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SYSTEMS AND METHODS FOR WATER TREATMENT

BACKGROUND OF THE INVENTION

1. Field of Invention

This invention relates to systems and methods for water treatment and, in

particular, to electrochemical systems and methods which are effective in removing one

or more target species from a seawater stream.

2. Discussion of Related Art

Systems capable of treating water with an applied electrical field to remove

undesirable ionic species therein are known. These electrochemical devices include,

but not limited to, electrodialysis and electrodeionization devices that are

conventionally used to generate purified water, such as deionized water.

Within these devices are concentrating and diluting compartments separated by

ion-selective membranes. An electrodeionization device conventionally includes

alternating electroactive semipermeable anion and cation exchange membranes. Spaces

between the membranes are configured to create liquid flow compartments with inlets

and outlets. The compartments typically contain adsorption media, such as ion

exchange resin, to facilitate ion transfer. An applied electric field imposed via

electrodes causes dissolved ions, attracted to their respective counter-electrodes, to

migrate through the anion and cation exchange membranes. This generally results in

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

concentrating compartment being enriched with the transferred ions. Typically, the

liquid in the diluting compartment is desired (the "product" liquid), while the liquid in

the concentrating compartment is discarded (the "reject" liquid).

SUMMARY OF THE INVENTION

Aspects of the invention relate generally to electrochemical devices and systems

and methods for water treatment.

In accordance with one or more aspects, a method of treating seawater is

disclosed. The method may comprise introducing seawater comprising chloride ions



and boron-containing compounds to at least a first compartment of an electrically

driven separation device, the first compartment comprising a resin bed and an outlet,

promoting transport of the chloride ions in the seawater from the first compartment to a

second compartment of the electrically driven separation device, promoting ionization

of at least a portion of the boron-containing compounds in the seawater in the first

compartment, adsorbing at least a portion of the ionized boron-containing compounds

on the resin bed in the first compartment, and recovering treated water at the outlet of

the first compartment.

The method may further comprise releasing at least a portion of boron-

containing compounds bound in a second resin bed in the second compartment. In

some aspects, the method may further comprise recovering a boron-containing stream

at an outlet of the second compartment. A pH level of the treated water may also be

adjusted. The method may further comprise reversing polarity of an electric current

applied through the electrically driven separation device. A concentration of boron in

the treated water may be monitored. The polarity of an electric current applied through

the electrically driven separation device may be reversed in response to detecting a

concentration of boron in the treated water that is above a predetermined level. In some

aspects, the predetermined level is about 1 ppm. Treated water may be directed to a

third compartment of the electrically driven separation device. In some aspects, a pH

level of the treated water may be monitored and the polarity of an electric current

applied through the electrically driven separation device reversed in response to

detecting a pH level of the treated water that is above a predetermined level.

In accordance with one or more aspects, a method of operating an

electrodeionization device is disclosed. The method may comprise introducing process

water comprising boron-containing compounds to a first compartment of the

electrodeionization device, the first compartment comprising a resin bed and an outlet,

promoting a basic pH condition in the first compartment, promoting an acidic pH

condition in a second compartment of the electrodeionization device adjacent the first

compartment, adsorbing borate ions on the resin bed in the first compartment,

recovering treated water at the outlet of the first compartment, and recovering a boron-

containing stream at an outlet of the second compartment.



The method may further comprise monitoring a concentration of boron in the

treated water. Polarity of an electric current applied through the electrodeionization

device may be reversed in response to a detected boron concentration. In some aspects,

a pH level of the treated water may be adjusted. Recovering a boron-containing stream

may comprise releasing boron-containing compounds from a resin in the second

compartment.

In accordance with one or more aspects, a water treatment system comprising

an electrically driven separation device comprising a first compartment containing a

boron-selective resin bed is disclosed.

The boron-selective resin bed may comprise cis-diol functional groups. In some

aspects, the electrically driven separation device is constructed and arranged to reduce a

concentration of boron in seawater to a level of about 0.5 to 1 ppm. The first

compartment of the electrically driven separation device may be at least partially

defined by a first anion-selective membrane and a first cation-selective membrane. The

electrically driven separation device may further comprise a second compartment at

least partially defined by the first anion-selective membrane and a second cation-

selective membrane. In some aspects, the system may further comprise a sensor

positioned in fluid communication downstream of the boron-selective resin bed and be

configured to provide a measurement signal representative of a concentration of boron

in the treated water from the electrically driven separation device. The system may still

further comprise a controller in communication with the sensor and be configured to

produce a control signal to a power supply associated with the electrically driven

separation device based at least partially on the measurement signal. In some aspects, a

composition of the boron-selective resin bed in the first compartment may be

substantially uniform along a fluid flow path through the first compartment of the

electrically driven separation device.

