion-selective
membranes. A plurality of compartments is typically arranged as a stack in the
electrochemical device. Spacers may be included between ion selective membranes. A
depleting compartment is typically defined by a depleting compartment spacer and 4
concentrating compartment is typically defined by a concentrating compartment spacer.
30 An assembled stack is typically bound by end blocks at each end and is typically

assembled using tie rods which may be secured with nuts. In certain embodiments, the



specifically inpernmeable to one or nore particular ions or classes of ions,
In sone cases, an alternating series of cation- and anion-sel ective
menbranes is used within the electrically-driven apparatus. |In accordance
wi th one or nore enbodi nents, two adjacent ion-selective nenbranes 15may
forma cell or a conpartnent. For exanple, a first ion-selective nenbrane
and a second ion-selective nenbrane may forma cell. Two cells may form a
cell pair. In sone enbodinents, a dilute conpartnment and a concentrate
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appar at us conprises a stage bounded by el ectrodes
20 astack of cell pairs and therefore a plurality of compartments. In one embodiment, a

plurality of compartments can be bounded, separated or at least partially defined by one or
more ion-selective membranes. In some embodiments, cation-selective membranes may be

(2}

designated by “c” and anion-selective membranes may be designated by “a”. In some

embodiments, ion-selective membranes a and ¢ are arranged as an alternating series of

je
i

cation-selective membranes (designated as “¢”} that preferentially allow cations to pass
therethrough, relative to anions; and anion-selective membranes {designated as “a™) that
preferentially allow anions to pass therethrough, relative to cations. In other embodiments,
arrangements such as “c ca¢” or "aa ¢ a”’ may be employved. Any combination and
arrangement of ion-selective membranes may be used based on an intended application and
] 0 \. - e £ 3 ~ 3 i M H

30 based on the desired properties of the compartments defined by the ion-selective membranes.

Adjacent compartments may be considered to be in ionic communication therebetween, such

10



Adj acent to an end plate may be an endbl ock to house an el ectrode and
desired mani fol ding. An el ectrode spacer may be positioned adjacent to the
endbl ock and may include a screen which effects turbulent flow of Iiquid
passi ng through the el ectrode spacer. An ion perneabl e nenbrane nay be
sealed to the periphery of the el ectrode spacer. Spacers formed 15may

i ncl ude a screen. In sonme nonlimting enbodi nents, el ectrodes nay be
positioned so th t gap erlsts bet ween the surface of the el ectrode and
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perpendicular, or preferably, random direction in the fluid region immediately adjacent the
electrode. The spacer may contact a surface or at least a portion of the surface of the
electrode and may be shaped to dispose the etectrode while, preferably, channeling or

30 promoting the mixing of fluid adjacent the electrode. Thus, in another embodiment, a spacer



repeated, usually between 5 and 250 tines, in order to provide a reasonable
liquid fl owthrough capacity. These repeated conpartnents, or repeated cel
pairs, nmay be bounded by endbl ocks supporting an el ectrode and el ectrode
spacers. An el ectrode spacer nmay be positioned 25adjacent the endbl ock
housi ng an el ectrode. An end plate nmay be positioned adjacent to the

endbl ock el ectrode assenbly on the side opposite that is adjacent to the
el ectrode spacer. The full assenbly nay be held together in various
manners. TH &ohBOHSHEG mph@“éwbbwphoéﬁt giectipe o b Haray eed Rebbarsong!or he
entire | enghhiofiuilingiRPRA atus to retain the apparatus elements in place.
30l n accordance with one or nore enbodi ments, a spacer between adjacent
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spacer. Liquid to be purified within a stage may be passed through at least one compartment

20 comprising spacers and membranes. The units which comprise spacers and membranes are
repeated, usually between 5 and 250 times, in order to provide a reasonable liquid flow-
through capacity.

These repeated compartments, or repeated cell pairs, may be bounded by endblocks

supporting an clectrode and electrode spacers. An electrode spacer may be positioned

25  adjacent the endblock housing an electrode. An end plate may be positioned adiacent to the
endblock electrode assembly on the side opposite that is adjacent 1o the electrode spacer.
The full assembly may be held together in various manners. In some nonlimiting
embodiments, tie-bars may extend along the entire length of the apparatus to retain the
apparatus elements in place.

30 in accordance with one or more embodiments, a spacer between adjacent ion-

selective membranes defining a compartment may include a screen to provide a fluid flow



20desired fluid flowin the region adjacent to the electrode. In son-re
enbodi nents, a screen nmay be nade of an inert material or an extruded

pl astic, for exanple, polyethylene, polypropylene, polytetrafl uorethylene,
having a pattern including, for exanple, a square, box, weave or di anond
pattern. A separator between ion selective nenbranes of an el ectrochem cal
stack may include a frane, for exanple of polyethylene, ethylene vinyl
25acet at e copolyner et hyl ene-ethyl acrylate or ethylene-acrylic acid

copol ymerPathnihezcicsmmaydy aride pl wypanered cad plowy il g iwae ehaskicacogely by t he
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noted above, have been associated with increase
20 desired fluid flow in the region adjacent to the electrode. ln some embodiments, a screen

may be made of an inert material or an extruded plastic, for example, polyethylene,
polypropylene, polytetrafiuorethylene, having a pattern including, for example, a square, box,
weave of diamond pattern. A separator between ion selective membranes of an
efectrochemical stack may include a frame, for example of polyethylene, ethylene vinyl

25 acetate copolymer, ethylene-ethyl acrylate or ethylene-acrylic acid copolymer, and a non-
woven or expanded screen in the space enclosed by the frame. In at least some
embodiments, the frame may be clastomeric. In some embodiments, the screen may be
generally of the same thickness as the frame. In other embodiments, the screen may be
thinner than the frame as discussed below. The literature discloses many designs of screen

30 type spacers and many methods of making them, including molding and extrusion.



energy consunpti on. In accordance with one or nore enbodi nents, an
el ectrochem cal separation device nmay be configured for | ower energy
consunption. In sonme enbodi nents, a reduction in energy consunption of at

| east 10% nmay be achieved. In at |east one enbodi nent, a 25reduction in
energy consunption of up to about 15% may be achi eved. For exanpl e, energy
consunption associated with desalination of water from 35,000 ppmto 2800

ppm may be reduced up to about 15% using s tantially th a D device
oper at ed undeS” SUBSEAMGEFTY By "@%M‘Ségmﬁ%bl?Hﬁ‘éc%‘{l'tof\}\ﬂﬁgii’z‘Cﬁr@‘ Pader
confi gur ahiyoRAudice bRCHNhOWassidl seuased. Nehl b dkMiomRsrPedi e Mbs,ort he
applied current density in, for exanple, a seawater desalination
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electric resistance, This may increase the total energy consumption in the stack. Thus
20 screens, while required for the reasons noted above, have been associated with increased
energy consumption,
In accordance with one or more embodiments, an electrochemical separation device
may be configured for lower energy consumption. In some embodiments, a reduction in

energy consumption of at least 10% may be achieved. In at least one embodiment, a

R
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reduction in energy consumption of up fo about 15% may be achieved. For example, energy
consumption associated with desalination of water from 35,000 ppm to 2800 ppm may be
reduced up to about 15% using substantially the same LD device operated under substantially
the same conditions but with using spacer configurations or techniques discussed herein. In
some embodiments, the applied current density in, for example, a seawater desalination

30 operation may already be relatively low, and a spacer configuration in accordance with one

or more embodiments may further reduce energy consumption. In some embodiments,



20be mani pul ated to reduce the shadow effect and overall energy
consunption. In conventional spacers used between ion sel ective nenbranes
in electrochem cal separation devices, a screen may be of substantially the
sanme thickness or height as a surrounding frane. The spacer is therefore of
substantially uniformthickness or height. Thus, when the spacer is |ayered
or sandw ched between adj acent ion- exchange nenbranes at | east one surface

of the 25screen . of the spacer q u ntlaII even height with a
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defined by first and second ion-sel ective menbranes. A spacer may be
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25 screen of the spacer may be of substantially even height with a surface of the surrounding
frame such that both the frame and screen of the spacer are in substantial contact with the
adjacent ion-selective membranes. In at least some embodiments discussed herein, a
relatively thin screen may be used in a spacer. In some embodiments, a thin and open screen
may be used in one or more compartments. In certain embodiments, the screen may
30 generally be configured so that it is relatively thinner than a surrounding frame or gasket of

the spacer as illustrated in FIG. 1. Thus, a spacer may not be of substantial uniform thickness



spacers including thin screens may be used in one or nore dilute
compartnents of the device. In still other enbodinents, thin screens may be
used in spacers in one or nore concentrating conpartnments of the device.

