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effectively separating many dissolved materials from the flow along a-relatively short
flow path. The ion exchange material is continuously maintained in an at least partially
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In EDT devices of the present invention, the [eaf (or
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Fl ow may al so be segregated on the concentrate side by
oriented strands of a nesh spacer, or by bands of
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While it is preferred that the electrodes be formed of continuous metal sheet in
this aspect of the invention; in other embodiments the electrode may have openings and
may take the form, e.g., of a metal screen, or of multiple discrete but electrically
interconnected segments that ave arranged to form a generally equipotential sutface
contour, For example, discrete elements may be shingled or arranged adjacent each other
to form a cylinder (of substantially constant radius), open volute (of soxﬁcwhat increasing
radius) or similar shape that defines a complete ciroumferential turn of equipotential

surface.



Figure lAillustrates a nethod according to one aspect
of the invention for formng cells of the ED .
apparatus of Figure 1; Figure 1B is a plan view
waj 2085840408t menbrane envel ope illustrating a$@¢&k§m9&um»
sealing in accordance with the present invention for
defining cells of an EDI device such as schematically
illustrated in Figure 1; Figure 1Cis a cross
sectional view of the cells constructed as in Figures
| A and 1B; Figure 1D illustrates a nanifold
t he cel

s 1A-1C
E guth @i\d?‘gceaOﬁswev%wvswwa CRLBH (T Y B arcuit aich gt
Aanikvad Sm@‘b@tse&zoﬁpdmwd’laﬁﬂto‘émfcﬁﬁ atd sﬁa@bsr eﬁdeuﬁ%dﬂ@éﬂt ERh dher
|IIuF in Figure 1; gure 2B is a vertica

iRl eibly tpgavlgpt g Segpnognispp plehacl.
@Eragﬁf\/ch&i%e oMol LR ERRBEARS HRMAELARE (X, hleBMESditute
chls) at one end of the device between the inner and outer core, and passes along a
treatment path parallel to the axis of the device through the dilute cells between
membranes, while an ion-receiving concentrate flow is maintained in a corresponding
_ concentrate cells defined on the other side of each membrane, within the helical inter-
membrane spaces described above,

Flow paths taken by flows within the helical cells are defined by one or more
seals that extend between pairs of adjacent membranes, and which may constitute edge
seals, blocking or channeling barriers, or a path-lengthening maze to direct the flow.
Other seals on one or more membranes may define a dry or inert region of the spiral in a
position effective to prevent the feed and concentrate flows from mixing, for example, at
the ends of a leaf,

In accordance with embodiments of this aspect of the invention, seals along or
Between portions of the flow path may define a multi-stage device, may define separate
feed and/or concentrate flows for different stages, may define relative flow rates of the
concenirate and/or dilute fluids, and/or may operaté to define functional sub-regions of
the treatment path. The seals may also direct the feed and concentrate flows along
preferred directions or along preferred relative orientations, or may direct the concentrate
to maintain separate flows of different groups of removed species in one or more portions
of the paths so defined. The relative orientation of feed and concentrate flow on opposite
sides of a membrane may, for example, be different at different positions along the flow
path, based on a considerations such as the prevailing ionic species and their
concentrations, the electrical resistance, the polarization state and/or pH in that region,
the type of'ions (such as scale-forming, monovalent, divalent or specific jons) transported
in that or upstream flow regions, and the mineral or gas burden, of the dilute, the
concentrate, or both flows. In some embodiments, the seals may operate to form internal

distribution manifolds, for example directing a portion of the feed or partially treated feed

into the concentrate path; or may operate as pressure regulators to adjust the pressure in a
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Figure 3 illustrates an inner electrode construction

of one prototype enbodi ment in accordance with one
aspect of the invention; Figure 4 illustrates an
werHugdnsedogct rode constructi on of the prOtOty?€Fng&mn4mw

enbodi nent in accordance with this aspect o _
i nventi on; Figures 5, 6, /land 7A are plan views

of additional enbodinents of exchange nenbrane
envel opes and associ ated details -for other

enbodinents of a spiral EDT device as illustrated in
igure 8 illustrates a detail of a

Cglbﬁi‘%léfe Eﬂ qdjarent @E& aerles ppesenc propw tflowotritoresisepinaing of cell
wafi@ss-path deflectors for uniformcell conductivity

and enhanced treat nent; Figures 9A-B illustrate
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dieseedilech asNeRatts il RedwAVBRIEIQS a plane perpendicular to the axis.
Thus, as bivalent metals such as calcium , followed by ions such as sulfate or carbonate,
are successively removed from the axial dilute flow and enter the concentrate cells, each
of the removed impurities remains in a band within the cell as it flows toward the cell
outlet, and does not mix with the other removed species. The segregated flow effectively
prevents scale from forming..In another or further embodiment of this aspect of the
invention, the dilute cells may have a banded filling wherein the resin in a band at a stage
along the feed-product flow path is of a type selected to enhance removal of the species
(for example, of, to capture scale forming metallic ions) in that stage, or to selectively
block capture or transmembrane passage of a species (for example, sulfate or carbonate)'
until a later position where it may encounter a resin selected to promote capture. Such
banded resin filling thus sharpens the separation of the different potentially scale-forming
species that may be present in the feed.