In accordance with one or more aspects, a method of treating seawater having

dissolved species and at least one target species is disclosed. The method may

comprise introducing a first portion of seawater from a seawater source into a depleting

compartment of an electrically-driven separation device, the depleting compartment

having target species-adsorbing media disposed between an anion permeable

membrane and a first cation permeable membrane, introducing a second portion of



seawater from the seawater source into a concentrating compartment of the electrically-

driven separation device, the concentrating compartment having target species-

adsorbing media disposed between the anion permeable membrane and a second cation

permeable membrane, and promoting transport of at least a portion of the dissolved

species into the concentrating compartment while converting at least a portion of the at

least one target species into a preferred ionic state.

In some aspects, the method may further comprise adjusting the pH of at least a

portion of water from the depleting compartment in a neutralizing compartment of the

electrically-driven separation device, the neutralizing compartment at least partially

defined by the second cation permeable membrane and a third cation permeable

membrane. Promoting transport of at least a portion of the dissolved species into the

concentrating compartment may comprise applying an electric current through the

depleting and concentrating compartments. Applying the electric current may promote

polarization of water in at least one compartment of the electrically-driven separation

device to produce hydronium ions, and adjusting the pH of the at least a portion of

water from the depleting compartment may comprise promoting transport of at least a

portion of the hydronium ions into the neutralizing compartment. In some aspects,

applying the electric current comprises passing electric current sufficient to raise a pH

of the seawater in the depleting compartment to at least 9.2 units. The neutralizing

compartment may be free of electroactive media.

In some aspects, an electrically driven separation device is disclosed. The

device may comprise a first compartment at least partially defined by a first cation

selective membrane and a first anion selective membrane, a second compartment at

least partially defined by the first anion selective membrane and a second cation

selective membrane, and boron-selective electroactive media located in at least one of

the first and second compartments.

In other aspects, the device may further comprise a third compartment at least

partially defined by the second cation selective membrane. The third compartment may

be at least partially defined by a bipolar membrane. An outlet of the first compartment

may be fluidly connected to an inlet of the third compartment. An outlet of the

electrically driven separation device may be fluidly connected to a potable point of use.

In some aspects, the electroactive media may comprise cis-diol functional groups. The



third compartment may be substantially free of electroactive media. In at least one

aspect, no reverse osmosis membrane is fluidly connected downstream of the

electrically driven separation device. In at least another aspect, no resin bed is fluidly

connected downstream of the electrically driven separation device.

In still other aspects, the device may further comprise a sensor positioned in

fluid communication downstream of the resin bed and configured to provide a

measurement signal representative of a concentration of boron in the treated water from

the electrically driven separation device. The measurement signal may comprise a

detected pH level. The device may further comprise a controller in communication

with the sensor and be configured to produce a control signal to a power supply

associated with the electrically driven separation device based at least partially on the

measurement signal. In some aspects, the electroactive media comprises N-methyl

glucamine functional groups.

Still other aspects, embodiments, and advantages of these exemplary aspects

and embodiments, are discussed in detail below. Moreover, it is to be understood that

both the foregoing information and the following detailed description are merely

illustrative examples of various aspects and embodiments, and are intended to provide

an overview or framework for understanding the nature and character of the claimed

aspects and embodiments. The accompanying drawings are included to provide

illustration and a further understanding of the various aspects and embodiments, and

are incorporated in and constitute a part of this specification. The drawings, together

with the remainder of the specification, serve to explain principles and operations of the

described and claimed aspects and embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

Various aspects of at least one embodiment are discussed below with reference

to the accompanying figures. In the figures, which are not intended to be drawn to

scale, each identical or nearly identical component that is illustrated in various figures

is represented by a like numeral. For purposes of clarity, not every component may be

labeled in every drawing. The figures are provided for the purposes of illustration and

explanation and are not intended as a definition of the limits of the invention. In the

figures:



FIG. 1 schematically illustrates a device in accordance with one or more

embodiments;

FIGS. 2-4 present experimental setups referenced in the accompanying

Example;

FIG. 5 presents data discussed in the accompanying Example in accordance

with one or more embodiments; and

FIG. 6 presents an equilibrium relationship between boron species at varying

pH levels.