In sonic enbodi nents, caps nmay be inserted to support a nmenbrane where the
gaps 30exist. In at |east sone enbodi nents, gaps as di scussed further
herein may be inserted, such as at inlet and outlet of a conmpartnent. In
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nmenbr ane lanthet basefioeashrsial srddead spagawoedifeth: @ruthe, 1B ang, The
screen may still be attached to the spacer frame but nmay be described as
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preventing a screeh spacer ive ne rane ar A sone
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allog the screen to function for fluid flow while
positioned between the first and second ion- selectwe membranes, Thus, the spacer may be
within the first chamber. The spacer may include a screen and a surrounding frame. The
screen may be thinner than the surrounding frame. A first gap may therefore exist between a
first side of the screen and the first ion-selective membrane. A second gap may exist
between a second side of the sereen and the second ion-sclective membrane, A plurality of
25 such compartments may define the electrochemical device. In at least one embodiment,
spacers including thin screens may be used in one or more dilute compartments of the device,
In still other embodiments, thin screens may be used in spacers in one or more concentrating
compartments of the device,
In some embodiments, caps may be inserted to support a membrane where the gaps
30 exist. Inatleast some embodiments, gaps as discussed further herein may be inserted, such

as at infet and outlet of a compartment. In such embodiments, a thickness of a cap may be



elimnating contact with adjacent ion-selective nenbranes. Different
techni ques nay be appropriate depending on the application and rel ated
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may be ap
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at the inlet and outlet channels of a spacer wt ative cker’
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al so red ver ener hi eve | ow
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possible. Pressure dr t hr h the screen and risk of plugging and
fouling, AOWBUEF!ZE| “Hcﬂﬁ) é‘&&’é“@%ﬁgf’%E]edi"bh‘é?‘é‘?“e BTC“Tbi“I“éh‘e*h‘t*%‘P bythe pgceerleen and

the size (herop@BliR@SLsT AL sELOAVMPABSAGRIhEN AUIN et ABx RGEE81 rﬂ@%ﬁf‘@aﬁmkn Some
enbodlnents the screen may be thinner than the overall spacer t ness.

In at! IedE@“@éW@e@ﬁﬁ%ﬂhﬁﬁhwghoﬂﬁ@L@b@@éwﬂnﬂV Bedthﬁﬁﬁ@ﬁcwhanthSumround|ng
frame or 1. t b et D creen may be
sgz%glt(?na be W &L 8 @«éapﬂﬁ H{H] h@guggfha LR R d \\igr] it L?)té&er or

about 0. 002 |nc to about I nner A The over
frame t hendafe oflan adiicdne astsekotiee manbiant tidiyeefiboblisnentsed shgpbefaicakine range

of screen,thickness. may be between about 0, 0075" 9 and about 0.012"
(0. 30, it PROEER  HEn i TR DB SRR e OR et Pk HIGEN O (EHarved ire. of
t he SpaC&ToaSth’ WK RAHAY 1d NBacRBI 8RR IBAN c BRniarRs TANEEI R (.WQQQH’HUQIOQ]'QH ai 0- 25

a out 0. 015" 25(0.38 mm) . The thickness nmay be higher for other

appl i §at SO Oghgqr@y segReLphiSEY 1oy Pasreduced by preventing a screen spacer from

blocking effective membrane area. In some embodiments, this may be accomplished by
spacing the screen from adjacent ion-selective membranes so that a greater amount of
membrane area is available for filtration.

In accordance with one or more embodiments, reduction of shadow effect may be
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accomplished in other ways that may allow the screen to function for fluid flow while
eliminating contact with adjacent ion-selective membranes. Different technicques may be
appropriate depending on the application and related circumstances, Design modifications to
the spacer for shadow effect reduction should still generally ensure rigid and durable
construction, along with reproducibility. In some embodiments, substantially hollow spacers
30 asillustrated in FIG. 3 may be applied in ED stacks to reduce energy consumption and

pressure drop during operation. In some embodiments, a screen may be used only at inet



not as high a priority and plugging and fouling are of concern. In certain
nonlimting enbodi nents, an overall spacer thickness equal to the thickness
of the frane may be as high as about 0.060" (1.52 mm) or higher depending
on the application. In such nonlimting enbodinents, the screen would then
be preferably about 0.005" (0.13 mm to about 0.01" 30(0.25 nm thinner

t han t he frane I n accordance with one or nore enbodi nents,
spacers fo S| |on|n bet ween d acent. i sel ective nes
constr uct o PR AR TeNbie Weth & 30 R0 S roen wg*qﬁiee éew%e?{.on
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effect and reduce overall energy consunption.
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compartnents of an el ectrochem cal separation stack during operation. Such

pressurliﬁ??gﬁ”ﬁéycﬁ@“FWHﬂéed by various techniques but should generally

avoi d di stortimenciRandwoliRes d«éﬂgﬁ%tﬁ)ﬁq Eer&lif %ﬁ;@atmlno saH'R 1p95yw 1'fgtt ing
enbodi nents, |ess than about of pressure may be applied. In at |east

sone1&0nﬁﬁﬁ¥ﬁ?%@*éﬁﬁ@@ﬁ%ﬁﬁqemtwe %wdB@ﬁﬂ@bd@ﬁ?ﬁ@npspmehkaESsuwdumay be
o e gt AR AT G, STBRE FIRRE 1o B0EH hcRaBOls O BRRR o' 0, '

may be a uriZa fon may be Vi a
adj ust rrerﬁlamémamph@m&m atl thedsifel cm‘meamgas fbeflow pagag: iroupbrie scespart ment s of
t he deV|e% vi a.adj e outl et valves to achi eve back

{ of
pressure, gfw§|§1(%ﬁ1?EQQVB%“%%%§HN8GP§F3{t@BU?d@m‘E%EWnﬁéﬂﬁF%‘hmh“%ﬁ | east

one enbodh BEREs! sérhOWnb&LiBel9, 1Re ﬂ'lu&ﬁ@dﬂ%@ﬁﬁ&ﬂﬁﬁ a W)up@n@ﬂhh‘l%to?gasketn at
| east._one ot her enbodi ment, ‘back pressure may in one nor e

conpaft mehegtain ﬁ%kﬁﬁ‘é“&@ﬁi’?%?lﬂhg ewm|nwﬁwbow&&%pﬂ@s@mbemw ibeh appl i ed
to one OrthiﬂPthﬂl'thyB ﬂﬂ@& Qmﬁ;af‘n% 111% & $PIREL {I%%tno?n i d) n thr?cn ey
ran way from

general ly pus a screen thus reduc atdow
ef fect omrd hebheremmcameecuﬁhmhnqas e be Gctwgni phduad o™ (0.19 mm) and about

0.012" (0.30 mm). In such nonlimiting embodiments, the thickness of the frame of the
spacer surrounding the screen may be in a range of about 0.010" {0.25 mm) to about 0.015"
25 (0.38 mm). The thickness may be higher for other applications where energy consumption s
not as high a priority and plugging and fouling are of concern. In certain nonlimiting
cmbodiments, an overall spacer thickness equal to the thickness of the frame may be as high
as about 0.060" (1.52 mm) or higher depending on the application. In such nonlimiting
embodiments, the screen would then be preferably about 0.005" (0,13 mm) to about 0.01"

30 (0.25 mm) thinner than the frame.



techni ques may be used alone or in conjunction with one or nore structural
configurations discussed above. To prevent or at |east inhibit |eakage of
ions and/or liquid fromthe depleting conpartnent to the concentrating
conpartment and vice versa, the ion selective nenbrane 5sandw ched between
depl eting conpartment and concentrating conpartnment spacers may forma
substantially water-tight seal. Typically, the spacers and the ion
sel ective nmenbranes are ressed Lg @ther and fixed in position, for
exanpl e, with AAFLTERES 418 OB POk SR eSO tARER O PASIHRIHN & PYtHEeN
conpar t mMefifjaceRQ&h-51QNE nREHWRRAME P BE B [rAlE NS VABRALLIBNESs. GAnRe defined,
at least in part, by the cavity forned between a depleting conpartnent
spacer aﬂ@‘%@ﬂ&ﬁukéﬁ@é@iWé“WEW@Yéﬁééﬂwgwnﬁmbmde“@hdbh&eﬂﬂpﬁﬂﬂmg1
conpart m&Eorﬂﬁ%c%il}a\/aﬁ@\@ ]E%\:\Lah@élmm& bﬁg:dc% 1&[]1%9?13 t%iy te%?‘iﬂn A Duge?\Rg{uol?]et ween
a concentrating conpartnent er-tight
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dep ot | nguissat Erannesna’ B HORERER F BTt el BR LePE F e L ohpr | oo a
resil i entors@sldlBghal e sbefscdirsdrstdcWnt dtaRoBerdnRaMerdat iR An oRe & sMef ace of
the depleti npart ment spacer._|In another enbodi nent, a conpartnent
spacer ha&H4e 8*1%0“@% gevBagenpeiess ot fdharrdicatens may hi el derol weyober axgaded For
exampl e, &R oV
conpartnéhtﬁgghgonggﬂ?¥g??ﬁ§h§§%%§9”ﬁm@gqg&% Pﬁﬁlg%hﬁkgicmgl%ﬁﬁber§Qﬁa be
di mendi onaldny (Hberstateritieuan helusr iiamgeidatians athetedagter planmmilrctwsaeinct: istand may
be conpr cases) within the groove forned on the surface of
t he spaCQ§am%gh“%ﬁ PV@ctrochemcal device is assenbled. A plurality of
seal s, such adnacdrdanes yitseataiandbaliseaondady msealpefiyndlpsankeyiseg. Port
seals may for ter-tight seal, around fluid ports, and/or between
adjacent‘$ﬁ385#§“&géﬂF“%@apswﬁﬁvdiQ%F@@PvaééhﬁWPgﬁhésF@@Wﬁféﬁvméeal|ng
merber. TR@ucROULraB 8y EdhsSAPEOIL AR ESme %Mochﬁweﬁt@rm&% n% f\é)f' SEQU? 'l\%d gﬁ?ﬂve
surroundlng a fluid connection port. 25Thus, as asse I ent
seal ilAg rdrBer ieraselgstisy Bambgmeamay é‘aBltOmOIfﬁdl i 50111@aklsoctumeramdn¢mtormci he fluid
ng a
Fﬁlr 'ltmer Slwé?veczlllra;1ﬂ%&)p Eedlgg%%te\glsg qs 90 ucci(?ct‘ gaps bﬁ%&gﬁ ﬁ‘[lg%\ su&ifggess ggﬁ 8@&%@* 8!0"9
exanpl e, saleciparhenbraias $n htelaisage: dieboddrs enmiM plrsseahey bpasdicder bees of
various desired di nensions., In sone enbodi nents, the thickness

more compartments of an electrochemical separation stack during operation. Such
pressurization may be induced by various techniques but should generally avoid distortion
20 and other undesirable effects. In some nonlimiting embodiments, less than about 25 psi of
pressure may be applied. In at least some nonlimiting embodiments, less than about 20 psi of
pressure may be applied. In certain nonlimiting embodiments, about 5 psi to about 10 psi
may be applied. In some embodiments, pressurization may be applied via adjustment of a
process fluid flow rate fed to one or more compartments of the device, via adjustment of one
25 or more outlet valves to achieve back pressure, or via application of an outside source, such
as air. In at least one embodiment, flow rate to a dilute compartment may be adjusted. In at
least one other embodiment, back pressure may be applied in one or more compartments. In
some nonlimiting embodiments, back pressure may be applied to one or more dilute
compartments. ‘the compartment pressurization may gencrally push a membrane away from