In accordance with another aspect of the invention, structures normalize current
density to promote uniform and effective demineralization. A distribution of dilute inlet
and/or outlet passages may define a radially varying flow distribution tailored to the
prevailing electrical current density.

Brief Description of the Drawings

The invention will be understood by those skilled in the art from the description
herein of several embodiments and illustrative details of construction, and some of its
desirable variations and features, together with figures thereof, wherein

Figuare 1 is a schematic plan view of a first embodiment of a cylindrically-shaped
spital EDI apparatus in accordance with the present invention, iltustrating one layout of

representative components;
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Det ai | ed Descri ption Figure 1 is a schematic

plan view of a first enbodinent 10 of a cylindrica

EDT apparatus in accordance with the present
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directly against its outer surface, thus serving as a
structural or supporting nenber, and it may include
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Vari ous protocols may be enployed to attach a
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beads provide distributed membrane-contacting support and a certain level of electrical
conducﬁon (in the concentrate space) or of ion-capture and ion-conductivity or transport
activity (in the dilate space). In a presently preferred embodiment, the concenirate
compartment preferably employs only cation exchange beads, while in the dilute
compartment a spacer layer having beads of both cation and anion exchange types will
generally be desired for capture and removal of all ionizable species. A preferred spacer
assembly 24 inclodes both a screen mesh, and ion exchange beads or conductive media,
which together determine the cell thickness, flow impedance and other flow
characteristics, and the conductivity and overall efficacy of demineralization. The dilute
screen preferably also serves a bead-segregation function, aIIow_ing dilute cell fillings in
which beads are segregated by type- the anion exchange beads and cation exchange

beads are retained in separate physical positions.



t hensel ves | ack adhesive; this assures that the bead
surface remains active, and that the bead-to-bead
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formed, and the leaf structures, ¢.g., a bead-loaded spacer layer, a spacer/membrane or a
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havi ng suitabl e exchange beads, which, for the dilute
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basic spiral-brine cell construction. In this
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be advisable to enploy liquid seal ant or gasket cenent
on the relevant nenbrane-gpntacting surfaces of the
solid periphery. However, use of a viscous seal ant
applied through the spacer nesh, possibly with

addi tional |amna of nesh to provide a cell thickness
identical to the mesh-plus-bead spacer of the center,
is preferred for its ease of inplenentation. In each



Applicant has found a wide variety of adhesives to be
servi ceabl e. These include a two-part epoxy seal ant

for wet surfaces nade by the Hardman Conpany; a one
woRdilis T80k ne adhesi ve seal ant marketed by thecaMae04034909
Conmpany; DAP two-part resorcinal glue; DAP liquid
neoprene rubber cenent; a two-part pol yurethane

sealant of H. B. Fuller Conmpany; Wl |l bond TM seal ant;
and a one-part water-cured pol yurethane seal er

4R0215MF of H. B. Fuller Conpany. Figure 1C
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onduit 128, such perforated tube, may optionally
rolgeg envelope(s) that define the cells Within at least some cells - illustratively the
concentrate cells - the flow is confined and its divection further determined by
impermeable seals extending between the opposed surfaces of the two membranes on

both sides of a spacer. These seals may confine, deflect, orient or concentrate the flow in
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placed in this area, to deliver to or collect fluid
present in the | ow inpedance unfilled screen, and in
that case the inlet (respectively, outlet) tube nay
woesss/tibsoeugh one of the seals 116a, 116b, 13971@K200%M8%00
structure to connect with a vessel inlet or outlet

port of the assenbl ed device. Such port may be

internal (when, for exanple the brine is fed by a
bleed fromthe feed in, fromthe dilute md-path, or
fromthe dilute product out flows), or nay be externa
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central region 117 of the spacer between the two opposed membranes 120, 110. This
results in an envelope structure wherein the ends of the membrane/spacer/membrane
envelope (the left and right ends in Figure 1B) open to the interior of the envelope for
providing and receiving the concentrate flow. The sealant may, for example be a suitable
(poly} ethylene vinyl acetate (“EVA” or “PVA”) material applied to both sides of (and
through) the edge of the screen, which otherwise constitutes a {low-permeable spacer.
The sealant may be formed of another suitable material, e.g., a viscous, preferably
curable, sealant or a sticky two-sided tape effective to provide an impermeable seal
extending for the thickness of the spacer between and bonded to both membranes along
the edges of the spacer assembly. In these constructions, the spacer in the region of the
sealing bands is preferably, but not necessarily, free of ion exchange beads. When |
assembled with the membranes 110, 120 in a rolled winding, the spacer then defines a
brine flow cell having closed top and bottom wherein the brine flows within, and may
follow, the helical winding space of the membrane roll between its inner and outer ends.
Advantageously, when the pattern of sealant is applied on the component at the time of

