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APPARATUS FOR FLUID PURIFICATION AND
METHODS OF MANUFACTURE AND USE THEREOF

BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates to devices able to purify fluids electrically and, more
particularly, to such devices contained within pressure vessels, as well as to methods of

manufacture and use thereof.

Description of the Related Axt

Devices able to purify fluids using electrical fields are commonly used to treat
water and other liquids containing dissolved ionic species. Two types of devices are
electrodialysis devices and electrodeionization devices. Within these devices are
concentrating and diluting compartments, separated by anion and cation selective
membranes. An applied electric field causes dissolved ions to migrate through the
membranes, resulting in the liquid of the diluting compartment being depleted of ions
while the liquid in the concentrating compartment is enriched with the transferred ions.
Typically, the liquid in the diluting compartment is desired (the “product” liquid), while
the liquid in the concentrating compartment is discarded (the “reject” liquid). In
electrodeionization, the diluting and concentration compartments may also contain ion
exchange resins. The ion exchange resin may act as a path for ion transfer, and also may
serve as an increased conductivity bridge between the membranes for movement of ions.

Electrodeionization devices include “plate-and-frame” electrodeionization
devices such as those disclosed by, for example, in U. S. Patent No. 4,931,160 by
Giuffrida, in U. S. Patent No. 4,956,071 by Giuffrida et al., and in U. S. Patent No.
5,316,637 by Ganzi et al. Electrodeionization devices having other geometries have
been disclosed by, for example, in U. S. Patent No. 5,292,422 by Liang ef al., in U. S.
Patent No. 5,376,253 by Rychen et al., and in U. S. Patent No. 6,190,528 by Li et al.

SUMMARY OF THE INVENTION
This invention relates to devices able to purify liquids electrically that are

contained within pressure vessels, as well as to methods of manufacture and use thereof.
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In one aspect, the present invention provides a fluid purification system. In one
set of embodiments, the system comprises an electrical purification apparatus and a
pressure vessel surrounding the electrical purification apparatus. The apparatus is
constructed and arranged to produce a non-radial flow therein. In one embodiment, the
electrical purification apparatus comprises an electrodejonization device.

In another set of embodiments, the system comprises an electrical purification
apparatus secured within a pressure vessel. The electrical purification apparatus
comprises an ion exchange compartment comprising parallel sub-compartments.

In another aspect, the present invention provides a method. In one set of
embodiments, the method is a method of purifying a fluid. The method comprises the
steps of providing an electrical purification apparatus, pressurizing the apparatus, and
passing the liquid to be purified through the apparatus. The electrical purification
apparatus is constructed and arranged to produce a non-radial flow therein. In one
embodiment, the electrical purification apparatus comprises an electrodeionization
device.

In another set of embodiments, the present invention provides a method of
facilitating purification of a liquid. The method comprises the steps of providing an
electrical purification apparatus constructed and arranged to produce a non-radial flow
therein, and securing the apparatus in a pressure vessel.

In another set of embodiments, the present invention provides a method of
purifying a liquid. The method comprises the steps of providing an electrical
purification apparatus, securing the apparatus within a pressure vessel, and passing the
liquid to be purified through the apparatus. The electrical purification apparatus is
constructed and arranged to produce a non-radial flow therein.

In another aspect, the present invention provides a system for purifying a liquid.
The system, in one set of embodiments, comprises a pressure vessel, an electrical
purification apparatus secured within the pressure vessel, a point of entry fluidly
connected to the apparatus, and a point of use fluidly connected to the apparatus. The
electrical purification apparatus is constructed and arranged to produce a non-radial flow
therein. In one embodiment, the electrical purification apparatus comprises an
electrodeionization device.

In another aspect, the present invention provides method of facilitating

purification of a liquid. The method comprises the steps of providing a pressure vessel
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fluidly connectable to a point of entry, providing an electrical purification apparatus
constructed and arranged to produce a non-radial flow therein, positioning the apparatus
within the pressure vessel, and providing a point of use fluidly connectable to the
apparatus. In one embodiment, the electrical purification apparatus comprises an
electrodeionization device.

In another aspect, the present invention provides a system for purifying a liquid.
The system comprises an electrical purification apparatus comprising an ion exchange
compartment, and a substantially cylindrical pressure vessel surrounding the apparatus.
The electrical purification apparatus is constructed and arranged to produce a non-radial
flow therein. The ion exchange compartment is constructed and arranged to produce a
constant liquid velocity therein. In one embodiment, the electrical purification apparatus
comprises an electrodeionization device.

In another aspect, the present invention provides an endblock. The endblock
comprises an endplate constructed and arranged to be secured to a pressure vessel, and
an insulating material attached to the endplate. The insulating material electrically
insulates the endplate from an interior of the pressure vessel.

Other advantages, novel features, and objects of the invention will become
apparent from the following detailed description of non-limiting embodiments of the
invention when considered in conjunction with the accompanying drawings, which are
schematic and which are not intended to be drawn to scale. In the figures, each identical
or nearly identical component that is illustrated in various figures typically is represented
by a single numeral. For purposes of clarity, not every component is labeled in every
figure, nor is every component of each embodiment of the invention shown where
illustration is not necessary to allow those of ordinary skill in the art to understand the
invention. In cases where the present specification and a docufnent incorporated by

reference include conflicting disclosure, the present specification shall control.

BRIEF DESCRIPTION OF THE DRAWINGS
Preferred, non-limiting embodiments of the present invention will be described
by way of example with reference to the accompanying drawings in which:
FIG. 1 is a schematic diagram of a system for purifying a liquid according to one

embodiment of the present invention;
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FIG. 2 is an exploded perspective view of one embodiment of the present
invention;

FIG. 3 is a schematic diagram of one embodiment of the present invention,
illustrating a pressure vessel containing an electrical purification apparatus with one
inlet;

FIG. 4 is a schematic diagram of one embodiment of the present invention,
illustrating a pressure vessel containing an electrical purification apparatus with two
inlets;

FIG. 5 is a schematic diagram of one embodiment of the present invention,
illustrating an electrical purification apparatus attached to a wall of a pressure vessel
using a flange;

FIG. 6 is a schematic diagram of one embodiment of the present invention,
illustrating an electrical purification apparatus affixed to a sidewall of a pressure vessel;

FIG. 7 is a schematic diagram of one embodiment of the present invention,
illustrating an electrical purification apparatus affixed to a head of a pressure vessel; and

FIG. 8 is a schematic diagram of one embodiment of the present invention,
illustrating an electrical purification apparatus contained entirely within a pressure

vessel.