30 ascreen thus reducing the shadow effect on the membranes. Such pressure manipulation
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30of the spacer in the port areas may be varied to address cross-| eaks.
Around each inlet or outlet port, nenbranes nay be pressed agai nst adjacent
spacers by conpressive force transmtted through the screens. The
nmenbranes shoul d have sufficient mechanical rigidity to span the gaps so
that they can be sealed fully against the gasket material in the adjacent
spacers. Sealing nenbranes at port areas may be nore challenging if

menbr ane tqlckness IS i quced to | ower electrical resistance. Menbranes
with a reSFRUYHISEBYPE MELRISAY MBI OBWED RAGOITREC S (el $ap inurpEons

t hi cknessgigfusRQ abtiwk or | ess, for exanple, which could result in |ess
rigidity and nore deflectlon under mechani cal pressure. In accordance with
one or nore enbbﬁﬁﬁ%%@sﬂf@vbmhWhﬂ%ﬁﬁﬁeﬁW@h@nﬁénbﬂmdé@ﬂwﬂydaﬂ@omnodate
spacers h [ the S The
spacers n%&ﬂ%ﬁs%ﬁlrtgglgezcsoég&tgdﬁﬁ Con lIJ %nt %}{_&fvsce Vlgbﬁa Mc i()lseg,c{]ﬁba ‘Hg‘é‘%s may
be pl aﬁcedscimirwalﬁccbloxaewwdjca?eeagutnmncswmpoantd {.ﬁ)h&ﬂltfﬁﬁhjﬁnﬂﬁnt&f&dl ztpagensm@ t he
conpressiyve forc e menbranes are pressed agal nst

adj acent ’Sﬁaéér‘%ﬂﬁ’ydkl e F‘Qﬂ‘é&d' RYP-*F@ e "’Wfé‘St"rﬁ‘fjé%‘ég§"18‘f“vﬂ’f§3”%&15]ef°ray be
greater tfatohhesderibihef addhe el ¢ 8&idNfdr I@S?al_l_[ﬂé’-Qﬂ\'h RRs Mﬁk Ha€ 163Re @l SO
occupi es the recess in the adjacent spacer he caps in the recesses in a
spacer meS WY L4 depleying GppeA e, Wbltlﬁ@dd?&!s‘k@ﬂ cnmtew iﬂsﬂg cangapaentsahhy be
the screep d : ! hat. 3 uid fromthe
port i nt o L et Pt pe e Ao RARagb b bats St hEEhRLb R ol
reces%bslpmﬂdéﬂacenmﬁswaeebwﬂmmg conpeessied caggirmsint tiag bgaskéty thatedyi al in
t hose space Thlcker caps that can span the gaps, in the
screen n§§(L%”“ggdkﬁ§”b§?Y8hﬁﬁal%Sﬁ%@[VW fW@pﬁBBQPFW%hH%ﬂqﬁ§éﬁ9“§pacers

| n accor dansamdst W aaeion sy @nevhod aprhvent Itha ARG dﬁﬂ‘@éﬂ\h@@;gﬁﬂﬁﬂ@:lnlgy have
tight 20tol erance on thickness. Potential materials for caps include

pl astic éﬁﬁﬁ¥§W6@H“ﬁﬁhHF%ﬁFGﬂé&oﬁﬁﬁﬁmb@l?é§?é?“%@“ﬁ@FvﬁﬁﬂH@ﬁ@?@ﬂﬂghlckness
tol er ancecofﬁ?)rculﬁuﬂollnﬁ%5&%]’31@”1‘5@%@:151&:9 QT%% rd H%g c&ﬁ{#\%é AMic ﬁ@&a(f]lﬁ% ef or

exanpl e, can be less than +/- 002 in ARot A ntia
nateﬁﬁallﬁgﬂmnﬁépqwdSQUmmm9&@?@§mme®omysmamrnaﬂechmmnaxmhmakmesﬁm&mlﬁrance
recessed IARau DR IEd Bbh PP tRe P © BEPISEA T LT RETBISHAE and t he
recessed sparef mgﬁe ugedt Fer spage, Shdd@b®@ may be disposed around a perimeter of a
depleting compartment or concentrating compartment. Resilient sealing members may be
dimensionally constructed and arranged to at least partially fit (and may be compressed in
20 some cases) within the groove formed on the surface of the spacer when the electrochemical
device is assembled. A plurality of seals, such as a primary seal and a secondary scal may
also be used. Port seals may form a water-tight seal, around fluid ports, and/or between
adjacent spacers, Port seals may typically comprise a resilient sealing member. The port
seal, In some cases, may be compressed within a groove surrounding a fluid connection port.
25 Thus, as assembled, the resilient sealing member may prevent or at least inhibit leaks to and
from the fluid port.
In accordance with one or more embodiments, implementing a thinner screen in a
spacer may result in mechanical cross-leak, for example, at ports. Cross leakage may worsen
with scale-up to devices of various desired dimensions. In some embodiments, the thickness
30 of the spacer in the port areas may be varied to address cross-teaks. Around each inlet or

outlet port, membranes may be pressed against adjacent spacers by compressive force

20



flat gasket seals. In other enbodinents, the recessed surfaces nmay have
seal beads which may i nprove the seal between the nenbranes and the

adj acent spacers, particularly if the recessed surfaces are not snooth due
to manufacturing limtations. In accordance with one or nore enbodi nents,
prevention of product fluid wastage 30and reduction of current |eakage may
be acconplished by introducing a cap and recess on the spacer at regions
wher e nenbranes a{ @ @ hy orteq y spacer gaskes .. A recess

may he crS4PRgiegirgugly ‘Eé%‘c "én g MeY “ﬁ‘ﬁi/f’b’é ‘ﬁ’h“é"é?lfféa'ci“ri’f’%f PHeal Fgidls,  at
sel ect | 0@%?!11@["\@ b RGhat ARy RaS HPRAIH (110 adahBe B TRANGa@liali NG SQE6R T eg' on
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nmodul e whddHcaheSgatag Bgmragis flepeneees bey e emre Hallengncidinembrarerbiasess is
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are direct y connecte recauti ons na ur|ng
spaceﬂinaMuM%mUuwmcmaEewsunmumhahﬁwHanecbsskﬁhk@kMes&uUSuhmfusanﬁla& t he
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di nensi on's®! mB@“?ﬁQg ?@H“UHW%”gﬁ NG PP ecesses to support the
nerbrane. A t hhek&fid®apwiByneahaneenbeaindig, BehWRRMSPACREmBRASSTRIDr ane at
the port adjacent to the recess created. An equation may be used to

10est i nat%C%lﬁ@(}é%sndﬁ?iéPah‘éégwqf@aﬂeémpaé@éﬁer thaf) th fur wwadigs paskgo/The In
accor dancg it i, H%/c%ccm %m%m%gh(ﬂﬁ& dﬁ%}uﬂcﬁéﬂ sfh?sﬁcdo é’ﬁhf%g&‘ﬁn&?dpﬁc' ties

and geonetries be use I'n sone enbo ment s El)

devi ci myceb@d%fed to S.l@bﬂlldimhecrm!emmmirenmsssm the comsgssﬁvmﬁmcﬁm dewmiice thaty be
used. In her deV| wound ..ED de y..be assenbl ed
wreh 11 oal RsmeBEEhs PR R AR-GBantoRE dbor Y oS a RGO e r s
or | eaveshat@ MR ragieaungh e defth balheGaless oMt hhctisdsahdrthCaBtabRS G
anode. g?ends of the spiral may be sealed by potting with an adhesive

after wi rfaf FGESrD B 2PREY pRase ahiesapsipphg weesess b Aaraageay b rarhdbivenbr anes
and screeg ﬁ(ﬁt@ﬁ% tﬁ@%f?&%%&m@ﬁ@ l;aQ ﬁﬂ% thd £L;&QWﬁth%’TPl‘BP'érgﬁﬂEtscha:‘(x?eﬁ aus

met hods nay be used ensure "floati screens in the lute an
concdﬁtr&ﬁ@dédwﬂaﬂﬁwﬁﬁﬂbeP®mns@ﬁﬁfbwh@mumanwst Mhemﬁéhmmpauwiwﬁmymbe

I I d f h |
pai s o ety BN AR Al Thab PP ERr L8 M B TG RA Al ne

menbr anesspadeed tat thv eaptsi ghtches@pothal @OSeNeHs ¢ofs ih e widefinig baryedtgt be easy
to contr I_pr, uanti{ . I n other enbodi ments, the screens 75may be
i npr egnat @Rt PEET IO ﬁgwd?p FYE eoReFT SPaREFeri al thi cker than the screens as

illTustrated iny E&c@rddﬂce \Ihﬁ ofd &4 lﬁéer@ﬁ%oaﬁi%k' PE &% §hb$ﬂ§ g@m 51'1} i‘&lrv@@igﬁt _
channel s between the nenbranes and |’ p ensure uniformT di stributi on.