assembly, the various membrane and spacer layers may slip to accommodate differential
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These el enments of construction nmay be carried out to
inpl ement different flow paths. Figure 2A illustrates
one such arrangenent, showi ng an (unfurled) |eaf 40
wimshangasspattern of sealing bands 1, unfill egdrEsb @i
and bead-filled nmesh region 3 fonning a hal f-seal ed
envel ope that renmai ns open along the bottom edge. The
hal f - envel ope is configured to receive an inlet flow
at the bottom The | ow inpedance unfilled nmesh region
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The | eaf of Figure 2A may alternatively be installed

in an inverted orientation, with its seal band I
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band. Anot her approach is to enploy, as a spacer, an
asymmetric screen wherein the | arger-di nension strands
of a network extend continuously and parallel to each
other for the full thickness of the spacer, while

smal | er-di nension cross strands permt flow to proceed
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i nvention, the spiral is equl ppe
structure that provides a conpensatory f|OMIpr0fI|e
Figures 11A and 11B illusigrate this aspect of the

i nvention. A spacer S, which illustratively is a
relatively large-strand nesh as described in
Applicant's international application WO03/043721, is
slotted to receive a plurality of tubes or rods T

al ong one edge, and the screen and tubes are enbedded



(as shown) edge and the concentrate cells are well
isolated fromthe dilute cells. The rods/tubes T
project through the potting material. If rods rather
widhansdodes are used, these may then be pul | edrigRm s
assenbly | eavi ng through-hol es communi cating with the
mesh S, which, |ike the tubes, operate as end-ports
into the cells defined by the spacer S. As further
shown in Figure 11A, the elenents T are spaced at
progressively greater intervals toward one end of the
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envelope also allow the concentrate cells to be easily fed by a portion of the feed or
product water internally of the vessel. Furthermore, the use of an inter-membrane pattern
of multiple seal line segments to form bead-filled envelopes results in very efficient
membrane utilization - up to 95% of the membrane area actively participates in
electrodeionization, far more than in current flat plate EDI architectures — and provides
great control over flow direction in both dilute and brine cells. The sparsely-filled mesh
and unfilled mesh regions have low hydraulic resistance which may be exploited to
define distribution or collection manifolds or determine flow direction and paths within
the device that are substantially free of channeling.

The spacer structure, consisting of one or more layers of mesh (e.g., polymer
screen) with exchange beads fixed infon the screen efficiently determines the distance
between membranes, providing both membrane support and a medium for ion capture
and transpott, and effectively prevents migration or loss of the resin. Moreover, in
localized regions (e.g., adjacent to a port or at the ends of the flow) a screen may be used
with a smaller mesh sized to also serve as a bead trap, or with unfilled regions or a larger
overall thickness intended to serve as a flow distributor or flow collector. Ion exchange
felt or suitable {e.g., polypropylene) cotton may also be applied near edges or at ends of
the containment vessel to assure that the beads are retained in the unit, or in active -
treatment areas, '

Thin constructions of a spacer with exchange beads, or a defined pattern and
distribution of bead types, are readily formed by attaching the beads to the screen with
adhesive, and specialized spacer assemblies may be so formed before final rolling and
assembly of the device. The screen dimensions may be selected so the gap between any

strand and one of two neighboring membranes is smaller than bead size, preventing the
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exanpl e, 15-16 MegOhm conductivity, as the fluid
passi ng through the outer w ndings, w thout causing
excessi ve depl etion and pol ari zed operation. The
wiehibddodos @ hi gh throughput, uniform qualitycpyefbGizione
free of extreme or inefficient operating regions.