DETAILED DESCRIPTION

One or more embodiments relate to electrochemical devices including

electrically-driven separation devices and methods for water treatment. The devices

and methods may be generally effective in removing one or more target species from a

water stream. In one non-limiting embodiment, devices and methods may efficiently

remove boron from water. The devices and methods may also be used for desalination

in at least one embodiment. As described in greater detail herein, one or more

embodiments may generally involve acid and/or base generation to promote cyclic

loading and regeneration of adsorption media for water treatment. This new approach

to electrochemical treatment may be more effective in removing certain target species

than traditional electrochemical techniques which rely upon transmembrane ionic

transport for electrochemical separation. Beneficially, one or more embodiments may

provide a product stream of sufficient quality to be delivered to downstream points of

use, such as potable, irrigation and industrial applications, for example, semiconductor

fabrication. The pH level of a product stream may also be neutralized or adjusted in-

situ in accordance with one or more embodiments.

It is to be appreciated that embodiments of the systems and methods discussed

herein are not limited in application to the details of construction and the arrangement

of components set forth in the following description or illustrated in the accompanying

drawings. The systems and methods are capable of implementation in other

embodiments and of being practiced or of being carried out in various ways. Examples

of specific implementations are provided herein for illustrative purposes only and are

not intended to be limiting. In particular, acts, elements and features discussed in



connection with any one or more embodiments are not intended to be excluded from a

similar role in any other embodiments. Also, the phraseology and terminology used

herein is for the purpose of description and should not be regarded as limiting.

In accordance with one or more embodiments, devices and methods may

generally involve electrical separation techniques for water treatment. An

electrochemical device, such as an electrodeionization device, is generally able to

separate one or more components of a liquid, for example, ions dissolved and/or

suspended therein, by using an electrical field to influence and/or induce transport or

otherwise provide mobility of the dissolved and/or suspended species in the liquid

thereby at least partially effecting separation, or removal, of the species from the liquid.

The one or more species in the liquid can be considered, with respect to certain aspects,

a "target" species.

In accordance with one or more embodiments, and as discussed in greater detail

herein, a process stream may be introduced to at least one compartment of an

electrochemical device for treatment. The process stream may contain one or more

target species or target ions. Some target species may be a precursor to an acid or base

generated within the electrochemical device. Thus, the process stream may be a source

of an acid or base precursor. The precursor may comprise one or more ions, generally

present in the process stream. In at least some embodiments, the ions may be

dissociated in the process stream. It may be desirable to remove one or more target

species from the process stream. In accordance with one or more embodiments, an

ionic state of a target species may be manipulated to promote removal thereof by the

electrochemical device. For example, a target species may be converted to a preferred

ionic state of the species to facilitate removal thereof.

In accordance with one or more embodiments, the process stream may generally

comprise a water stream deliverable to the electrochemical device for treatment. In

some embodiments, the process stream may generally comprise a salt solution. A salt

solution may contain a single salt species or a mixture of salt species, for example, as

may be present in seawater. In at least one embodiment, the process stream may

comprise non-potable water. Potable water typically has a total dissolved solids (TDS)

content of less than about 1,000 ppm. In some cases, potable water may have a TDS

content of less than about 500 ppm. Examples of non-potable water may include



seawater or salt water, brackish water, gray water, and some industrial water. A

process stream may include target species such as chloride, sulfate, bromide, silicate,

iodide, phosphate, sodium, magnesium, calcium, potassium, nitrate, arsenic, lithium,

boron, strontium, molybdenum, manganese, aluminum, cadmium, chromium, cobalt,

copper, iron, lead, nickel, selenium, silver and zinc. In accordance with one or more

embodiments, the invention is directed to a method of treating seawater or brackish

water where the source water comprises a solute mixture. In some embodiments,

monovalent ions may be at a higher concentration as compared to the concentrations of

divalent and other multivalent ions. References to seawater herein are generally

applicable to other forms of non-potable water.