Adhe v edolggpchen élm!ﬂ]i:‘éd P@@v%cilemn@faistﬂﬁec@mwudgtpdaspgslw %@élmitﬂhémdmﬂ ce
Ie'n][ Qteg Pgﬁ (ﬁﬁé&légﬁ%lfﬁe%gﬁc Y%@ﬂl:lzygtlﬁél}n@/s 18‘1F8Pqnc<t9%5 Idt%r(}ly hi L Y 0 b, N 568? 1nAFl the
sui t abl e (fAaReénminal thwhylobexample, can be fess lhan +/- 0.0002 inch (0.005 mm). Anothca
potential material is fiberglass reinforced epoxy laminate with a thickness tolerance of +/-
0.0005 inch (0.013 mm). In some embodiments, the surfaces of the recessed areas may be
25 smooth with the seal between the membranes and the recessed surfaces in the spacers being
flat gasket seals. In other embodiments, the recessed surfaces may have seal beads which
may improve the scal between the membranes and the adjacent spacers, particularly if the
recessed surfaces are not smooth due to manufacturing limitations.
In accordance with one or more embodiments, prevention of product fluid wastage
30 and reduction of current feakage may be accomplished by introducing a cap and recess on the

spacer at regions where membranes are not properly supported by spacer gaskets. A recess



30i nserted between the nmenbranes and the screens to ensure that the screens
are not in contact wth the nmenbranes downstream of the inlet areas.

Conmbi nations of these nethods may be used to ensure that there is a gap

bet ween the screens and the adjacent menbranes. I n accordance with
one or nore enbodi nents, om ssion or m splacenent of caps in an ED nodul e
may be prevented to inprove the quality of resulting nodules and to reduce
5t he productjon cost in nodul es using caps %o prevent nechanical
cross-lea@?y%%mﬁ%ﬁ Bt PSR ARy g TS e bes the e AlsiFCHiecalivER it ed i nt o
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ioni zed gREMEERs HANILZ G MR h é[ﬁ?@dh’ﬂelﬁs“sa%{éiggnd"ﬁ ihE Ebodgéicte?% locWiGs e the
purified water has®been rendered potable and can be used for fresh water
purpdéesiQ@dWr@§PMbmﬁmﬁonwD$ﬁﬁweHDubywhuwameamd.dnkmhbmcnhsumpwwp?w
irrigati idy ondustrial, applicatians., Desalination is a.type o )
pur £ cat e WAL R« PRRILESLL AORns BB AR R o By e, one
enbodi mentr snar@ayelpeiik at feat @ sdesahidabinen @huseavai@ich u'ls'hkﬂll)-’f Lgﬁﬁiﬁ&/&i?]cer OL _
water to be treate ] be froma variety of sources inc u.ing_t ose havi ng
a TDS corf8ff @F @Bgi %ﬁﬁsra%nw 3¢ SO ORTROATE bt AU6s B0 BpYdiBe ohr e.
Feed wat igh&a A8 be hfiic@X@ MR lcBuesIRANGH EHMERQ Tl RE ACRAR. chh ARk B Wat er,
30gray water, industrial effluent, and oil fill recovery water. The feed
wat erfOmayW@wat ditsoms ghbedments, \sfionpmethallenty babded (o eisverl ‘Eentimgideweistinval ent
salts, ang. i eci.es...ln. sc enhodi ts, .nat e aspects may
hvol ve. ok Pag e pRaT R anlsin GO, 1R R LN RBEE ot vt er
Consistidqme@\Unmd®n$H&hbnguﬁﬁﬁ&nﬁﬁabdymomese@maf&mxeﬂb@nMﬁéamkm&%ﬂbe o
processed fo.a desired or required |eyel of purity. Purified water may be
Sent for RSN GNE i aie 4 GaDABR S HaNEmeTPERS! B GH RS BElcosnes

of the winding may not be easy to control or guantify. In other embodiments, the screens

25 may be impregnated with strips of elastomeric materiat thicker than the screens as illustrated

in F1G. 4. The strips may function as ribs which create channels between the membranes and

help ensure uniform flow distribution. Adhesives may be applied outside of the outer strips

to seal the device either by potting after winding or by application during winding. At the

inlets to the dilute and concentrate compartments, thin strips of a suitable material may be

30 inserted between the membranes and the screens to ensure that the screens are not in contact
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S5preserved or further disinfected, if desired, and may find use in various
applications including agriculture and industry, such as for sem conductor
fabrication. A reject or concentrate stream produced by the el ectrochem cal
device may be coll ected and di scharged to waste, recycled through the
system or fed to a dowmnstreamunit operation for further treatnent,
Product streans may be further processed prior to downstream use, upstream

use, 10or posal . For exanpl e | evel product acid or product
base str eaﬁ ﬁaﬁw%@*%{&f devedreappt %rfé*%%ﬁd.%ﬂ)ﬂ@hov%ofﬁwc pethpds metre to
m X, in PREd (nshi@ W1 is QNG BEWIDY Sie BELHHGhd Bler 8RB nfdAfhr Qe NOr €
addltlonal unit operations may be fluidly connected downstream of the
el ect rocheni cdp agisrdanceoith erapphere comedigreniropraistin br vsekatnons! ray ibe
confi gur t i ‘ r s before
el i veri ry 17 moRE G BIRRAREES ol Y GG AL SRS Cv ol vi ng
chenldal1bcpmﬂmﬂ@gmoahnnméamnnmmbuﬂmy)mL&mibedpm&sbmbﬁuem¢ﬂeabn@mﬁmmmuct or
effluent streamof th eV|cgﬁﬁr|or to use or %sc ar g |
accor danc %f?ﬁ“dﬂ%ﬁ%P WY B R HES Cvephpices OfvpresT Bisialied s “ﬁﬁvebe
posi ti oneghiodirtle@lLale @PEMEBY bARERJINS @Ch §Fdcsit hrit 1o £OMEE hiseRBlLy, RIcARErties or
states of any stream conponent or subsystem'generally associated with the
devi ce. W88 REodHe# QTihe sPAger 2O dirrgiatemtidh noowlitsmalasle Toft kepsdosensor s nay
be, Conf | aunRdyl 4ehERh. 2:6ARERRN AUARCLE LA BT BRRC AL BL8l 462
entering or exitin e device n on ment, nore Sensors nay
be pd§|tumnemuibndebgmmtmagbmcﬂﬂﬂnamummnanlmmLkakﬁbnmnmiqmcanmmhhienhof one
or nore conpa - I n o anot her imt enhodi nent, one
or nore s%w‘5$ggﬁ%§”%éibﬁ%ﬁt 8ﬁéﬁ”t8f&%F88F “bT“Ta{EV%P‘ ‘“5H“Fﬁ¢%9%and/or
an out | etm&fuloseerdily ided @Dmarlﬁmga @b irdhll G0N R@xalllnfod®ld dskengiiner
enbodi nents, a pressure sensor e associated with one or nore
conpartnéh?@‘@F*PﬁbmHéGWéé I n sone enbodi nents, devices and net hods
i nvol ve a contg QldoRlanfORiREhISHhEY choBﬁ%H{sa‘H A L@Js shﬁ@i%ﬁ i&%lga’ggt‘%t ing
parameter of the device or a conponent of the system such but
limtled troay laﬂdtmaftucn@1tvaéhrv@scta)nmpwipwmmt delide fagm adpms¢ Din@ua qﬁpnmer ty or
2?;2?: ?g;/lg tisdgh(f‘nag/fse%c%afi ;’;}‘ﬂ fol%dlu: agaprﬁun%ae%,?)g%g Ifi(r:cam somcﬁ lo onc, lhng(té:r??()m c
connunlcamnmanmemhoémuhﬁaaﬁcemauxﬁansﬁru@Mﬁ&ngu%ad nmedaheaéfmbaﬁﬁa@u one
oper at i onal garggFteé gf the system The controller nmay be general
StigPigeheba |

confi gur €8 B‘EHHFFﬂﬂoéﬁ@ﬁ%P“Q%m§HFﬁ§PI%H@36Fdﬁﬁ @nisHeleRictona

par amet erg sbfle Eu%ﬁ&ﬁﬂ%ﬁ’tst&o@esﬂvﬂt@@%aﬁ%@ﬁﬁa@ﬁ@&:d%(a @m@&ﬁpénmfmn@%%@ﬁ@ the
controller can be configured to receive a representation of a condition,

propéﬁtyCoﬁwd%mQM@idWﬁéﬁyﬁéﬂWEQﬁpﬂﬁﬁﬁwpdn@nt or subsystem of the device, or
from the devi & us-ercpﬁ’\erglg,m u% l 'erE:la e\é% L%U(! Xg h%(f Lig]dc?ssqolwd solids content and

optionally to reducing the concentration of suspended solids, colloidal content and ionized
and non-jonized impurities in a source water to a level where the purified water has been

rendered potable and can be used for fresh water purposes such as, but not limited to, human

b
Lh

and animal consumption, irrigation, and industrial applications. Desalination is a type of
purification in which salt is removed from seawater. One or more embodiments may pertain
to desalination of seawater. The feed water or water to be treated may be from a variety of
sources including those having a TDS content of between about 3,000 ppm and about 40,000
ppm, or more. Feed water can be, for example, seawater from the ocean, brackish water,