DETAILED DESCRIPTION

The present invention relates to devices able to purify fluids electrically that are
contained within pressure vessels, as well as to methods of manufacture and use thereof.
Liquids or other fluids to be purified enter the purification device and, under the
influence of an electric field, are treated to produce an ion-depleted liquid. Species from
the entering liquids are collected to produce an ion-concentrated liquid. Increasing the
exterior pressure on the device may reduce the pressure difference between the interior
of the device and the ex'terior, which may reduce manufacturing costs or simplify ‘
construction.

FIG. 1 illustrates a system for purifying a liquid according to one embodiment of
the invention. The system 105 comprises an electrical purification apparatus 100,
positioned within a pressure vessel 110. Pressure vessel 110 may be pressurized or filled
using any suitable technique, for example, by filling or partially filling the pressure

vessel interior with a fluid or a solid material. In the particular embodiment illustrated in
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FIG. 1, a fluid 120 originating from a point of entry 160 through inlet 130 enters
apparatus 100 from within pressure vessel 110. During normal operation, apparatus 100
may concentrate ions within certain compartments of the apparatus by the application of
an electric field, which may promote the migration of ions through ion exchange
membranes. This procedure results in an ion-concentrated liquid 140 and an ion-
depleted liquid 150. Ion-concentrated liquid 140 and ion-depleted liquid 150 leave the
apparatus through outlets 145 and 155, respectively. Ion-depleted liquid 150 may be
transferred to a point of use 170. Fluid 135 entering pressure vessel 110 may be an
organic compound, an aqueous solution, or water, such as fresh water, salt water, or
wastewater, for example, from a water treatment plant, or a manufacturing facility. The
water may also be water from a reservoir, a holding tank,}or the ocean. In some
embodiments, the ion-depleted liquid may be purified water, such as water comprising
less than 1 ppm, less than 500 ppb, less than 100 ppb, less than 50 ppb, less than 10 ppb,
less than 5 ppb, or less than 1 ppb of contaminant. The contaminant may be, for
example, an ion difficult to remove from water, such as Mg2+ or Ca**. In another
embodiment, the ion-depleted liquid may be ultra-high purity water, for example, water
with a resistivity of greater than 18 megohm-cm.

As used herein, an “electrical purification apparatus” is an apparatus that can
purify a fluid containing dissolved ionic species by applying an electrical potential to
influence ion transport within the fluid. Examples of an electrical purification apparatus
include an electrodialysis device and an electrodeionization device. The terms
“electrodialysis” and “electrodeionization” are given their ordinary definitions as used in
the art. An electrodialysis device typically has several fluid compartments that are used
to dilute or concentrate ions and other dissolved contaminants. In an electrodeionization
device, an electrically active media is additionally used within one or more fluid
compartments to collect and discharge ionizable species, or to facilitate the transport of
ions by ionic or electronic substitution mechanisms. Electrodeionization devices can
include media which can permanent or temporary charge, and can operate to cause
electrochemical reactions designed to achieve or enhance performance.

Point of entry 160 may be any unit operation producing a fluid or operating on a
fluid, such as, but not limited to, ultrafiltration, nanofiltration, sedimentation, distillation,
humidification, reverse osmosis, dialysis, an electrodeionization apparatus, or an

electrodialysis apparatus. The point of entry may also be a reactor in some
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embodiments, where a fluid is generated, or a heat exchanging system, where a fluid is
used for heating or cooling operations. In certain embodiments, the point of entry may
also be a reservoir of liquid, such as a storage vessel, a tank, or an outdoor holding pond,
or, in the case of water, the point of entry may also be a natural or artificial body of
water, such as a lake, a river, a canal, or an ocean. Between point of entry 160 and
pressure vessel 110 may be any number of additional operations that may operate on the
fluid, for example, a reverse osmosis device or a reservoir.

Point of use 170 may be any location in which a liquid is desired. For example, -
the point of use may be a spigot, a reservoir, or a unit operation in which a liquid is
needed, such as may be found in a cooling system, a refrigeration system, or a
manufacturing plant. The liquid from point of use 170 may also be used in equipment
that purifies or stores the liquid, for example, in bottles or a tank. Point of use 170 may
also be in a chemical plant, a city, or a building such as a house or an apartment
complex, or it may be a discharge to the natural environment. Between pressure vessel
110 and point of use 170 may be any number of additional operations or distribution
networks, for example, an ultrafiltration device, a reservoir, or a water distribution
system.

It should be understood that the systems and methods of the present invention
may be used in connection with any system where the purification of a liquid or liquids
may be desired. Consequently, the system as illustrated in FIG. 1 may“t;e modified as
needed for a particular process. For example, additional inlets or outlets may be added to
the pressure vessel or the electrical purification apparatus; pumps, reservoirs, valves,
stirrers, surge tanks, sensors, or control elements may be added to the system to control
liquid flow; or additional process units such as filtration or reverse osmosis units may be
added to the system to further purify the liquid, without departing from the scope of the
invention.

FIG. 2 illustrates an exploded diagram of another embodiment of the invention.
In the embodiment shown in this figure, the pressure vessel 200 is shown as a cylinder
that surrounds electrical purification apparatus 100. Electrical purification apparatus 100
is also illustrated in FIG. 2 in an exploded view.