The devi ces descri bed above thus enbody a nunber of
novel , inventive and advant ageous constructions for

EDI devices that enhance the ease of manufacture,
effecti veness of operation and overall performance or
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contact the opposite membrane (which may be similarly prepared) to determine the
membrane spacing, cell conductivity and/or ionic conductivity. The assembly may be
hydrated and swelled after assembly, which flushes the glue from the assembly, further
enhances membrane-bead contact, and prevents the beads from shifting position, In
dilute cells, preferably ion exchange material placed between membranes by any of these
methods is positioned so that the anion exchange mass contacts the anion exchange
merbrane on the anode side, and the cation exchange mass contacts the cation exchange
membrane on the cathode side. Because the quantity or distribution of exchange beads
remains limited, swelling will be small and manageable in the device as a whole and
should not impair either the structural properties or the flow properties of the device. The
units may be rolled and assembled “dry” or using a non-water solvent different from the
solvent intended during normal operation. The solvent may then be substituted/removed
after assembly, and the expansion of ion exchange material and membranes resulting
from this conversion will assure good contact between components. |

3 Homogeneous anion and cation exchange membranes such as those made by
lonics, Incorporated of Watertown, Massachusetts were employed in construction of.
several prototypes. These are preferred because of their strength, relatively low swelling
and limited transmembrane water leakage. Heterogeneous membranes may also be used,

but in the latter case it is preferable that at least some degree of pre-swelling or
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1. An el ectrodei oni zati on device conprising a generally

cylindrical housing including a) a .
cylindrical inner core b) an inner el ectrode extending
wary ouneh2é08e | nner core c) a | eabpcgnkangedooe

as a spiral w nding about the inner electrode, wherein
the | eaf includes an ani on exchange nenbrane sheet, a
cati on exchange nenbrane sheet and a spacer sheet
bet ween the ani on exchange nenbrane sheet and the
cati on exchange nenbrane sheet; and d) an
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bpdce ]ljach branbh U o th% r(?s%é:c Ve }/nnerr) Utdr end of: z? Iglockmgd seal 1a to roverse
its direction along the spiral, and reverses once more as it passes through the central
opening between two further flow deflectors 1b, lc. The distal ends of the bifurcated
flow paths then pass out through openings at the inner and outer edges of the roll, having
followed two generally spiraling paths of length somewhat greater than the length of the
winding itself,

Figure 6 illustrates another path configuration defined by envelope seat lines 1. In
this embodiment, the brine enters at the lower right corner, is constrained along two “race

track” turns to travel approximately three times the spiral length, and exits at the upper
ledt comer. “Lower right” and  Upper left” refer to the positions in the unrolled
membrane, but will correspond to positions at the inside (center) and at the outside
(periphery) at opposite ends when the envelope is rolled in the device. Entry or exit may
be effected by any means discussed above — e.g., a conduit passing info the cell, an
opening through a bounding electrode or other construction.

Figure 7 illustrates another configuration, similar to that of Figure 5 but
employing separate inlets for the two brine flow branches that are maintained separate
while arranging the barrier seals 1 so that the two flow paths are of different lengths.

The seals may further define flow paths that are restricted to the region of the
electrodes, for example by a seal line extend parallel to the winding axis at the edge of
the electrode region ~ that is a distance one electrode circumference inward from the leaf
end. Figure 7A illustrates such an embodiment, showing the glue/sealant bands (dark

lines and flow paths through a brine cell wherein the tight-hand end corresponds to the
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i nner electrode are arranged to define a current
density that varies by a factor of |less than two
bet ween a position proximate the inner electrode and a
waoshidiods proxi mate the outer el ectrode. 3. TRer/us2004/034909
el ectrodei oni zati on device of claim1l1, wherein an end
region of the leaf is disposed essentially parallel to
one of said el ectrodes whereby a substantially uniform
electric field is inposed across the |leaf at said end
region. 4.The el ectrodeioni zation device of claim1,

a@é{fngr&e i?ng)ggtc?l{n gll?(ﬁ tt&% ert]tghc@g lesc? [eoqhé Uq'oﬁ%rd%ﬁlgcgathso% gelf.) u,&ses'ilown, the
bethemtet Hoke bosmiczadtitiorbottemi afeheahodd @llnmdis colwamiied tot ey axially

dl\[tl)gglg ]L,hte E%ll%rgxgosf%%} a?xﬂ@enlyg%g %r{e%?gech%ﬁllé%tci’dica nf%e g&hi%ecli 1?1%.]:.6 then
turns along successive helical path segments 4, b, ¢ before entering the cathode area of
the brine or catholyte cell, where seal line s, retaing the flow in the cathode or cathode
cell. The dilute spacer covers only the area between the anode and cathode area seal lines
sa and s, away from the highly concentrated efectrolyte area (see Figures 3 and 4), thus
limiting effects such as back diffusion. Morcover, the initially acidified brine guards
égainst the occurrence of excessively high pH conditions in the brine cell or at the brine
gide of the anion exchange membrane that might otherwise contribute or induce
suscepiibility to scaling.

In addition to seals defining brine cell flow paths, devices of the invention may
employ seals to restrict or delimit the dilute flow paths, so that the spiral wound device
effectively operates with the ditute flowing in a longer path or in series through two or
more cells, becomes a two-stage device, or becomes a two stage device with different
brine flows or path configurations for each stage.