30 gray water, industrial effluent, and oil fill recovery water. The feed water may contain high

levels of monovalent salts, divalent and multivalent salts, and organic species. In some

R
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an algorithmthat facilitates generation of at |east one output signal
which is typically based on one or nore of any of the representation and a
target or desired value such as a set point. In accordance with one or nore
particul ar aspects of the invention, the controller can be configured to
receive a representation of any of a nmeasured property of any streamfrom
the 10device, and generate a control, drive or output signal to any of the
treat ment system conponents, |nclud|ng t he device, to reduce any deviation
of the neA¥PEEY B%PlﬁySﬁcl@wﬁfa mw@@peww treating or despligléir dRIABSS Wi t h one
or nore ephodiMBRiSwad: &)‘Hﬂgt | ek cﬂﬁ}éupfc CORTal 9E &by T B, 'i/?l@rl %ﬁbl ty of
an electric current applied roug evi ce. The control mey be in
1500nnun|m9m$@ﬁlmmﬂhmad@!GﬂumufbVQ@ﬁsmm$ configured to prOV|de a
Speci ca i a SeTDRLE Bet Be SERITRC bR G R et of PG A Bl BB
stream expxtskngd ar ﬁ@ﬂiﬁﬁd‘htlﬂﬁjﬂtcdaﬁ déded ded ines. findniss onveioasdgdicamnt s, a pH

| evel , pressure or ﬁpnce tration neasurenent may be detected by a sensor

and commuRf'BHPe 8L Hireng dtussy. sugh asfﬁécﬁﬁ?ﬂlfikb‘l‘?‘e{?b‘t‘%‘ﬁ}O'E)e/\é%iﬁ?‘ %ured to
generate L%n@é?lmure%lleﬁgﬁlcﬁﬂ@éd Hyrlhé @%H%ﬁ&n@alﬁﬁs@ﬁcb %ﬁd b@‘%@ﬁé&'ic%%ﬂtdas@ﬁh gy above
or exceeding a predetermned’level. The control signal may reverse polarity
of an el detvapig. t@wrcmnhroaplplhcedstclhmdghtqm\ﬁQV¢cnwettr§b01wsattoo feelyeher at e a
ggmjlr_ grest?cénm ﬁi' ﬁodbctas‘ug'%rsp?&; frelnnlh(t.: P {)&S‘Q.Fyl 18;$§>0&\\é] iy da?n 4 uqsﬁbdm

basedOat dr elmbsaparmlcahahy]cpmp}ti htefem%{asmb@rmmctnd st goahct b2l sireat hery be
conflguratlon the control |l er can be |ngﬁgen | oop contro provi di ng or

changi ng “&H@“’ e § LRIy UeBRdTE eshedlof Bk I”é’éé&o‘ b‘h&“&bn‘b@ﬁémm"of t he
treatnEntn§&ﬁ{ﬁﬁkmEODn@&ﬁﬂ@hﬁﬁdhﬁﬁdQ%ﬂk$a%h&h1ﬁ§ﬁmpﬁmH@QbﬁﬁkkM generate
output or drive signals, %plcally according to a predeéefined schedul e, that
reverses @h‘@%@lﬁa@l thy elggtrachemigppiniie d 0B BEOING. ©N¢ PeINEIe WHEPRIREPSTABI 8 t he
stream f 'c%%@ﬁ&li‘r% :E&fn%ﬂh dp &%Ssdaelvlﬂ% rotiucqn?r@anP:TEg dése&mlé‘@g iR [iahgenent to
a second pre et erm ned angenen R ments, the tontroller
may séndy@nﬂ@ﬁﬁﬁoHbﬁﬁgmaMnuoa&ppLymazmwddem&hmnmednpm@sguMemmmumin&@ one or
more conpar tents to j% %ﬁadOMl h reduct 425

sensors i1 EHEHEAEP &t R‘Pn “"é%}%“t H%“a%“%& %G%V‘%"'dﬂ %r“bkﬁ"d’é ac e,
representati onn @écorddREORER bile M mERRNBEHRThS bie Hmdre Sés@3MdyHePositibRim or
within the device, or a 5property or characteristic of a current applied

t hr ough ttﬁéetﬁ@\ﬂnéél mpmah@;@a}ﬁjp@s Qqﬁlélt@ﬁé pb(,‘-putms or states of any stream,

component or subsystem generally associated with the device. In some non-limiting

arget

20 embodiments, one or more of the sensors may be configured to detect a concentration of a
target species in a stream entering or exiting the device. In one embodiment, one or more
sensors may be positioned to detect a concentration at an inlet and/or an outlet of one or more
compartments of the device. In another non-limiting embodiment, one or more sensors may

be positioned to detect a pH level at an inlet and/or an cutlet of one or more compartments of

[S]
Lh

the device. In still other embodiments, a pressure sensor may be associated with one or more
compartments of the device.

In some embodiments, devices and methods involve a controller for adjusting or
regulating at least one operating parameter of the device or a component of the system, such
as, but not limited to, actuating valves and pumps, as well as adjusting a property or
30 characteristic of a current or an applied electric field through the electrically driven

separation device. The controller may be in electronic communication with at least one

24



nore sensors can be configured to neasure and provide a representation,
e.g., a neasured signal, of a process condition such as the pli of any
streamexiting any of the conpartnents. 'The one or nore sensors can al so
provi de neasured conductivity or resistivity values of any of the streans
into, fromor within the device. In particularly advantageous
configurations, at 10l east one sensor can be utilized to provide a
representatiqn,tb ‘%Lrgct nersurenenp or Ey_proxy,,ofjphe %gnqenpration of
at | east GRE" 4t t&ﬁéte dpaErest 195 R O geie Pé’ézt‘?"é%{rﬁ{f“f*eoﬂﬁ*‘ﬁﬁe JevPEElchr from
any of theaCRNRALLIEBSTiguMas YERIRAE c&firt FREAM kAL 0N 6aNoRepehiisch ed by,
for exanple, techniques wherein sanples are batch-w se periodically

retri eved &M AR poedse ora signdl senediogdriaseniori hurakpyplehthe gghirablaecasrbenor e
side str ) .G r.ol.ler. . Lcal L.Cropr.o or-hased device,
such as ?gﬁ %ud%dgir%prgﬁ%n‘f Ic%gllle(‘l%&é%%) retg)?{}g%@(%{&% pg?rt }’act’?gtldg:t% ??’Epu%lg%ﬁ]éont rol

syst el tdeatpona@tei wbsysomm sethddeviaput frandhoditvput Toe gmataict opaaldy hclodes
conponents of the deyi or systemin which the device.is operatjve

Communi b DAY B 166 g BT Sy |G nbg v S BRIk dnEP R Moy ce to
be | ocat egh @t ofn®tOit dhly GBMe rélirsdeAaGen AldoMaf RE0ICRB DR suel apsc@pSACT at ed
conputer system while still 20providi ng data therebetween. Such

communi cdt' “E1THBEh AN SABOTRgTemaItst Peeweds BYhatMepZmgiany el cabbe

ot 1 ea e e b B ko S S LA 8T S iRt b ocel =
incoﬂﬁorake@&vmd&tmﬂgasmoméﬂuhakkwOd@ﬁﬁngu®mem®mfﬁmn@amump@mwwents. Bi pol ar

menbranes,_are general ly niopic_ngabgane an.one. side and cationic on the

other - BesoP e R AR NS R ADT Je SRistT ST el s o or

I n sonme esaiediaient s, bipol ar menbranes can be used in place of a water

splitting cell. In sone enbodi nents, one or nore bipolar nenbranes nay be

used in conj unRfiSHAFS HiB AR Yrmers cEbaRSASane iRt obr welewef e

Menbr aneSevekt [RELRY FANCEANIL QlirRNMicd &1 HTROH RN Pe calrdHeLRbY BEREM cal

device may include an alternating series of bipolar nmenbranes and anion

sel edbi veomertianesithicken wete samos @ofipoeheniroslc devisecBonaignindlidde an
al t er nat Ii?%p?e%ﬁltﬁﬁxe%ff atgblpc%hﬁlgli rs’qeoggrtgrgﬁssp' ; iﬁ%ts{rgc 1) %glogrcittcﬁ Yxﬁtiqqﬁm *rv?c-,es In
accordance w th one or nore enbodi nents’ ose ordinarrly skilled in' the
art woul dor &xec@gni pevdubiatrearh RxBag acdapsenyi bhieelketiat.ninasspechboddidnarat ypes
and/ or argﬁ@gqnengs_of‘se[ectlve qgnbranes,caqjal§o be used. %n at | east
one embodi NNt PEHVE] BEPFSERENCRISHETCREM HoRSIHE! ™ e 8 4"bi pol ar

membr ane.cohihiACGRUAR N oMird ir SPRE BIFBAL 1%“15@0011@55;@168"i@%dn%bél&f cchi@ges in a

treatnent system can 5be utilized to purify water or at |east reduce the

concehlt r atdnannaespan S IgF b G dgptastsmeNdeaigriiboFoer esenipicel profatemined 1pelt r eat ed
can be puﬁh‘e%?ﬁﬂaﬂs@n%ﬁ aﬁ&gz%v?rgg : oltu}i.'lgtof %?81@&?%%9@@11%% )}9%1'1[\{1%3% e RViES OfE of
nmore types of dissolved solids thereby producing purifiedS e.g., desalted
or even potabhegicwata@rbradaprsiond @rmbodippemnts, thauint ipkend crelatdieotts, shages may
be present iq a _ . ) . _
control signal may be sent to a power supply associated with the device based at least
partially on the measurement signal,