In some applications, it may be important or desirable to reduce the

concentration of boron species in water to a level that is considered to be suitable for

agricultural service and/or human consumption. For example, the desired concentration

of boron species can desirably be less than about 1 ppm. In some cases, the

concentration of boron species is desirably about or even less than the level as

suggested by government and/or health organizations. For example, the concentration

of boron can be at about or less than the level suggested by the World Health

Organization, at about 0.5 ppm. Indeed, in some applications, the concentration of

boron in the treated water is preferably less than about 0.4 ppm. Because seawater

often contains high levels of boron, for example, about 1 to about 4 ppm, this target,

recommended or suggested boron level can be difficult to achieve utilizing

conventional desalination processes. Advantageously, the systems and techniques of

the invention can be utilized to reduce boron species concentration in a feed water to an

acceptable level. Indeed, some embodiments of the invention are directed to systems

and techniques that reduce the boron concentration in a feed stream from about 4.6 ppm

to less than about 0.5 ppm.

Some aspects of the invention relate to methods and apparatus for purifying

seawater, and other non-potable water, which utilize, inter alia, electrodesalting or other

electrochemical systems. The electrochemical device may involve electrodeionization

("EDI") as discussed further herein. Electrochemical techniques can also include

processes such as continuous deionization, filled cell electrodialysis, electrodiaresis,

and current reversing electrodialysis. The techniques may be combined with pressure



driven membrane systems and/or other water treatment systems. As used herein,

"purify" relates to reducing the total dissolved solids content and optionally to reducing

the concentration of suspended solids, colloidal content and ionized and non-ionized

impurities in a source water to a level where the purified water has been rendered

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

animal consumption, irrigation, and industrial applications. Desalination is a type of

purification in which salt is removed from seawater. The invention, in some aspects,

pertains to desalination of seawater. The feed water or water to be treated may be from

a variety of sources including those having a TDS content of between about 3,000 ppm

and about 40,000 ppm, or more. Feed water can be, for example, seawater from the

ocean, brackish water, gray water, industrial effluent, and oil fill recovery water. The

feed water may contain high levels of monovalent salts, divalent and multivalent salts,

and organic species. Notable aspects of the invention involve methods of treating or

desalinating a process water or a feed water consisting of or consisting essentially of

seawater.

Prior to treatment of feed water in the electrochemical device, a variety of

pretreatment procedures can be employed. For example, pretreatment techniques may

be utilized on a feed water that may contain solids or other materials that may interfere

with or reduce the efficiency of any stage or device, such as by scaling or fouling. An

optional initial treatment may be provided to remove at least a portion of suspended

solids, colloidal substances and/or solutes of elevated molecular weight. Pretreatment

processes may be performed upstream of the EDI device and may include, for example,

particulate filtration, sand filtration, carbon filtration, ultrafiltration, nanofiltration,

microfiltration, such as cross-flow microfiltration, combinations thereof and other

separation methods directed to the reduction of particulates. Adjustments to the pH

and/or alkalinity of feed water may also be performed by, for example, the addition of

an acid, base or buffer, or through aeration. Electrochemical separation may follow any

pretreatment operation to provide water having a desired final purity.

In accordance with one or more embodiments, a water treatment system may

include one or more electrochemical devices. Non-limiting examples of electrical

separation devices, or electrically-driven separation apparatus, include electrodialysis

and electrodeionization devices. The term "electrodeionization" is given its ordinary



definition as used in the art. Typically within these exemplary devices are

concentrating and diluting compartments separated by media having selective

permeability, such as anion-selective and cation-selective membranes. In these

devices, an applied electric field causes ionizable species, dissolved ions, to migrate

through the selectively permeable media, i.e., anion-selective and cation-selective

membranes, resulting in the liquid in the diluting compartment being depleted of ions,

and the liquid in the concentrating compartment being enriched with the migrant,

transferred ions. In some embodiments, the electrochemical device may comprise one

or more electrodeionization units. In at least one embodiment, the electrochemical

device may consist essentially of one or more electrodeionization units.