Another important aspect of construction that may be employed in dilute cells of
an EDI device of the present invention is to employ a screen mesh within the sparsely-
filled dilute cell wherein the screen both segregates the different types of exchange beads,
and deflects flow to assure adequate contact between the dilute flow and both types of
beads. One construction, which the inventors refer to as s-layering, is illustrated in
Figure 8, in a schermatic view, taken normal to the tangent plane of the dilute cell and
along a line extending in the nominal flow direction. As shown in Figure 8, a dilute cell
is defined between an anion exchange membrane Ay and a cation exchange membrane Cy
such that cation exchange material C lies adjacent to the membrane C, and anion
exchange material lies adjacent to the membrane A,. This may be accomplished as
described above by selectively coaling opposite sides of an adhesive-coated screen S with
the different types of exchange beads to form a dilute cell spacer assembly. The s-
layering construction according to this aspect of the invention is further characterized by
a plurality of one-sided obstructions or flow deflectors D, (positioned on the cation side

to deflect flow toward the anion side} and D, (positioned on the anion side to deflect flow
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6. The el ectrodeioni zati on device of claim5, wherein
the leaf seals to the el ectrode pocket, and a fl ow

cell defined by the | eaf conmunicates through the
Wej ;Qﬁ‘t]([4@ﬂ)€ WO2005/ 042808PCT/ US2004/ 034909 F(,T/-EQQ](N/(U»WU‘)
el ectrodei oni zati on device of claim1, wherein

interior of the |eaf fonns a concentrate cell. 8. The
el ectrodei oni zation device of claiml1 or 7, wherein

one or nore sealing bands within the | eaf define

concentrate flow 9.The el ectrodei oni zati on device of
ed transverse,

T e e R EERE
tpdiset therile @it ppotRkald of Ge UBGEtIE TR NRINE@HR may be part

g%;ﬁgg@ttse Cs%lcheﬂtsffoicrugelgts of Ureaie?r ﬂeetr;litltSOI Iur:];)sss ?e%ggnaltuimng across the
flow direction and projecting on alternate sides of the screen by an amount that obstructs
flow across a substantial portion of one side. Alternately, the deflectors may be
separately formed or placed, for example as filaments or lines of sealant laid down at the
indicated positions to deflect {low from aliernate halves of the channel. ‘The screen or
spacer construction may also be effected using more than one layer of screen, or may be
cffected by using screen or mesh formed of the corresponding ion exchange materials, in
which case exchange beads may be omitted. This aspect of the invention is
advantageously employed in flat plate ED1 devices of thin cell construction and is not
limited to use in EDI devices of rolled-leaf or spiral construction,

Various spiral EDI devices may be configured with membranes and spacers
according to one or more of the above specific types. One particularly advantageous
construction is achieved in accordance with the present invention by providing a brine
cell spacer having segregation bands that extend across the general direction of the dilute
flow (which may be axial), and which operate to isolate the species entering the
concentrate cell near the front of the dilute path from the species entering the concentrate
cell further along the dilute path. This aspect is illustrated in Figure 9A.

As shown in Figure 9A, a brine spacer, denoted generically B has one or more
bands BB that extend at least the full thickness of the spacer to contact the adjacent
membranes and constrain the concentrate flow within a horizontal (as shown) which

* corresponds to an initial or subsequent segment of the dilute flow path. Three such bands
BB are shown, corresponding to different characteristic regions of demineralization along
the dilute path as schematically illustrated in Figure 9B. While certain species may be
absent or of negligible effect in many feed fluids, these regions illustratively include a
first region a of the dilute path wherein cations in the dilute flow such as certain bivalent
metal jons like calcium or magnesium enter the concentrate cell; a second region b where
monovalent ions and larger or less mobile higher valence ions such as CO3 , sulfate and
the like pass from the dilute flow, and a third band ¢ located toward the product outlet

where the device may operate in a more polarized mode with substantial generation of
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10. The el ectrodei oni zati on device of claim8, wherein
the sealing bands effect one or nore functions
selected fromthe group consisting of the function of
wa)200@fsegab ng flow paths of a length |onger tBafyshfsion
| eaf; b) defining a brine cell as an electrolyte cell
isolated fromdilute cells; c) defining a brine path
orientation relative to a dilute path; d) defining
brine flow such that the brine is acidified to resist.
scaling; e) defining a two-stage spiral ED treatnent

h)gd%é/}éy‘f Sild hyydronium ions and their passage into the concenirate cell. The bands BB
separate these regions of the concentrate cell into distinet and separate flow strips, so that
flow of each species or group of species proceeds along a separate path toward the
concentrate outlet or outlets. In this manner, the various complementary components that
might otherwise give rise to scale are prevented from meeting. Certain species, such as
the neutral gas CO2, which may pass through the membranes relatively freely, back-
diffuse into the dilute stream and re-enter the concentrate cell, may enter all the
concentrate regions 4, b, ¢, but at each location the absence of a component segregated
elsewhere would render this combination essentially non-scaling,