25 In other configurations, the controller can be in open-foop control, providing or
changing one or more operating conditions of at least one component of the treatment
system. For example, the controller can periodically generate output or drive signals,
typically according to a predefined schedule, that reverses the polarity of the applied electric
field, and preferably, the stream flow paths through the device, {rom a predetermined

30 arrangement to a second predetermined arrangement. In some embodiments, the controller

25



singl e el ectrochem cal device. In other enbodi nents, various treatnent
stages nmay be 10present in a series of electrochem cal devices. In sone
cases, one or nore stages can conprise one or nore unit operations that
effects selective retention of a type of dissolved species, which can then
be renoved in one or nore subsequent or downstream stages. Thus, in sone
enbodi nents of the purification systemof the invention, a first stage can

renmove or atrlﬁastlhﬁduc%étheigonc ntratlfn of one t ge of dissol ved
speci es. TH BPREFCEHDSE HERARPYY ¢ REFATSETIPE] PIEtyRle BV Br reduce the
concent r adfohart®tniakd fabilitatOfRdé Y PEe@fcdlbssol ved SpeCI es. Any retained
species, not renoved fromthe water, can then be renoved or the
concentratlon(WWé¥é6¥@%@&ﬂééﬁmpﬁmﬁﬁecﬁtmﬁefém§66§@ﬁﬁen%L§t@@é§¢a I'n
Lhe devi gpreaiuORYPs Bk oA LANRC 1AlyBln ARPARIS B G P BoSlaGK, OF
depl eting and concentrating conpartnents rom\M h ode is
p05|tﬁonewomEHemLanmd@Bandfﬁaoamhauémnﬂyomgmb¢émnded%mmthnamﬂehemkmode
tsﬁg‘cglr eg‘pt?%l émssgirg ?1 eCtnl t\éﬁtagff dtcas[md an\gﬁ1 1?\/1(1%((1)%}@3%1 tﬁté%t&b#g?me?gust%%t hrough
purified staml, béa pmsﬁedomd‘itl@fmah hﬁihctphll’tﬁwgfﬂ seaeheden! eyl dTth«companmegat , and
a second,}i uid can be passed through each concentrating, conpartnent in
each st agd’® ¥16 ObMPECEN P& EVA) %OdtO\il%@caﬁttﬂépﬂtttswa %‘n@%t‘e’éiyf"r%'ht phawysir st
liquid i nrdenhelhite amast Nt Heicl RE ﬁﬁ%tt%@@' Jd%Ht&cht”s dhge &Qnaen%r ating
conpart ment . Exanpl es of ions that may be dissol'ved in th %

puri fi0ed Ipastonsciensos dinug utdiedo mewd@@rcmmpmmonn’ag Aiesit uwpsmfatwnt gnby i ron,

i he GdbDLY P (IR DERAT P s BACHAL, LhE 2 RARE D RULABEN 18R © ect r ode

inthe d ossibl e enents fe liquid to
be purifubdmaamimonm@uﬁHuaKmQMSmsmecN&aan&ﬁmuexamnbmﬂﬂmssmtMedﬂmmdby
30suspended the[eln such .as .ions and L QIC speci organi cs,, etc. The

i qui d t dOBRPIG tS- Ry REBTH sAmplestass DuRed ey ClAET U DBV % at

| east abQ)lt‘Ema]l{WeWtset% c@inli@BSthraaBRYke dOn¥k s sudlmd €ast about 5 wt % at
Ieast about 3w % at |east about 1 wt % at |east about 0.5 w % or at

| east!>about 0.Thegeniogllst isgrucably anpiceopsprsssoesaseo de dih eech digrpspgizmmablet her
t he, t JRY,
cases, thg,; i 1ﬁ:roilgtr (e*?k?%{ a Idlbgﬂ)'u?:d Cgﬁ‘gﬁeﬁgédi ilprgﬂt {@’%%PE'&%L th ﬂ}:ﬁt%u'lp%lt

percentage speci her 0 be rified
consi sts swslem &rai fir oym @t)mmteers of’ |thaedevict: Imesyma:mem wieyh the cﬁewcd: udecatiber ions,
salts,

pen ; , S e of or i nary il n the
a1 woul S RONGI Gl PR Tt e ey SURaRTi RS touRe PO e W ne
liqui d mayideidaandivad®fronh tHetcBh®6l [0naE 8T ass@li@dd computer system, while still
20 providing data therebetween. Such communication mechanisms may be effected by utilizing
any suitable technique including but not limited to those utilizing wireless protocols.
In at least one embodiment, onc or more bipolar membranes may be incorporated to
at least partially define one or more compartments. Bipolar membranes are generally anionic
membranes on one side and cationic on the other. Bipolar membranes may be generally
25 cfficient in splitting water. In some embodiments, bipolar membranes can be used in place
of a water splitting cell. In some embodiments, one or more bipolar membranes may be used
in conjunction with one or more anion and/or cation selective membranes. In accordance
with one or more embodiments, an electrochemical device may include an alternating series
of bipolar membranes and anion selective membranes. Likewise, an electrochemical device
30 may include an alternating series of bipolar membranes and cation selective membranes in

accordance with one or more embodiments. Those ordinarily skilled in the art would



The el ectrochem cal devices may be operated in any suitable fashion that
achi eves the desired product and/or effects the desired treatnent. For
exanpl e, the various enbodi nents 10can be operated continuously, or
essentially continuously or continually, intermttently, periodically, or
even upon demand, Milti-pass systens may al so be enpl oyed wherein feed is
typically passed through the device two or nore times, or nay be passed
through an op naI second devjc An el ectrical separation deV|ce may be

e o Rl SR i SRS SHh Gain el S e N ST S LBRIITBO! o o

conponent ﬁicc%1hﬂ:1h@1ﬁh’es%amégﬂ%Bh&:damﬂélqlédsﬂ-&%ﬁ?ﬁlmhﬁﬂﬁ AeYechi@lchde pi pes,
punps, tanks, sensors, control systens, as well as power supply and

di st ri bute3ite sagsips instigc erbaols sepeiranc vel y aIIOM/operatlon of the system
I't shoul d be ypdersi.00 ﬂwﬁﬂ%t L B SHSERTE: pid, %Htly’b'f %gi’ 1ﬁqqleg'ﬁ¥ch9§§um¥m
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one or ndﬁeﬂquhmdmuﬁnyamemdﬁkmﬂedhm?husnnumea@he@hh%oatdaﬂ@aﬁaﬁmmn @eV|ce

may be nDdlfl i nar art as,needed for a
part 1 cut s Beudl IR BRI bares R et UBe  Sre RN 1 on

The functmnv@nﬁlcadmmtag@s)f@fss@m@s@]lagldxc%ta@rodeérhg)emnmms WidkdaltBeo,mor €
fully understood fromthe foll owing non-limting exanp % he example is

i nt ended 46" peablp) wler dp porae wﬁbcﬁia!marﬂé M HPTE drepistent %drﬁé ”@éﬁ RS IPERSPE A As
limting ¢hge @1@@9}%!19{11L£!Q@v@gb%[ﬁr@@hﬁmgé@nﬁcﬁﬁ)%gu ﬁ@htnsaa IYF
w effect in El)

Experiments were performed to eval uate the inpact o
devi clés aniebenionaseaeset p@t@mhe@hcat dotaeis qh?etsmfco‘rasqse@ucn inome ghecsikadow ef f ect .

ggASZSI (r:fntc()|n§ (ﬁsﬁ% & n?Pe U?l f’%ell‘““ %g?ﬁ 8@‘[“5 %gc'ic,?\éc mfenéé:rg\fttvféw 0 L IdE)E) by

exchange spediby; ame:hwaxsm@pelr@b(add 36000 n}ilpmdl‘iﬁﬁlutﬁﬂhbtlbh@ﬂtd&ﬂﬁsl&t&@d g, f eed

water. In the di]ute co rtme the flow rate per cell pair was 20
m/mn, dH&OIPﬁe‘f‘L\%‘f QePeBn e GHE %‘Hﬁéﬁ‘%ﬁ%‘f’ﬁé""f’ YA At EtagR FACEIMOVES 1 was

5. 625 n /zmdastJ&l@cQQQfoﬁ&dn%u&%{fc%@tw}QQﬁ%sEMvc‘!éﬁﬁ;e@gs GRS BRAbARNACARERAL I ON
was at roomtenperature (approxi mately 25C). The vol tage drop was measured
acr osl9 t Hast stage can remove or reduce the concentration of ali but one type of dissolved species.