Although pressure vessel 200 as depicted in FIG. 2 is a cylinder that is only
slightly larger than electrical purification apparatus 100, in other embodiments, pressure

vessel 200 may have other shapes, and is not limited to the size of apparatus 100. For
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example, pressure vessel 200 may be spherical, or it may be cylindrical, for example,
with hemispherical ends as depicted in FIG. 1, elliptically-shaped heads, or flat ends.
The pressure vessel may also be a line or a pipe, for example, a pipe that fluidly connects
at least two unit operations. As used herein, a “pressure vessel” is any vessel that can
withstand pressures above or below atmospheric pressure, such as pressures greater than
or less than about 2 pounds per square inch (psi) from atmospheric pressure, pressures
greater than or less than about 10 psi from atmospheric pressure, or pressures greater
than or less than about 14 psi from atmospheric pressure. In some cases, the pressure
vessel may be able to withstand even greater pressures. The pressure vessel may be
made of any material capable of withstanding these pressures, such as a metal or a
plastic. Metals, such as stainless steel or aluminum, may be used to construct vessels in
some embodiments, because such metals may be able to withstand larger forces.
However, in other embodiments, polymeric materials such as polypropylene,
polysulfone, polyethylene, polyvinyl chloride, chlorinated polyvinyl chloride, fiberglass-
reinforced plastic (“FRP”) (for example filament-wound reinforced plastic vinyl
polyester composite), or a polyolefin may be used, due to their inert or nonconducting
nature, such as when liquid contamination is a primary concern, or when the fluid
entering the pressure vessel is chemically reactive, for example, an acid or ultra-high
purity water. Other polymers may be used as well. In some embodiments, pressure
vessel 200 may be made out of a first material lined with a second material. The first
material may be any material able to withstand pressure, such as a metal or a plastic.
The second material lining the vessel may be, for example, inert to liquids or gases
within the pressure vessel. For example, the pressure vessel may be made out of
stainless steel with a coating of a polymer such as polytetrafluoroethylene. Pressure
vessel 200 may have additional functions, such as, but not limited to, enabling mixing or
settling operations, facilitating chemical reactions, performing reverse osmosis, or
having electrically insulating properties. Additional components, such as, but not limited
to, relief valves, vacuum breakers or sensors, such as, for example, measuring
conductivity, temperature, pressure, composition, or pH, may also be present on or
within the pressure vessel, depending on the application.

In one set of embodiments, electrical purification apparatus 100 includes ion
exchange compartments 210, separated by ion selective membranes 220. Each end of

electrical purification apparatus 100 may have an electrode 230 and an endblock 240.
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Optionally, when assembled, a series of tie rods 250 may run through the apparatus.
However, other suitable methods may be used to secure apparatus 100 in other
embodiments, such as flanges, welds, retaining rings, retaining pins, or adhesives.

Ion exchange compartments 210 may have the same size or different sizes. In
FIG. 2, the cross-section of ion exchange compartments 210 are depicted as being
circular; however, other cross-sections are also within the scope of the present invention,
for example, a rectangle, or a polygon such as a pentagon or a hexagon. In particular, the
shapes of the ion exchange compartments or chambers are not determined by the shape
or size of pressure vessel 200. Ion exchange compartments 210 may each have any
number of inlets and outlets (not shown). In some embodiments, an alternating series of
concentrating and diluting compartments are used; however, other arrangements, such as
a series of two diluting compartments adjacent to two concentrating compartments, may
also be used. The materials forming the ion exchange compartments may be any suitable
material, such as, but not limited to, a polymeric material, for example, polyvinyl
chloride, chlorinated polyvinyl chloride, polypropylene, polysulfone, polyethylene, a
polyolefin, or a glass-reinforced plastic or polymer, such as glass-reinforced
polypropylene. Ion exchange compartments 210 each may have any number of inlets or
outlets '(not shown) to allow liquid to flow through the compartment. In some
embodiments, the inlets and outlets may be located on the periphery of ion compartments
210, to minimize stagnant liquid flow or “dead” volumes.

Ton exchange membranes 220 may allow the species of one charge to pass
through but may generally restrict the motion of species carrying the opposite charge.
For example, membranes that generally allow passage of cations (positive ions) over
anions (negative ions) are cation membranes; membranes that generally allow passage of
anions over cations are anion membranes. The ion exchange membranes may comprise,
for example, an ion exchange powder, a polyethylene powder binder, and a glycerin
lubricant. The ion exchange powder may be, for example, a cation exchange powder
such as PUROLITE™ (C-100IP sodium resonium powder, available from the Purolite
Company (Bala Cynwyd, PA); or an anion exchange powder such as PUROLITE™ A-
4301IP cholestyramine powder, available from the Purolite Company (Bala Cynwyd, PA).
The membranes may be formed by any suitable technique, for example, by mixing the
raw materials, and forming and extruding the pellets made from the materials into

composite sheets. Other types of membranes, such as neutral membranes, size-exclusion
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membranes, or membranes that are impermeable to specific ions can be used within the
electrical purification apparatus in some embodiments of the invention. In one set of
embodiments, an alternating series of cation and anion membranes separated by ion
exchange membranes 210 are used; however, other arrangements, including those that
use other types of membranes, such as size-exclusion membranes, may also be used in
other embodiments.

The same liquid may be passed through both ion exchange compartments, or one
liquid may be passed through one compartment and a different liquid passed through the
other. Straps, baffles, walls, ribs, or other components may be used to direct liquid flow
within each ion exchange compartment. In one embodiment, depicted in FIG. 2, straps
270 may be arranged to produce a series of parallel sub-compartments 260 within each
ion exchange compartment 210, resulting in a net non-radial flow 275, where the net or
uniform liquid flow is the average or bulk flow direction of the liquid, ignoring the
perturbations to liquid flow caused by the presence of resin within sub-compartments
260. In some embodiments, sub-compartments 260 may be designed such that the width,
height, or cross-sectional area of each flow channel does not vary substantially, for
example, to cause a uniform liquid flow velocity profile throughout the compartment,
which may allow more uniform mixing within the compartment, or more uniform
transfer rates through the compartment to occur. Sub-compartments 260 within ion
exchange compartment 210 do not necessarily have to be parallel to each other, and they
may have other shapes besides the rounded rectangles illustrated in FIG. 2, for example,
but not limited to, square, circles, rectangles, triangles, ovals, or hexagons. In other
embodiments, straps 270 may be arranged to produce a zigzag flow of liquid through the
compartment to extend the path length of liquid flow within the compartment, or straps
270 may not be present at all. Other non-radial flows 275 within sub-compartments 260
are also contemplated. For example, sub-compartments 260 may be arranged within ion
exchange compartment 210 to form a triangular or a square array of sub-compartments,
so that liquid flow within each sub-compartment 260 is not directed towards the center of
ion exchange compartment 210. As used herein, “radial” refers to fluid flow that
ultimately converges to or starts from the center, or close to the center, of the ion
exchange compartment.