The segregation bands BB may be implemented by several alternative means.
One approach is to deposit a band of impermeable sealant along a strip to {ill the brine
screen spacer and prevent fluid movement across the band. Another approach is to
employ, as a spacer, an asymmetric screen wherein the larger-dimension strands of a
network extend continuously and parallel to each other for the full thickness of the
spacer, while smaller-dimension cross strands permit flow to proceed parallel to the large
strands. In this case, the screen spacing may be relatively small, with a mesh of 0.5 to 5
centimeters, so that the major strands would create dozens or hundreds of segregated
concentrate flow paths along a one-meter long dilute flow path, rather than the three
general regions illustrated in Figures 9A-B. For prevention of scaling, it is important that
the bands be sufficiently distinct in composition that the presence of complementary scale
forming species does not come about under pH conditions that would cause them to
deposit. This function can be achieved by a few bands BB, or by the tens or hundreds of
bands provided by orienting the strands of an asymmetric screen along the direction
transverse to the dilute flow.

"The spatial separation of the relevant speeies may be enhanced or more precisely
defined according to another or further aspect of the present invention, by arranging
selected exchange resins in reéions along the dilute path so as to selective strip one type
of ion in that region, or inhibit the passage of a complementary ion into the concentrate,
thus more clearly separating the scaling or other components. Figure 10 illustrates this
aspect of the invention, showing schematically a dilute cell of a rolled EDI device (or of

 three devices arranged for serial flow. As shown, the initial region of the path,

34



f) defining pressure drops to induce flowin a desired
direction; g) defining brine cell inlet and/or outlet
port positions; and h) defining brine path inpedance
widmbs/epakl es brine feed by a passive internabr®kagdosivoe
froma feed or product flow of dilute cells. 11.An

el eet rodei oni zati on device conprising a generally
cylindrical housing including an inner el ectrode
extendi ng around the inner core at |east one |eaf
arranged as a spiral mﬁnding about t he i nner electrode

c<)a1respond1ng to 1eeg‘i:0tnr(.t01%l Finsd W%P 12 czﬁ%n %tngg rrgsem Iormaom comp etag
capture and transport the scale-forming metal cations info the upper concentrate band,
while more effectively discriminating against certain potentially deleterious co- ot
counter- ions. A subsequent portion of the dilute cell has a filling of anion exchange
material A to sharpen the removal of the bulky or hindered sulfate ions and other
components, while a third region or stage contains a conventional mixed filling of
exchange material for better polishing. Three separately-energized electrodes K1, E2, E3
may be employed to adjust or control operation more closely for the specific distribution
of material present in the feed.

As noted above, embodiments of the invention address certain intrinsic
inhomogeneities of prior art constructs by features such as a shielded electrode pocket for
envelope termination, arranging the windings to avoid shadowing effects, and employing
a relatively large core to limit the increase in current density that occurs at inner cells of
the winding. In accordance with another aspect of the invention, the spiral is equipped
with an end port structure that provides a compensatory flow profile.

Figures 11A and 11B illustrate this aspect of the invention.. A spacer S, which
illustratively is a relatively large-strand mesh as described in Applicant’s international
application WO03/043721, is slotted to receive a plurality of tubes or rods T along one
edge, and the screen and tubes are embedded in a full-width sealing band. The band may
be formed of a polyurethane or epoxy material which cures and provides sufficient
flexibility to allow the screen to be rolled together with the exchange membrane and
another spacer as describe above, into a rolled EDI assembly. The end of the rolled
assembly is preferably then potted, in a manner similar to that employed for forming
hollow-fiber MF modules, so that all the membranes and spacers are sealed at the bottom
- (as shown) edge and the concentrate cells are well isolated from the dilute cells, The -
rods/tubes T project through the potting material. If rods rather than tubes are used, these
may then be pulled from the assembly leaving through-holes communicating with the
mesh S, which, like the tubes, operate as end-ports into the cells defined by the spacer S.
As further shown in Figure 11A, the elements T are spaced at progressively greater

intervals toward one end of the spacer S, This results in a greater number of ports, hence



wherein spaces within said spiral w nding and

i nterleaf spaces thereof define flow cells of the
device, at |east one of said inner and said outer

ve) zot/ngess bei ng configured such that a | _eaf])(j'r/Usz()()4/()34909
termnates at the electrode in a substantially
tangential direction. 12. An el ectrodei.oni zation

device conprising a generally cylindrical housing
including an inner electrode extending around the
i nner core at | east one | eaf containing two