Electrodeionization is a process that removes, or at least reduces, one or more

ionized or ionizable species from water using electrically active media and an electric

potential to influence ion transport. The electrically active media typically serves to

alternately collect and discharge ionic and/or ionizable species and, in some cases, to

facilitate the transport of ions, which may be continuously, by ionic or electronic

substitution mechanisms. EDI devices can comprise electrochemically active media of

permanent or temporary charge, and may be operated batch-wise, intermittently,

continuously, and/or even in reversing polarity modes. EDI devices may be operated to

promote one or more electrochemical reactions specifically designed to achieve or

enhance performance. Further, such electrochemical devices may comprise electrically

active membranes, such as semi-permeable or selectively permeable ion exchange or

bipolar membranes. Continuous electrodeionization (CEDI) devices are EDI devices

known to those skilled in the art that operate in a manner in which water purification

can proceed continuously, while ion exchange material is continuously recharged. See,

for example, U.S. Patent Nos. 6,824,662; 6,514,398; 6,312,577; 6,284,124; 5,736,023;

5,558,753 and 5,308,466, each of which is incorporated by reference herein in its

entirety for all purposes. CEDI techniques can include processes such as continuous

deionization, filled cell electrodialysis, or electrodiaresis. Under controlled voltage and

salinity conditions, in CEDI systems, water molecules can be split to generate hydrogen

or hydronium ions or species and hydroxide or hydroxyl ions or species that can

regenerate ion exchange media in the device and thus facilitate the release of the



trapped species therefrom. In this manner, a water stream to be treated can be

continuously purified without requiring chemical recharging of ion exchange resin.

Electrodialysis (ED) devices operate on a similar principle as CEDI, except that

ED devices do not contain electroactive media between the membranes. Because of the

lack of elecroactive media, the operation of ED may be hindered on feed waters of low

salinity because of elevated electrical resistance. Also, because the operation of ED on

high salinity feed waters can result in elevated electrical current consumption, ED

apparatus have heretofor been most effectively used on source waters of at least

intermediate salinity. In ED based systems, because there is no electroactive media,

splitting water is inefficient and operating in such a regime is generally avoided.

In CEDI and ED devices, a plurality of adjacent cells or compartments are

typically separated by selectively permeable membranes that allow the passage of

either positively or negatively charged species, but typically not both. Dilution or

depletion compartments are typically interspaced with concentrating or concentration

compartments in such devices. As water flows through the depletion compartments,

ionic and other charged species are typically drawn into concentrating compartments

under the influence of an electric field, such as a direct current (DC) field. Positively

charged species are drawn toward a cathode, typically located at one end of a stack of

multiple depletion and concentration compartments, and negatively charged species are

likewise drawn toward an anode of such devices, typically located at the opposite end

of the stack of compartments. The electrodes are typically housed in electrolyte

compartments that are usually partially isolated from fluid communication with the

depletion and/or concentration compartments. Once in a concentration compartment,

charged species are typically trapped by a barrier of selectively permeable membrane at

least partially defining the concentration compartment. For example, anions are

typically prevented from migrating further toward the cathode, out of the concentration

compartment, by a cation selective membrane. Once captured in the concentrating

compartment, trapped charged species can be removed in a concentrate stream.

In CEDI and ED devices, the DC field is typically applied to the cells from a

source of voltage and electric current applied to the electrodes (anode or positive

electrode, and cathode or negative electrode). The voltage and current source

(collectively "power supply") can be itself powered by a variety of means such as an



AC power source, or for example, a power source derived from solar, wind, or wave

power. At the electrode/liquid interfaces, electrochemical half cell reactions occur that

initiate and/or facilitate the transfer of ions through the membranes and compartments.

The specific electrochemical reactions that occur at the electrode/interfaces can be

controlled to some extent by the concentration of salts in the specialized compartments

that house the electrode assemblies. For example, a feed to the anode electrolyte

compartments that is high in sodium chloride will tend to generate chlorine gas and

hydrogen ion, while such a feed to the cathode electrolyte compartment will tend to

generate hydrogen gas and hydroxide ion. Generally, the hydrogen ion generated at the

anode compartment will associate with a free anion, such as chloride ion, to preserve

charge neutrality and create hydrochloric acid solution, and analogously, the hydroxide

ion generated at the cathode compartment will associate with a free cation, such as

sodium, to preserve charge neutrality and create sodium hydroxide solution. In

accordance with further embodiments of this invention, the reaction products of the

electrode compartments, such as generated chlorine gas and sodium hydroxide, can be

utilized in the process as needed for disinfection purposes, for membrane cleaning and

defouling purposes, and for pH adjustment purposes.

In accordance with one or more embodiments, the electrochemical device may

be operated by applying an electric field across the compartments through electrodes.