Non-radial flows within an ion exchange compartment may reduce the pressure

or shear forces applied to the ion exchange membranes or the straps or baffles within the
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ion exchange compartment, compared to radial liquid flows, such as those described, for
example, by Liang et al. in U. S. Patent No. 5,292,422, the teachings of which are hereby
incorporated by reference in their entirety. Non-radial flows may thus, it is believed,
extend the lifetimes of the ion exchange membranes, or allow the ion exchange
compartment to be constructed out of lighter or less expensive materials. The use of
non-radial flows within the ion exchange compartments may also allow construction of
the ion exchange compartments to be easier or simpler. Non-radial flows within the ion
exchange compartment may also allow uniform liquid flow velocity profiles within the
compartment, which may result in more even or more predictable ion exchange, more
rapid mixing, or shorter liquid residence times, for example, compared to radial liquid
flows. Ion exchange compartments with non-radial flows may also be simpler to
manufacture, because fewer internal straps or baffles may be required to produce the
non-radial flow, and inlets and outlets may be positioned at the periphery of the ion
exchange compartment instead of the center, resulting in easier and simpler access.
Inlets and outlets positioned at the periphery of the ion exchange compartments may also
simplify the loading and replacement of any ion exchange resins that may be present
within the compartment, for example, in electrodeionization devices. Lesser amounts of
piping and other fluid connections may be required for each ion exchange compartment,
which may simplify construction in some cases.

During operation, an electric field is applied to the ion exchange compartments
from electrodes 230, which may create a potential gradient that causes ions to migrate
from the diluting compartments into the concentrating compartments. The electric field
may be applied perpendicularly to liquid flow 275. The electric field may be uniformly
applied across ion exchange compartments 210, resulting in a uniform, substantially
constant electric field density across ion exchange compartments 210; or the electric field
may be nonuniformly applied, resulting in a nonuniform current density. The electric
field may also be applied as a gradient, for example, increasing or decreasing across
electrical purification apparatus 100 or along liquid flow 275. The electric field may also
be applied at a slight or sharp angle to the liquid flow. Any one of the electrodes 230
may be used as a cathode or an anode. In some embodiments of the invention, the
polarity of the electrodes may occasionally be reversed during operation, reversing the
position of the cathode and the anode. The electrodes may be made out of any material

suitable for applying the electric field. The electrodes may be used, for example, for
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extended periods of time without significant corrosion. Examples of materials include
platinum, titanium or stainless steel. The electrodes may also be coated in some
embodiments, for example, with platinum, ruthenium oxide or iridium oxide.

In one set of embodiments, the electrical purification apparatus is an
electrodeionization device. In these embodiments, one or both of ion exchange
compartments 210 may be filled with a resin (not shown). The resin may be a cation,
anion, or inert resin, and may be present as spherical beads or other discrete particles.
The resin may also be present in other geometries as well, such as powder, fibers, mats,
or extruded screens. The resin may comprise any material suitable for binding ions and
other species from solutions, for example, silica, a zeolite, or a polymer, such as a
poly(divinylbenzene-co-styrene). The resin may include cation materials having weak
base functional groups on their surface regions, such as tertiary alkyl amino groups. The
resins may also include anion resin materials, such as those containing Type II functional
groups on their surface regions, for example, dimethyl ethanolamine, or Type I
functional groups (quaternary ammonium groups) on their surface regions. These
materials are commercially available, for examplé, as DOWEX™ WBA resin, available
from the Dow Chemical Company (Midland, MI) or AMBERJET™ 4600 Type II resin
available from the Rohm & Haas Corporation (Philadelphia, PA). Additionally, the resin
within ion exchange compartment 210 can have a variety of arrangements including, but
not limited to, layered packings as described by DiMascio et al. in U. S. Patent No.
5,858,191, the teachings of which are incorporated by reference. Other types of particles
may be present as well, to, for example, catalyze reactions, adsorb substances, or filter
out solids. It will furthermore be understood that a variety of configurations may exist
within ion exchange compartments 210. For instance, the ion exchange compartments
may contain additional components, such as baffles, meshes, or screens, which may be
used to, for example, contain and direct the resin or control liquid flow within the
compartment.

In one embodiment as illustrated in FIG. 2, electrical purification apparatus 100
is assembled by the use of endblocks 240 on either end of the apparatus, held together by
the use of tie bars 250, as would be found in a typical plate-and-frame construction, that
is known in the art. See, for example, U. S. Patent No. 4,931,160 by Giuffrida, U. S.
Patent No. 4,956,071 by Giuffrida e al., or U. S. Patent No. 5,316,637 by Ganzi et al. In

the present invention, the “plate” may be represented by ion exchange compartments 210
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and the “frame” may be represented by endblocks 240. Ion exchange membranes 220
are arranged in parallel to each other, with the space between them forming ion exchange
compartments 210. During operation, each ion exchange compartment 210 has an
internal pressure. These liquid pressures surrounding ion exchange compartment 210
may be essentially balanced, and the likelihood of stress-induced failures of internal
components may be reduced. Tie bars 250 and endblocks 240 are not required for
operation of electrical purification apparatus 100, and, in some embodiments, tie bars
250 or endblocks 240 may be absent. Other methods of securing apparatus 100 within
pressure vessel 110 may be used as well, for example, by welding or thermal fusion.
Mechanical flanges, adhesives, or other methods as previously described may also be
used to assemble the apparatus. Tie bars 250 or endblocks 240 may be made out of a
metal, such as stainless steel, titanium, or aluminum. However, in other embodiments,
the tie bars or the endplates may be made out of polymeric materials, such as polyvinyl
chloride, chlorinated polyvinyl chloride, polypropylene, polysulfone, polyethylene, a
polyolefin, a ceramic, or other inert or non-conducting materials, such as for safety
reasons, cost, reliability, ease of manufacture, or ease of maintenance. In certain
embodiments of the invention, endblock 240 may be a composite of two or more
different materials. For example, endblock 240 may be made out of two materials such
as a metal and a polymer, which may, for example, prevent electrical shorting within the
electrical purification apparatus. In other embodiments, endblock 240 may constructed
out of three or more materials. For example, one material may provide structural
strength, a second material may be an insulating material, and a third material may be
used as electrode 230. The insulating material may be any material capable of electrical
insulation, such as a polymer, for example, polyvinyl chloride or rubber. The outer
material may be any material, for example, a material to provide structural strength to the
apparatus, such as a metal, for example, aluminum or stainless steel. Other arrangements
for endblock 240 may also be envisioned.