ispaced lapat bnan@thegivies tangadr,nanged pRFeribly Ble i de (smaller
%ﬂg{&? 901%?)8 ltj)} thE: p{ﬁieli nggrﬁbﬁ' ectrode |
Figure 11B schematically illustrates this effect. The greater number of inlet or
outlet ports allows more flow, or higher flow velocity at the radially inner portion of the
spiral, the region that also experiences a higher current density. The fluid flowing in that
region thus has a shorter residence time, yet may be treated to the same end point (for
example, 15-16 MegOhm conductivity, as the fluid passing through the outer windings,
without causing excessive depletion and polarized operation, The result is a high
throughput, uniform quality product, free of extreme or inefficient operating regions,
The devices described above thus embody a number of novel, inventive and

advantageous constructions for EDI devices that enhance the case of manufacture,
cifectiveness of operation and overall performance or capabilities of the devices so
constructed. In the foregoing description of illustrative embodiments, various novel
elements and salient features have been emphasized, but these may be varied or

| supplemented with variations of overail architecture and other details of construction
known from the technical lterature of flat plate and spiral ED] devices, many of which
are now on the market. Ancillary details relating to aépects such as bead catchers, ports,
valves and electrode constructions as well as operating control ave well known to those
skilled in the art, and may be applied with suitable modification to the constructions
described herein. The invention being thus disclosed, further variations and
modifications will occur to those skilled in the art, and all such variations and

modifications are considered to be within the scope of the invention as described herein

and defined by the claims appended hereto.
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an outer electrode extending about the spiral w nding,

and a plurality of seals applied in contact with

said nenbranes in a pattern within said |eaf and/or an

interleaf space of said spiral winding so as to define
Clainpattern or direction of flow for el ectrodei onization

of a feed delivered to the housing. 13. An

el ectrodei oni zati on device conprising a generally

i dri cal
1. Cy /?{j e %ﬁg(}ég%ﬁ%eta)% dcvzcc éﬂlélgldf p% %ﬁepe{aﬁy C‘&\/} qu B 1ousing
;n@hmng an axis a | eaf arranged as a spiral w nding
about the inner electrode a radially outer electrode
ext endi ng) ABYRATCHENBHEIPE  wi ndi ng,

b} an inner electrode extending around the inner core

¢) a leal arranged as a spiral winding about the inner clectrode,
wherein the [eal includes an anion exchange membrane sheet, a cation exchange
membrane sheet and a spacer sheet between the anion exchange membrane sheet and
the cation exchange membrane sheet; and

d) an outer electrode extending about the spiral winding, wherein
active treatment cells are defined by spaces within said spiral winding and by interleaf
spaces thereof, wherein sealing bands secure the top edges of the anion exchange
membrane sheet, cation exchange membrane sheet and spacer sheet together to define
fluid flow, wherein sealing bands secure the bottom cdges of the anion flow
membrane sheet, cation exchange membrane sheet and spacer sheet together to define
fluid flow, and wherein sealing bands secure the portions of the anion exchange
membrane sheet, cation exchange membrane sheet and spacer sheet together at

locations between the top and bottom edges to define fluid flow.

2. The electrodeionization device of claim 1, wherein said cylindrical core and
inner electrode are arranged to define a current density that varies by a factor of less
than two between a position proximate the inner electrode and a position proximalte
the outer electrode.

3. The electrodeionization device of claim 1, wherein an end region of the leaf is
disposed essentially parallel to one of said electrodes whereby a substantially uniform

clectric field is imposed across the leaf at said end region.

4, The electrodeionization device of claim 1, wherein at least one of said inner

and said outer electrode includes a volute.
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wherein active treatnent cells are defined by spaces

W thin said spiral winding and by interleaf spaces

thereof in a region between the radially inner and the

radially outer electrodes, a current fornmed by said

el ectrodes having a current density through said cells

that varies inversely with radial position of a cell
S.and the electipsgipgizaben daripe g daiowtasvhardiuniet ivoltcpresents an
aradia Ltkon.so.as to nmore effectively utilize
(ﬂéﬁggTé%ﬁbéghégggiyfaTﬁﬁ“¥ﬁ@1@Féﬁ*ﬁgdeionization devi ce

of claim 13, wherein the neans for varying flow

conpri ses a nunber. of f]ow ports positioned at one end
O.of tIR8 $lpgpdsionivation dexice ny elamurbewhaeinsibeeloaf fseds i twethe
1Bl Oviad t fl , .radial position.
el BB R 1 B e T sl 30 e B B roueh e
clashedein the leaf is a rolled |l eaf and the nmeans for

varying flow conprises a nunber of flow ports

progressively spaced along its | ength.
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16. An el ectrodei oni zation device conprising a

generally cylindrical housing and incl uding a
radially inner electrode arranged in a generally
vaytdosidnrsmsal shape al ong an axi s a pl urratriusyooehs4909