Any retained species, not removed from the water, can then be removed or the concentration
thereof reduced in one or more subsequent stages.
In the device, an anode may be positioned at an opposite end of a stack of depleting
and concentrating compartments from within which a cathode is positioned. Each anode and
20 cathode may be provided with an clectrode spacer and an ion selective membrane, wherein
electrolyte can pass through the electrode spacer. The liquid, typically comprising water, to
be purified can be passed in parallel through each depleting compartment, and a second
liquid can be passed through each concentrating compartment in cach stage, to effect removal
of ions and/or jonic species from the first liquid in depleting compartment to the second
25 hquid in the concentrating compartment. Examples of ions that may be dissolved in the
water to be purified include sodium, chloride, potassium, magnesium, calcium, iron, etc.
Electrolytes may be passed through the spacer adjacent each clectrode in the device. Other
possible flow arrangements are possible,
The liquid to be purified can contain various species, for example dissolved or
30 suspended therein, such as ions and ionic species, organics, ete. The liquid to be purified may

contain, for example, at least about 20 wt %, at least about 15 wt %, at least about 10 wt %,



5central 12 cell pairs. One experinent was operated at zero back pressure
(O psi) of the dilute outlet stream and a second experinment was operated
at 10 psi back pressure of the dilute outlet stream FIG 5 presents data
of voltage per cell pair versus product TDS at O psi and 10 psi back
pressure. Energy consunption with the pressurized dilute was | ower than the
eneny consunption wth the unpressurized dilute. 10A second | ab-scale ED

e S LML B SR

oper at ed. at3&QM oM Na@l ofsok Bt hor: %@&Lﬁiﬂdzn&:@ th@ed. Wakiek casel thd@ali dut e
conpartnent, the flowrate per cell pair was 20 nUmn, and in the

concent r attBerdighisidp rawiliedyaa sann asealis peicentpecrispeaiishaeioo’ awe/ m n. The
oper at i one Uy RO, (HENSid Yo Pf@ﬁu#‘%d @w%@;j#gcnﬁl?ﬁj) 20RE" ?I:' Q0 W5 | ?a; room
tenperature (approximtely e vol tage ‘drop mas reasured across the
central lioclgex ¢tgaﬂm$9ﬂﬁnmswmmenmmamtCkne¢umgdsémm@@nnMMmbokhthMUﬁe and
concentr conmpant pent A se in only the
concent r Al B EEIBEDE TRk o RERENS BRT Tttt B RSP REAT B Biver oy

ver sus pnﬁdmarwiESem@th and w t hout screen in the dilute conpartment.

Ener gy consunptlon was | ower when screen was 20not present in the dilute
conpart nent.  1heelectpchequial dgviess aky g opaated Ih oW ahiF Gebiogt pef@st theD

per f or mang&ir&yprbMgs ea%lrwieene{e%em@&nmwmOPOI clih@,pga{h@ vaxlm il %%ed t hat
pressuri zin the di lute conmpartnent can reduce shadow effect and thus
reduc® errép 9Oe‘ewguﬁ@tﬂﬂ@ﬂusl.\Amt:&sefruaéxpemurwemly mnpeut?fllormwt@néyal uat e the
gigeﬂ mg tcLIB%?ﬁgﬁgﬁé\ﬁu u 511 gﬁnzﬁ%l ab‘ll{r)rdjd Sgslw'aﬁh may, drsgt%c éll)lqgl()lyi?d \\fant%%rié%fl nor mal
spacers nmu@kmn;pmpafmnemhﬁmandwtMeoeemomdwmsedwhqjhﬂmmsnaﬁ@ng1mﬂ dilute
conpart ment nd nor mal acers in concentrated conpartnents. FIGS 5 and 6
present A e R K EC GRPAGE SR BEY e el |

pair was dn@Wemotdthérn@ithAkdcawlisNAREEr CANRAERE ARciliAE cBﬁthﬁéntsscﬂ@,%er The
hoIIOM/spacer al so had a 30l ower associ at ed pressure drop for the stream

fl ow ﬁg P EYI§MS ey d il el PeSFRIIM RSk B Scnsas. §anEof Hslmsatsevalfasalongt 20

mJmi n, N [of i while the
pr essur e Pap P R RE B AR R LA AR AR 1R gest <

t hat use of themhehﬂmwmé@awedﬂat&weyythMnﬂEEMMmmdmnwuwsam$MEgQMhy hi gher
vol t age, pot p il H | e s]t % eadjn%fto concentr%tlon

pol ar i zatPBHCUPRVER &Y ‘éé?i&%? ﬁ@btﬁ%b ‘é't‘” e%‘?&%‘l“é E¥HPAPYRIEuigs ay

exper i MerfeSicWRKIe Thusl thoclb@Stal s@atdiien dBRachaPhe MATRA Sy MANE BPork hﬂaf}nﬁﬁl
screens conpared to ‘convent i onal spacers A first run used conventi onal
spacéfs Nﬁ“&FV“%dﬁﬁ&ﬂﬁﬁ%%?%““%@§%@@ﬁﬁ“ﬁUHMUEEﬂ“§@H€@W§CﬁéW%ﬁb“?hlnner
screens rglatihye to a surrounding spacer frame in all dilute conpartnents
and conventional spacers in all concentrating conpartnments. The voltage
drop per ceII1ma|WWMesambmb@nMgemﬁtMmmmehmh@meememweheNueewuhmﬂﬂbe dilute

conpartnment,s whi¢ch | ed an ov Ur)edu in 10ener gy, gonsunption. In
2 Tort nerngrsbRel P BB a% Qe TR 2 PabRS R B B0
itlustrative in nature and is not to be considered as limiting the scope of the embodiments

25 discussed herein.

EXAMPLE
Experiments were performed to evaluate the impact of shadow effect in ED devices
and to assess potential techniques for reduction of shadow effect.
30 A first lab-scale EID module with flow channel size of 3.18 em (width) by 35.56 ¢m

(length) and a total of 32 cell pairs of ASTOM®™ CMX/AMX ion exchange membrane was

2
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ppmto 2800 ppm at a reduced energy consunption of about 15% using
substantially the sane ED devi ce operated under substantially the sane
conditions but with thin screen spacers as di scussed herein. 15Havi ng now
descri bed sone illustrative enbodi nents of the invention, it should be
apparent to those skilled in the art that the foregoing is nerely
illustrative and not Iimting, having been presented by way of exanple
only. Nunerous i ficatigns and ot her enpbodi nents are within the scope of
one’ of or%eﬁéﬁdy%ggét{ PPy #agﬂ%"]‘&foﬂ WSS & TSNt ERp I RS WE IR WEN n t he
scope of fAderddve@nti gy whi PR/ Yh@ Ty thabdRepehe fRPAr@ent i€ nexanRles
90presented herein involve 's“gem fic conbinations of nmethod acts or system
el enent s, ceflpais es P d2paliimded 8¢ erdaticnaureiclsesiaoras S4faniios enddsmtinns may be
conbi ned .0 other b @ 181 wsame . obpectjves, ... Those
skilled i ~tdhe arltew@ﬁ%&f'g(dggig’ggﬁ%g? ES{ZEE}1§eﬁ%§d%cg¢l§1%ta%§]§asghcé{ Eon P%ur ations
descr iShedchiesl d2reclhpare Xanpixaeaynandvat bpdra@ad biualo pak arstiee &0 gadifake dilute
configurations will depend 25on the specific ljcation in. which the

cyet ens. S DEHH HEesRam e e aer brtrarb 2R behouetur IR the art
shoul d al&@cr @OENIFEE. PhreRtsahAl LOIARGRI EAT Phir BB GrdQcNMILatchanafout i ne
experimentation, equivalents to the specific enbodi ments of the invention.
It is thelgmbbaskpespaeuhtes cosumphen WilhicantsoiZs At des iridpdanier ei n ar e
present ed., by, \May- examle. anky ., Within the scope of the appended
cl ai s an3 )éL ui vqgﬁ&)Hts ?Lﬁér et ;%%Lﬁ%g%gpﬁ%'enti on may be practiced otherw se
t han lds speci fA sabbd/labesde Ebedoduldvite deerchait] shoefl dl Sdrs owhle) appe&éi at ed

that the inyention.is directed to each. featuyr stem ,subsystem or

t echni quec'mdé%“&tﬂi)tﬁ‘@glaﬁ%i?e(‘ifﬁ%éhlgp‘é{th?\)wlﬁat(mgiw&t'%%ﬁhm FECPRARr e,
syst ens, wdshpyistc@ms oM@ ppneNh0] Guekndes iddgdedianabm 1ang AN Gafpaimatd on of
two or m)_,'e features, systens, subsystens, and/or methods, if such

f eat ur es, PSRN &HE Peraigh s gl MG 4d R HicGORSNEAE CABPATHIE A fow rate

i nconsi StRntoll };a%'\ ansidanedil o Wikt Ehr];etﬂ?dé]@@}p@fapé&g Qﬁ)pjnﬁweﬁ tion as
embodied in the clains. Further, acts, elenents,” and features di scussed

only 5n coamrter Wenatwpeh [omerdnsdeimerimaghe 0t Thavelhgedrapovisonexeiedded from
a siml arac{o% ﬁleicgntpatl W@E*i?ﬁ'@gqidﬁ%%&sﬂinﬁn Fnscﬁ% - cri]?crrgeinqh bg)medifttl?eramd" plurality”
refers to two Or nore |‘fe or COTTI[.))OI’IEI’I'[S. ﬁe
concentrating compartments. A second experiment included screen in only the concentrating
compartments. FIG. 6 presents data of desalination energy versus product TDS with and
without screen in the dilute compartment. Energy consumption was lower when screen was
20 not present in the dilute compartment.
The data indicated that shadow effect did impact ED performance by increasing
energy consumption. The data also indicated that pressurizing the dilute compartment can
reduce shadow effect and thus reduce energy consumption.
Another experiment was performed to evaluate the use of hollow spacers for

reduction of shadow effect. Two comparable ED experiments were run through a lab

[
Ln

module. The first experiment used normal spacers in all compartments and the second used
hollow spacers in dilute compartments and normal spacers in concentrated compartments.
FIGS. § and 6 present the results in which it is noted that the voltage drop per cell pair was
lower for the hollow spacer compared to the normal spacer. The hollow spacer afso had a
30 lower associated pressure drop for the stream flowing within the channel. For example, at

the flow rate of about 20 ml/min, the pressure drop for the normal spacer was about 4.7 psi