In one set of embodiments, a fluid 120 passes within pressure vessel 200 and
outside electrical purification apparatus 100. Fluid 120 may be any fluid. For example,
fluid 120 may be air, nitrogen gas, an oil, a hydrocarbon, an aqueous solution, or water,
such as fresh water, salt water, or wastewater. The fluid filling or partially filling
pressure vessel 110 may be one or more of the fluids exiting the electrical purification

apparatus, it may be a fluid that enters apparatus 100, or it may be a fluid that does not
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enter the apparatus. The pressure of fluid 120 within pressure vessel 200 may be greater
than, less than, or equal to the pressure within apparatus 100. Smaller pressure
differences between fluid 120 within pressure vessel 200 and electrical purification
apparatus 100 may be used in some situations, for example, to reduce manufacturing
costs or extend the lifetime of the apparatus, due to a reduction in pressure-induced
stresses on apparatus 100. Thus, in one embodiment, the pressure difference may be less
than 500 psi, less than 100 psi, less than 50 psi, less than 10 psi, or less than 5 psi. Either
fluid 120 or apparatus 100 may have the greater pressure. Alternatively, there may be no
substantial pressure difference between fluid 120 and apparatus 100.

In another set of embodiments, electrical purification apparatus 100 within
pressure vessel 200 is pressurized structurally, for example, by filling and pressurizing
the space between the apparatus and the pressure vessel with a solid material. The solid
material may be any material that can be used to fill and at least partially pressurize the
space between the electrical purification apparatus and the pressure vessel, for instance,
to apply a pressure to at least a portion of the electrical purification apparatus. If a solid
material is used, the material may be inert, or may be formed from of a substance that is
unreactive toward the fluids used in the electrical purification apparatus, especially
during application of an electric field. For example, the solid material may comprise a
polymeric material, such as, but not limited to, polypropylene, polysulfone,
polyethylene, polyvinyl chloride, chlorinated polyvinyl chloride or a polyolefin.

In one set of embodiments, the solid material may comprise a material that is
expanded or solidified during its formation. As an example, a material may be placed
between the electrical purification apparatus and the pressure vessel, and solidified in
place, such as in a foam or an injection molding process. In one embodiment, the
material is a polymer that is blown and expanded into place, for example, but not limited
to, a polystyrene, polyethylene, or a polypropylene. In another embodiment, the material
reacts to form a solid material, for example, an epoxy.

The solid material may be, in yet another set of embodiments, positioned in the
pressure vessel during the fabrication process. The solid material may be pressurized
(e.g., compressed) in some embodiments. In certain embodiments, however, the solid
material is not pressurized, but is used, for example, to prevent or reduce fluid leakage
from the purification apparatus, or to occupy space or buffer the apparatus from the

pressure vessel, for instance, against physical shock or changes in temperature. In one
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embodiment, the solid material allows forces generated in the electrical purification
apparatus to be transmitted to the pressure vessel. These forces may include internal
forces such as internal hydraulic pressures, or expansion forces from the swelling of
resins in embodiments where resins are used, such as in electrodeionization devices. In
one embodiment, an elastomeric solid is placed between the electrical purification
apparatus and the pressure vessel during the fabrication process. For example, the solid
material may be a thermoplastic elastomer such as, but not limited to, rubber,
polystyrene, polybutadiene, polyisoprene, polybutadiene, polyisobutylene, a
polyurethane, polychloroprene, or a silicone.

It should be noted that the present invention may have a variety of other
configurations. For example, in certain embodiments of the invention, both a fluid and a
solid material may be used between the electrical purification apparatus and the pressure
vessel. As another example, other means of applying an external pressure on the
periphery of the electrical purification apparatus are contemplated. If a fluid is used to
pressurize the apparatus, the fluid may be pressurized, for example, by an upstream
pump or by application of higher flow rates or hydrostatic pressure heads, instead of
being confined within a pressure vessel. As used herein, a “pressurized fluid” refers to a
fluid with a pressure greater than that of atmospheric pressure, typically at least greater
than 2 psi over atmospheric pressure. As previously discussed, a different fluid may be
used to pressurize the outside of the apparatus, such as water or air.

Electrical purification apparatus 100 may also have other configurations as well, ﬂ
for example, including additional components, such as additional electrodes; or other
internal geometries, for example, having cylindrical or spherical ion exchange
compartments. Different inlet and outlet configurations may also be used. For example,
several liquids may be simultaneously passed through the apparatus to be concentrated
and diluted, such as water, brine, an aqueous solution, or an organic solution. Fluid 120
may additionally have other materials suspended or dissolved in it, such as may be
present in sea water.

The fluid within the pressure vessel may be fed by one or more of the inlet fluids.
For example, in one particular embodiment illustrated in FIG. 3 as a cross-sectional
view, fluid 300 from a point of entry 160 first enters region 370 between pressure vessel
110 and electrical purification apparatus 100. Electrical purification apparatus 100 is

divided into concentrating compartments 310 and diluting or depleting compartments
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320 by cation exchange membranes 330 and anion exchange membranes 340. If the
electrical purification apparatus is an electrodeionization device, then one or both of
compartments 310 and 320 may be filled with a resin. At one end of the apparatus is an
anode 360 and an endblock 240; at the other end is cathode 350 and an endblock 240.
The fluid from region 370 is passed from within the pressure vessel into both the
concentrating 310 and diluting 320 compartments through inlets 315 and 325,
respectively, where it is concentrated and diluted, respectively, under the influence of the
applied electric potential. The fluid then exits concentrating 310 and diluting 320
compartments through outlets 317 and 327 as ion-concentrated stream 140 and ion-
depleted stream 150, respectively. In some épplications, for example, in water
purification, the ion-depleted stream may be retained as a product, while the ion-
concentrated stream is discarded; however, in other applications, where concentrating
operations may be desired, the ion-concentrated stream may be retained and the ion-
depleted stream discarded. In the embodiment illustrated in FIG. 3, ion-concentrated
stream 140 and ion-depleted stream 150 each end at points of use 380 and 385,
respectively.