spacers and sel ective' perneabl e nenbranes arranged in
a spiral w nding about the inner electrode, and a
radially outer el ectrode extendi ng about the spiral

wi ndi ng, dilute and concentrate cells being defined by
spaces within said spiral winding in a region between

the ragi éﬁebtyodefbﬂﬁﬁtlo%%wké‘@f cﬁzﬁf;ﬂ la%é’refﬁ%@ﬁo@df@&tiﬁm%s a

and wherein a separator wi thin the concentr at
cendqegtrafe pelk at es dlfferent scale form ng conponents
removed fromfluid in the dilute cells and directs the
conponents along different concentrate fl ow paths
t8her ebihealoirdiaigizatal demgs of dizim Thel, elhecir @der antaz@blirgn

£ claim16, wh h band
SRS Ere BRe SHEAE T omamong

- 9. The electrodeionization device of claim 8, wherein said bands are arranged
transverse to a flow of fluid that i to be demineralized, and are positioned and oriented to

receive and maintain different scale-forming components in separate channels.

10.  The electrodeionization device of claim 8, wherein the sealing bands effect one or
more functions selected from the group consisting of the function of

a) defining flow paths of a length longer than the leaf;

b) defining a brine cell as an electrolyte cell isolated from dilute cells;

c) defining a brine path orientation relative to a dilute path;

d) defining brine flow such that the brine is acidified to resist scaling,;

e} defining a two-stage spiral EDI treatment device;

f) defining pressure drops to induce flow in a desired direction;

g) defining brine cell inlet and/or outlet port poéitions; and

h) defining brine path impedance that enables brine feed by a passive internal

bleed from a feed or product flow of dilute cells.

1L, An electrodeionization device comprising a generally cylindrical housing
including )

an inner electrode extending around the inner core

at least one leaf arranged as a spiral winding about the inner electrode

an outer electrode extending about the spiral winding,
wherein spaces within said spiral winding and interleaf spaces thereof define flow cells of
the device, at least one of said inner and said outer electrodes being configured such that

a leaf terminates at the electrode in a substantially tangential direction. ’
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I )Strands of a screen or nesh spacer, and bands of a
seal ant extendi ng between nenbranes. 18. The

el ectrodei oni zati on device of claim 16, further
conprising ion exchange filling in the dilute cells

12ar r ageRctrOdS&liSkionV 8lyce @&ﬂ@%gn% raap&pc%kp %&151‘7‘(@&{ housing
separate conponents 1 nto sal I'Tferent oncentrate
inclyding pat hs.
an inner electrode extending around the inner core
at least one leal containing two spaced-apart membranes and arranged
as a spiral winding about the inner electrode
an outer clectrode extending about the spiral winding, and
a plurality of seals applied in contact with said membranes in a pattern
within said leaf and/or an interleaf space of said spiral winding so as to define

a pattern or direction of flow for electrodeionization of a feed delivered to the

housing,.
13, An electrodeionization device comprising a generally cylindrical housing
including

a radially inner electrode arranged in a generally cylindrical shape
along an axis
a leaf arranged as a spiral winding about the inner electrode
a radially outer electrode extending about the spiral winding,
wherein active treatment cells are defined by spaces within said spiral winding and by
interleaf spaces thereof in a region between the radially inner and the radially outer
electrodes, a current formed by said electrodes having a current density through said
cells that varies inversely with radial position of a cell, and
means for varying flow as a function of radial position so as to more

effectively utilize available current.

14, The clectrodeionization device of claim 13, wherein the means for varying
flow comprises a number of flow ports positioned at one end of the flow path and

having a number or size cffective to provide greater flow at lesser radial position.

15. The electrodeionization device of claim 13, wherein the leaf is a rolled leaf
and the means for varying flow comprises a number of flow ports progressively

spaced along its length.



16.  An electrodeionization device comprising a generally cylindrical housing and
including
a radially inper electrode arranged in a generally cylindrical shape
along an axis
a plurality of spacers and selectivel permeable membranes arranged in
a spiral winding about the inner electrode, and
a radially outer electrode extending about the spiral winding,
dilute and concentrate cells being defined by spaces within said spiral winding in a
region between the radially inner and the radially outer electrodes, and
wherein a separator band within the concentrate cells separates different scale-
forming components removed from fluid in the dilute cells and directs the

components along different concentrate flow paths thereby avoiding scaling.

17. The electrodeionization device of claim 16, where the separator bands

comprise one or more elements selected from among

)] Strands of a screen or mesh spacer, and
11) bands of a sealant extending between membranes.
18, The electrodeionization device of claim 16, further comprising ion exchange

filling in the dilute cells arranged to selectively enhance transport of

sald separate components into said different concentrate flow paths .
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