Operating parameters of the device may be varied to provide desirable characteristics.

For example, the applied electric field may be varied in response to one or more

characteristics or conditions. Thus, the electric field strength may be held constant or

altered in response to a characteristic of the apparatus or a process stream thereof.

Indeed, the one or more operating parameters may be altered in response to one or more

sensor measurements, e.g., pH, resistivity, concentration of an ion or other species. The

electric field imposed through electrodes facilitates migration of charged species such

as ions from one compartment to another via ion-selective membranes.

In accordance with one or more embodiments, typical configurations of the

electrically-driven separation device include at least one electrode pair through which

an applied force, such as an electric field, can facilitate transport or migration of the

one or more ionic, or ionizable, species. The device can thus comprise at least one

anode and at least one cathode. The electrodes may each independently be made out of



any material suitable for creating an electric field within the device. In some cases, the

electrode material can be chosen such that the electrodes can be used, for example, for

extended periods of time without significant corrosion or degradation. Suitable

electrode materials and configurations are well known in the art. Electrodes of

electrochemical devices may generally include a base or core made of a material such

as carbon, platinum, stainless steel or titanium. The electrodes may be coated with

various materials, for example, iridium oxide, ruthenium oxide, platinum group metals,

platinum group metal oxides, or combinations or mixtures thereof. The electrodes

typically promote the formation of hydronium and hydroxide ions. These ions, along

with the ions in the various feeds, are transported by the potential across the

electrochemical device. The flow of ions is related to the electrical current applied to

the module.

In some embodiments, the electric field may be applied essentially

perpendicular to liquid flow within the device. The electric field may be substantially

uniformly applied across the compartments, resulting in an essentially uniform,

substantially constant electric field across the compartments; or in some cases, the

electric field may be non-uniformly applied, resulting in a non-uniform electric field

density across the compartments. In some embodiments of the invention, the polarity

of the electrodes may be reversed during operation, reversing the direction of the

electric field within the device.

An applied electric field may promote dissociation of the water into hydrogen or

hydronium ions, as well as hydroxyl ions. The applied electric field may also promote

migration of one or more ions within the electrochemical device. The hydrogen,

hydroxyl and/or one or more target ions present may migrate. Ionic migration may be

across one or more ion-selective membranes of the electrochemical device. Ions may

be concentrated or trapped in one or more compartments, for example, based on their

charge or nature. For example, an acidic product may become concentrated in one

compartment, and a basic product may become concentrated in another compartment.

The orientation and nature of various ion-selective membranes within the

electrochemical device may influence migration therein as well as what type of

products may be formed in the various compartments. Streams of generated products



may exit the electrochemical device via outlets associated with the various

compartments, for example, a product solution outlet and/or a reject solution outlet.

In accordance with one or more embodiments, an electrochemical device may

include one or more compartments, such as a first compartment and a second

compartment. In one or more embodiments pertinent to aspects directed to

electrochemical separation techniques, electrically-driven separation devices may

comprise one or more depleting compartments and one or more concentrating

compartments. Compartments or cells may generally differ functionally with respect to

the type, and/or composition of the fluid introduced therein. Structural differences,

however, may also distinguish the various compartments. In some embodiments, a

device may include one or more types of depleting compartments and one or more

types of concentrating compartments. The nature of any given compartment, such as

whether it is a concentrating or depleting compartment, may be generally informed by

the types of membranes which border the compartment, as well as the type of feed(s)

supplied to the compartment. The nature of neighboring compartments may influence

each other. In some embodiments, a compartment may be an electrolyzing

compartment. For example, a depleting compartment may be referred to as an

electrolyzing compartment. In some embodiments, a concentrating compartment may

also be referred to as an electrolyzing compartment. In some embodiments, water

splitting may generally occur in an electrolyzing compartment. An electrolyzing

compartment may be a water splitting cell. Other ionic interactions may also occur in

an electrolyzing compartment.

Membranes typically form borders between adjacent compartments. In some

embodiments, the membranes may be ion-selective, ion permeable or permselective

membranes. Such membranes may generally allow ions of a particular type of charge

to pass through the membrane while inhibiting or preventing passage of ions with

different charge or valence or type of charge. Thus, one or more compartments may be

at least partially defined by one or more ion-selective membranes. A plurality of

compartments is typically arranged as a stack in the electrochemical device. A

depleting compartment is typically defined by a depleting compartment spacer and

concentrating compartment is typically defined by a concentrating compartment spacer.