In some embodiments of fhe invention, region 370 may be an annular region
between pressure vessel 110 and electrical purification apparatus 100, for example, if
both the pressure vessel and the apparatus have cross circular-cross sections. In some
embodiments of the invention, a smaller region 370 may be desired, for example, to
minimize the amount of fluid within pressure vessel 110 that is not within electrical
purification apparatus 100 in embodiments where a fluid is passed through region 370.
In other embodiments, however, a larger region 370 between pressure vessel 110 and
apparatus 100 may be desired. For example, in a pharmaceutical application where a
fluid passes between the pressure vessel and the electrical purification apparatus, a larger
region 370 between pressure vessel 110 and electrical purification apparatus 100 may
allow the fluid in the region have a higher or lower velocity profile, minimizing the
amount of “dead” volume within the device. A “dead” or stagnant volume may have a
very low fluid velocity, for example, less than about 10 ft/s, or less than about 5 ft/s,
which could allow the growth of microorganisms to occur. In one set of embodiments,
baffles, straps, ribs, or other devices may be used within region 370 to alter or affect
fluid flow therein, for example, to prevent the formation of dead zones, or to facilitate

uniform fluid flow within the annular space.
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Another embodiment of the invention is illustrated in FIG. 4 as a cross-sectional
view. In this embodiment, two separate inlet fluids 400, 410 are used, thus illustrating
that multiple inlets may be used in accordance with the present invention. One inlet fluid
400 from a point of entry 460 is used to fill region 370 between pressure vessel 110 and
electrical purification apparatus 100. From region 370, the fluid enters concentrating
compartments 310 through inlets 315. The other inlet fluid 410 from point of entry 470
passes only through diluting compartments 320 of electrical purification apparatus 100,
and does not enter region 370 between pressure vessel 110 and apparatus 100. The two
fluids pass through concentrating 310 and diluting 320 compartments and exit through
outlets 317 and 327 to produce the ion-concentrated 140 and ion-depleted 150 liquids,
respectively, and from there to points of use 380 and 385, respectively.

Another embodiment of the invention is illustrated in FIG. 5 as a cross-sectional
view. Here, two separate fluids 400, 410 from separate points of entry 460, 470,
respectively, are used in electrical purification apparatus 100, but a third fluid or a solid
material 500 is used to reduce the pressure difference between the inside of electrical
purification apparatus 100 and pressure vessel 110, only a portion of which is illustrated
in FIG. 5. Additionally, pressure vessel 110 is much larger than apparatus 100, does not

conform to the shape of the apparatus, and does not entirely contain the apparatus. As

2% <¢ k17

used herein, “contain,” “surround,” “positioned within,” “secured within,” and similar
words and phrases includes configurations where the apparatus is only partially
surrounded or enclosed in the pressure vessel, as well as situations where the electrical
purification apparatus is completely surrounded or enclosed by the pressure vessel. In
FIG. 5, one inlet fluid 400 enters concentrating compartments 310 through inlets 315
while a second inlet fluid 410 enters diluting compartments 320 through inlets 325. Ion-
concentrated liquid 140 from concentrating compartments 310 exits through outlets 317
to a point of use 170, while ion-depleted liquid 150 from diluting compartments 320
exits through outlets 327 to pressure vessel 110 and mixes with third fluid 500. In this
embodiment, electrical purification apparatus 100 may be attached to the wall of pressure
vessel 110 by means of a flange; however, other attachment methods, such as adhesives
or tie rods, may also be used for attaching electrical purification apparatus 100.

It should be understood that many other configurations are possible. For
example, any of the outlet fluids may be recirculated back to one of the inléts or into the

pressure vessel, or, if a fluid is used to pressurize the exterior of the electrical
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purification apparatus, the fluid may not be connected in any fashion with either the inlet
or the outlet fluids. Other configurations may also be envisioned. For example, the
inlets or the outlets may be connected to other electrical purification devices in series or
in parallel, resulting in linked networks of electrical purification devices. Liquids could
be passed through a series of electrical purification devices, each device subsequently
concentrating or purifying the liquid.

FIG. 6 shows another embodiment of the invention. In this embodiment,
electrical purification apparatus 100 has been mounted to the side wall of pressure vessel
110. In this embodiment, part of apparatus 100 is located outside of pressure vessel 110,
permitting ready access to the apparatus, so that, for example, routine maintenance
operations may be performed on electrical purification apparatus 100, or piping
configurations may be easily altered, internally or externally. In the embodiment
illustrated in FIG. 7, electrical purification apparatus 100 has been mounted at the base
of the pressure vessel 110. This may be advantageous in situations, for example, where
pressure vessel 110 is large and access to electrical purification apparatus 100 at the
bottom of the vessel may be more practical, safe, or cost-effective. In other
embodiments, the apparatus may also be positioned at the top of pressure vessel 110.

In FIG. 8, electrical purification apparatus 100 is completely enclosed within
pressure vessel 110. In this embodiment, two inlet liquids 800 enter apparatus 100,
resulting in an ion-concentrated liquid 140 and an ion-depleted liquid 150. Ion-
concentrated liquid 140 may be passed into pressure vessel 110, while ion-depleted
liquid 150 is discarded. This configuration may be advantageous in certain situations,
for example, where leakage from electrical purification apparatus 100 must be tightly
controlled, for example, in the purification of toxic or biohazardous liquids. It will be
understood that other configurations may also be possible, depending on the situation
and the liquid to be concentrated or diluted.