29



10ternms "conprising,” "including," "carrying,"” "having," "containing," and
"involving," whether in the witten description or the clains and the |ike,
are open-ended terns, i.e., to nmean "including but not limted to." Thus,
the use of such terns is meant to enconpass the itens |isted thereafter,
and equivalents thereof, as well as additional itens. Only the transitional
phrases "consisting or and "consisting essentially of,"” are closed or

sem - cl osed 5 transi phrases respectlvely th res t to the
claims. UOSUIPe BicEa 10@&?%& ol sgacor piy By O Sbg Diefiota iyl hat 08l t he

like in tihenh@ld HFhedat {msﬂn&w@s%@hmlﬁld%ngmy iees voRdoe o diRg tju&@rsa@te any
priority, precedence, or order of one clarmelenment over anot or the

tenporal1W¢H€ﬂulhﬂhwl@ﬁﬁaéﬁﬁﬁ@ml%ﬂﬁﬁﬁh@ﬁ are perforned, but are used merely
as | abels to djgLing '%?”%)@ﬁie*%ég C%ﬁ‘l’l?‘gﬁw"f‘&%}é Eﬂgc%c?sﬁﬁkﬁ'\% ORI, fdem

anot her el enment haV| di nal  ter rm to
dlstldgunbhnmm@1@hammnﬂhen@mmmnu@hamuu$nmhadmndwwmnmn@hAmMB>ANFehem{r|calIy

driven se atlo devi ce rt.nent. at | east
oo 4+ al Py e e By s ARG eRRlnt: 0 cspelEihied sHOR BRI o
sel ecti vecreidicRNSs wahnDan & PAGRE TR ih i AYuR cSMbBaRent! Rl ®GRAGRILNAI
posi tioned between the first and second ion sel ective nmenbranes and

const r uctSBeFCENE H P EY ST ORISR R ket BER divPpet welairt i Jaksredknand each
of the fifsheaBdef86Q0ddAR R ﬁjeﬁ&{)do@ TRGAMES: led B ank R@wﬂ%&h@ﬁ%’? n C' a' ml,

wherein the screen Is surroun ane that Is thic

scredfl. BergThendewtice bfa i@lth@lm@t;hamhexcenpﬁa tstzewﬂ;@weems'u@@atbé‘bmrﬁblwbl y
centered mnth he first, compart nment ve i econd ion
el oot s vathbRaReh BEn b & e RO RRG BN BpRphaEut Sk Snk iRl BRRLBR P

posi ti onedmat:Dadeviddloptrachannel susshiiany oudtshiat L@lhﬁtﬂﬂﬁﬂmp\f\nliﬁ ben fdréemt
conpartnment. 5. The device of claim2, further conprising a cap
construcﬁéﬁm&ﬁﬁd§$F§Hb@ﬂeWo cooperate with the spacer to support the first
i on sel ective nenbrane. 20

15 Having now described some itlustrative embodiments of the invention, it should be
apparent to those skilled in the art that the foregoing is merely ilustrative and not limiting,
having been presented by way of example only. Numerous modifications and other
embodiments are within the scope of one of ordinary skill in the art and are contemplated as
falling within the scope of the invention. In particular, although many of the exampies

20 presented herein involve specific combinations of method acts or system elements, it should
be understood that those acts and those elements may be combined in other ways to
accomplish the same objectives.

Those skilled in the art should appreciate that the parameters and configurations
described herein are exemplary and that actual parameters and/or configurations will depend

25 onthe specific application in which the systems and techniques of the invention are used.
Those skilled in the art should also recognize or be able to ascertain, using no more than
routine experimentation, equivalents to the specific embodiments of the invention. It is
therefore to be understood that the embodiments described herein are presented by way of
example only and that, within the scope of the appended claims and equivalents thereto; the

30 invention may be practiced otherwise than as specifically described.



6. The device of claim1l1l, wherein the screen is thicker towards at | east
one of an inlet channel and an outlet channel of the first conpartnent
relative to a remai nder of the first conpartnent. 257.The device of claim
1, further conprising a second conpartnent at |east partially defined by

t he second ion selective nmenbrane and a third ion sel ective nenbrane. 8. The
device of claim7, wherein the first conpartnent conprises a dilute
conpartment and the secon onpartment conprises a concentrate comnpartment.
30 9. The dz\gﬁ“&‘é"e&f” ”I%{g’rﬁ%?’%faﬁl’%ﬁ'é‘?dé‘ i QYA OISSWER ‘Os‘ii’%ieﬁ“”'es

conpri si ngsidmsSLSNEnS GF @R Mgl R s8R%LANERPARGHy ROSHhh@NeH thebyweeR. t he second
and third ion selective nenbranes and constructed and arranged to maintain

separ at i dPAIHES WEBPINS ebsyEeHpdT Ssheighesalser thiad herewawd aanmeprehipaiebnidawe et ect i ve
Menmbr anes, .2 foakfes evice. of . ' ' . S&Leen J 8. .ahout 0.002
inch to a%%utm%ggb;gﬁ?%’yﬁg %@ﬁ%ﬁ‘gﬁm?ﬁ2°¥$gﬁg@”ﬁ%ﬂgfﬁﬁﬁgbf>%@@@@?ﬁg wat er,
conpr idsi ngd tkORiqtesoducitmguttdlley inanhestiehipisabniidasdt odefwirst thecogardfnent of an

electrically .driven separation deyvicge; ronot i.ng separati,on, of a
cpacer saPegHo poiuR Aar Biseiimt okt 08 asts e RUNERGHAT TS TRETeH 3BT cal 1y
driven sepafatibowiHews 6abodmendtd itg ittEanrdRebd exfudad v SmEPasicas oitd: t he
water fromthe first conpartnment to a 15second conpartnent of the

el ectri caMYd@spen separation device; and recovering treated water at an

outlet of the d4fsfn&ORPRE Eéﬁ%“‘bmr%ﬁ-I*Tl*a%l-%t[ue%r AorEhh B Ldm pURGEE Phe
pronoting separation conprises applying pressure
10 terms “comprising,” “including,” “carrying,” “having,”

“containing,” and “involving,”
whether in the written description or the claims and the like, are open-ended terms, i.e., to
mean “including but not limited to.” Thus, the use of such terms is meant to encompass the
items listed thereafter, and equivalents thereof, as well as additional items. Only the
transitional phrases “consisting of”* and “consisting essentially of,” are closed or semi-closed

15 transitional phrases, respectively, with respect to the claims. Use of ordinal terms such as
“first,” “second,” “third,” and the like in the claims to modify a claim element does not by
itself connote any priority, precedence, or order of one claim element over another or the
temporal order in which acts of a method are performed, but are used merely as labels to
distinguish one claim element having a certain name from another element having a same

20 name (but for use of the ordinal term) to distinguish the claim elements.

What is claimed is:

Lrd



to the first conpartnent. 20 13. The nmethod of claim 11, further
conprising reversing polarity of an electric current applied through the
electrically driven separation device. 14. The nmethod of claim 11, further
conprising nonitoring a concentration of the ionic species in the treated
water. 15. A nethod of reducing energy consunption of an electrodial ysis
device by at least 10% the nmethod conprising reduci ng shadow effect in a

conpartment of the el ectrodialysis QFﬁ&ﬁﬁs
1. An electrically driven separation device, comprising:
a first compartment at least partially defined by a first ion selective membrane and a
second ion selective membrane; and
5 a spacer comprising a screen, the spacer positioned between the first and second ion
selective membranes and constructed and arranged to maintain separation between the screen

and each of the first and second ion selective membranes.

2, The device of claim 1, wherein the screen is surrounded by a frame that is thicker

10 than the screen.

3. The device of claim 2, wherein the screen is substantially centered within the first

compartment relative to the first and second ion selective membranes.

15 4. The device of claim 1, wherein the screen is positioned at an inlet channel and an

outlet channel of the first compartment.

5. The device of claim 2, further comprising a cap constructed and arranged to cooperate

with the spacer to support the first ion selective membrane.

20
6. The device of claim 1, wherein the screen is thicker towards at least one of an inlet
channel and an outlet channel of the first compartment relative to a remainder of the first
compartment.

25 T The device of claim 1, further comprising a second compartment at feast partiatly
defined by the second ion selective membrane and a third jon selective membrane.
8. The device of claim 7, wherein the first compartment comprises a dilute compartment
and the second compartment comprises a concentrate compartment.

30
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9. The device of claim 7, further comprising a second spacer comprising a second
screen, the second spacer positioned between the second and third ion selective membranes
and constructed and arranged to maintain separation between the second screen and the

second and third ion selective membranes.

10. The device of claim 2, wherein the screen is about 0.002 inch to about 0.02 inch

thinner than the frame.

1. A method of treating water, comprising:

introducing the water to at least a first compartment of an electrically driven
separation device;

promoting separation of a spacer screen from an adjacent ion selective membrane in
the electrically driven separation device;

promoting transport of an ionic species in the water from the first compartment to a
second compartment of the electrically driven separation device; and

recovering treated water at an outlet of the first compartment.

12, The method of claim 11, wherein promoting separation comprises applying pressure

to the first compartment.

13. The method of claim 11, further comprising reversing polarity of an electric current

applied through the electrically driven separation device.

14, The method of ¢laim 11, further comprising monitoring a concentration of the ionic

species in the treated water.

15, A method of reducing energy consumption of an electrodialysis device by at least
10%, the method comprising reducing shadow effect in a compartment of the electrodialysis

device.
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