The function and advantages of these and other embodiments of the present
invention will be more fully understood from the following examples. These examples
are intended to be illustrative in nature and are not considered to be limiting in the scope

of the invention.

Example 1
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This example illustrates various conditions using one particular embodiment of
the invention utilizing an electrodeionization device.

A continuous electrodeionization device having twelve diluting compartments
and twelve concentration compartments was assembled. The intermembrane spacing
between the compartments was 0.161 inches. The cation membrane within the device
was a heterogeneous extruded cation exchange membrane. The anion exchange
membrane was a heterogeneous extruded anion exchange membrane. The resin used in
both the diluting compartment and the concentrating compartment was a mixture of
Marathon A anion resin and Marathon C cation resin. The ratio between the anion and
cation resin was 70:30.

The pressure vessel was constructed from polyvinyl chloride. The pressure
vessel was a cylinder with an inner diameter of about 12.4 inches. The polyvinyl
chloride cylinder was rated for a maximum pressure of 220 psi. The spacer within the
electodeionization device was constructed out of low density polyethylene. The
electrodes were constructed out of titanium coated with a ruthenium oxide coating. The
endplates on the pressure vessel were also constructed out of polyvinyl chloride.

Results for two sample runs using the particular electodeionization device are
shown in Table 1. The water fed to the device in Run 1 had a higher conductivity than
the water used in Run 2, indicating that the water in Run 1 had a higher load of ions.

This electrodeionization device was able to successfully reduce the amount of
silicon dioxide present in the inlet water by approximately 99%. Additionally, the
resistivity of the ion-depleted fluid was found to be approximately 17 megohm-cm after
electrodeionization.

Thus, this example illustrates that one embodiment of the invention may be used
to reduce the concentration of silicon dioxide, as well as the resistivity of the sample

stream of water.

Run1 Run 2
Feed conductivity 14 8.26
(microsiemen/cm) .
Feed temperature (°C) 24.3 22.1
Feed CO» (ppm) 3.75 2.5
Feed SiO; (ppb) 215 256
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Runl Run 2
Voltage (V) 153 142.3
Current (A) 5.0 4.0
Product Resistively (megohm- | 16.95 17.75
cm)
Dilute flow rate (gpm) 2 2
Conc Flow rate (gpm) 0.2 0.2
Dilute SiO, (ppb) 3 2
SiO; Removal (%) 98.6% 99.2%
Example 2

One arrangement of the present invention is described in this example.

An electrodeionization apparatus is constructed and housed in a cylindrical

5  pressure vessel. The spacers that form the diluting and concentrating compartments are

circular in shape, with an outside diameter of 5.75 inches. The thickness of each diluting

compartments is 0.33 inches, and the thickness of each concentrating compartments is

0.18 inches. Within each spacer are two compartments, each 3.5 inches long, and

connected at one end to form a U-shaped flow path of 7 inches total length. The spacers

10  are molded from a glass-reinforced polypropylene.

The endblocks that house the electrodes are machined from a solid polyvinyl
chloride (PVC) block. The cylindrical vessel consists of a PVC Schedule 40 pipe, with

an inside diameter of 6 inches. The stack of spacers, membranes and endblocks are

assembled and inserted into the pressure vessel, and secured within the vessel by

15  retaining pins at both ends.

The electrodeionization apparatus is operated with permeate water from a reverse

osmosis purification system as the feed. The feed to the diluting compartments is

introduced directly into the compartments at a pressure of 29 psi;. The product fluid is at

a pressure of 9 psig. The feed to the concentrating compartments is first introduced at 5

20  psig into the annular space between the inside of the pressure vessel and the outside of

the apparatus. The water is then directed into the concentrate compartments. The

effluent from the concentrating compartments (i.e., the reject) is discharged to a drain.
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The maximum pressure differential between the interior and the exterior of the
apparatus is about 24 psi, (i.e., the pressure difference between the feed to the diluting
compartment, and the feed to the annular space). This pressure difference may be
narrowed by increasing the feed pressure to the annular spacer, and therefore to the
concentrating compartments. The pressure difference is not significantly affected if the
pressure of both of the feed streams is increased by the same amount.

The apparatus can be operated at feed pressure of up to 100 psi; into the diluting
compartments. With the apparatus housed inside a pressure vessel, and the feed into
annular space also at 100 psig, the maximum pressure difference between the interior and
the exterior of the diluting compartments is the pressure drop through the diluting
compartments, about 20 psi. The lower pressure differential allows the use of glass-filled
polypropylene as the spacer material.

Thus, this example illustrates an arrangement of the present invention.

Those skilled in the art would readily appreciate that all parameters and
configurations described herein are meant to be exemplary and that actual parameters
and configurations will depend upon the specific application for which the systems and
methods of the present invention are used. Those skilled in the art will recognize, or be
able to ascertain using no more than routine experimentation, many equivalents to the
specific embodiments of the invention described herein. For example, additional inlets,
outlets, membranes, or fluids may be added to the electrodeionization device, or the
invention may be combined with reverse osmosis or ultrafiltration equipment. It is,
therefore, to be understood that the foregoing embodiments are presented by way of
example only and that, within the scope of the appended claims and equivalents thereto,
the invention may be practiced otherwise than as specifically described. The present
invention is directed to each individual feature, system, or method,described herein. In
addition, any combination of two or more such features, systems or methods, if such
features, systems or methods are not mutually inconsistent, is included within the scope

of the present invention.
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CLAIMS
A fluid purification system, comprising:
an electrical purification apparatus constructed and arranged to produce a
non-radial flow therein; and

a pressure vessel surrounding the electrical purification apparatus.

The purification system of claim 1, wherein the apparatus comprises an

electrodeionization device.

The purification system of claim 1, wherein the apparatus comprises an

electrodialysis device.

The purification system of claim 1, wherein the pressure vessel is substantially

cylindrical.

The purification system of claim 1, further comprising an ion exchange
compartment, the ion exchange compartment comprising an inlet and an outlet,
the inlet and the outlet each disposed on a periphery of the ion exchange

compartment.

The purification system of claim 5, wherein the inlet of the ion exchange

compartment is positioned opposite to the outlet.

The purification system of claim 5, wherein the apparatus is constructed and
arranged to produce a substantially constant average fluid velocity independent of

distance from the inlet.

The purification system of claim 1, further comprising a solid material

surrounding at least a portion of the apparatus.

The purification system of claim 8, wherein the solid material comprises an

elastomeric material.
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A fluid purification system, comprising:
an electrical purification apparatus secured within a pressure vessel,
wherein the apparatus comprises an ion exchange compartment comprising

parallel sub-compartments.

The purification system of claim 10, wherein the apparatus comprises an

electrodeionization device.

The purification system of claim 10, wherein the sub-compartments are

constructed and arranged to produce a non-radial flow therein.

The purification system of claim 10, wherein the sub-compartments have a cross-

sectional area that is substantially constant.

A method of purifying a liquid, comprising:

providing an electrical purification apparatus constructed and arranged to
produce a non-radial flow therein;

pressurizing the apparatus; and

passing the liquid to be purified through the apparatus.

The method of purifying a liquid of claim 14, wherein the apparatus comprises an

electrodeionization device.

The method of purifying a liquid of claim 14, wherein the apparatus comprises an

electrodialysis device.

The method of purifying a liquid of claim 14, wherein the step of pressurizing the

apparatus comprises pressurizing the apparatus with a fluid.

The method of purifying a liquid of claim 14, wherein the step of pressurizing the
apparatus comprises surrounding at least a portion of the apparatus with a solid

material.



WO 03/033122 PCT/US02/33111

10

15

20

25

30

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

-23.

The method of purifying a liquid of claim 14, wherein the step of pressurizing the

apparatus comprises pressurizing the apparatus with the liquid.

The method of purifying a liquid of claim 17, wherein the pressurized fluid has a

pressure that is within 50 psi of a pressure of the liquid.

The method of purifying a liquid of claim 17, wherein the pressurized fluid has a

pressure that is within 10 psi of a pressure of the liquid.

The method of purifying a liquid of claim 17, wherein the pressurized fluid has a

pressure that is within 5 psi of a pressure of the liquid.

The method of purifying a liquid of claim 14, further comprising applying an
electric field perpendicularly to the liquid fluid flow.

The method of purifying a liquid of claim 14, further comprising applying a
substantially uniform electric field to the liquid.

A method of facilitating purification of a liquid, comprising:
providing an electrical purification apparatus constructed and arranged to
produce a non-radial flow therein; and

securing the apparatus in a pressure vessel.

The method of facilitating purification of a liquid claim 25, wherein the apparatus

comprises an electrodeionization device.

The method of facilitating purification of a liquid of claim 25, wherein the step of
securing the apparatus in a pressure vessel comprises securing the apparatus in a

cylindrical vessel.

The method of facilitating purification of a liquid of claim 25, further comprising
fluidly connecting the apparatus to a point of entry.
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The method of facilitating purification of a liquid of claim 25, further comprising

fluidly connecting the apparatus to a point of use.

The method of facilitating purification of a liquid of claim 25, further comprising

injecting a solid material into the pressure vessel.

The method of facilitating purification of a liquid of claim 25, further comprising

surrounding at least a portion of the apparatus with a solid material.

A method of purifying a liquid, comprising:

providing an electrical purification apparatus constructed and arranged to
produce a non-radial flow therein;

securing the apparatus within a pressure vessel; and

passing the liquid to be purified through the apparatus.

The method of purifying a liquid of claim 32, wherein the apparatus comprises an

electrodeionization device.

The method of purifying a liquid of claim 32, further comprising applying an
electric field perpendicularly to the liquid fluid flow.

The method of purifying a liquid of claim 32, further comprising applying a
substantially uniform electric field to the liquid.

A system for purifying a liquid, comprising:

a pressure vessel;

an electrical purification apparatus secured within the pressure vessel, the
apparatus constructed and arranged to produce a non-radial flow therein;

a point of entry fluidly connected to the apparatus; and

a point of use fluidly connected to the apparatus.

The system for purifying a liquid of claim 36, wherein the apparatus comprises

an electrodeionization device.
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The system for purifying a liquid of claim 36, wherein the apparatus further

comprises an inlet fluidly connected to the pressure vessel.

The system for purifying a liquid of claim 36, wherein the apparatus further

comprises an outlet fluidly connected to the pressure vessel.

The system for purifying a liquid of claim 36, wherein the apparatus further
comprises an ion exchange compartment exposed to a liquid within the pressure

vessel.

The system for purifying a liquid of claim 36, further comprising a reservoir

fluidly connected to the point of entry.

The system for purifying a liquid of claim 36, further comprising a water

distribution system fluidly connected to the apparatus.

The system for purifying a liquid of claim 36, further comprising an endplate

constructed and arranged to be secured to the pressure vessel.

The system for purifying a liquid of claim 43, further comprising an insulating

material attached to the endplate.

The system for purifying a liquid of claim 44, wherein the insulating material

electrically insulates the endplate from an interior of the pressure vessel.

The system for purifying a liquid of claim 45, further comprising an electrode

attached to the insulating material.

A method of facilitating purification of a liquid, comprising:
providing a pressure vessel fluidly connectable to a point of entry;
providing an electrical purification apparatus constructed and arranged to

produce a non-radial flow therein;
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positioning the apparatus within the pressure vessel; and

providing a point of use fluidly connectable to the apparatus.

The method of facilitating purification of a liquid of claim 47, wherein the

apparatus comprises an electrodeionization device.

A system for purifying a liquid, comprising:

an electrical purification apparatus comprising an ion exchange
compartment, the apparatus constructed and arranged to produce a non-radial
flow therein, the ion exchange compartment constructed and arranged to produce
a constant liquid velocity therein; and

a substantially cylindrical pressure vessel surrounding the apparatus.

The system for purifying a liquid of claim 49, wherein the apparatus comprises

an electrodeionization device.

An endblock, comprising:

an endplate constructed and arranged to be secured to a pressure vessel;
and

an insulating material attached to the endplate, wherein the insulating

material electrically insulates the endplate from an interior of the pressure vessel.

The endblock of claim 51, further comprising:

an electrode attached to the insulating material.
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