An assembled stack is typically bound by end blocks at each end and is typically



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

compartments include cation-selective membranes and anion-selective membranes,

which are typically peripherally sealed to the periphery of both sides of the spacers.

The cation-selective membranes and anion-selective membranes typically comprise ion

exchange powder, a polyethylene powder binder and a glycerin lubricant. In some

embodiments, the cation- and anion-selective membranes are heterogeneous

membranes. These may be polyolefin-based membranes or other type. They are

typically extruded by a thermoplastic process using heat and pressure to create a

composite sheet. In some embodiments, homogeneous membranes, such as those

commercially available from Tokuyama Soda of Japan may be implemented. The one

or more selectively permeable membranes may be any ion-selective membrane, neutral

membrane, size-exclusive membrane, or even a membrane that is specifically

impermeable to one or more particular ions or classes of ions. In some cases, an

alternating series of cation- and anion-selective membranes is used within the

electrically-driven apparatus. The ion-selective membranes may be any suitable

membrane that can preferentially allow at least one ion to pass therethrough, relative to

another ion.

In one embodiment, a plurality of compartments can be bounded, separated or at

least partially defined by one or more ion-selective membranes "c" and "a". In some

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

cation-selective membranes (designated as "c") that preferentially allow cations to pass

therethrough, relative to anions; and anion-selective membranes (designated as "a")

that preferentially allow anions to pass therethrough, relative to cations. In other

preferred embodiments, arrangements such as "c c a c" or "a a c a" may be employed,

as discussed in greater detail below. Adjacent compartments may be considered to be

in ionic communication therebetween, such as via a neighboring ion selective

membrane. Distal compartments may also be considered to be in ionic communication,

such as via additional compartments therebetween.

An electrodeionization device may include solid "media" (e.g., electro-active

media or adsorption media, such as ion exchange media) in one or more compartments

within the device. The electro-active media typically provides a path for ion transfer,

and/or serves as an increased conductivity bridge between the selective membranes to



facilitate movement of ions within compartments of the device. The media is generally

able to collect or discharge ionic and/or other species, e.g. by adsorption/desorption

mechanisms. The media may carry permanent and/or temporary electrical charge, and

can operate, in some instances, to facilitate electrochemical reactions designed to

achieve or enhance performance of the electrodeionization device, e.g., separation,

chemisorption, physisorption, and/or separation efficiency. In some cases, at least a

portion of the media can have pendent functional groups that bind to one or more target

species. Preferably such functional groups facilitate adsorption of the one or more

target species. Further preferred functional groups include those that accommodate

reversible adsorption and desorption of the one or more target species on the

electroactive media. Even more preferred embodiments involve functional groups that

adsorb one or more target species under at least one condition or state and desorb at

least one of the one or more target species under a different condition or state. Sorption

can be effected ionically, covalently or by chemisorption.

Examples of media that may be utilized in accordance with some embodiments

of the invention include, but are not limited to, ion exchange media, resins and

chelators in formats such as particles, fibers, and membranes. Such materials are

known in the art and are readily commercially available. Combinations of any of the

above-mentioned formats may be utilized in any one or more of the various

embodiments of the invention.

In some embodiments, media employed may generally be an effective

conductor of one or more ions. In other embodiments, media employed may generally

be a poor conductor of one or more ions. Mixed media, such as a mixture of

conductive and poorly conductive media, may be used in at least one embodiment.

Some embodiments may also involve a bed of electroactive media with inert

components.

In accordance with one or more embodiments, one or more compartments of the

electrical separation apparatus can be filled with media such as adsorption media, for

example, ion exchange media. At least a portion of the media may generally be ion-

selective. The ion exchange media, in some embodiments, can include resins such as

cation exchange resin, a resin that preferentially adsorbs cations, or an anion exchange

resin, a resin that preferentially adsorbs anions, an inert resin, as well as mixtures



thereof. Various configurations may also be practiced. For example, one or more

compartments may also be filled with only one type of resin, e.g., a cation resin or an

anion resin; in other cases, the compartments may be filled with more than one type of

resin, e.g., two types of cation resins, two types of anion resins, a cation resin, and an

anion resin. Non-limiting examples of commercially available media that may be

utilized in one or more embodiments of the invention include strong acid and Type I

strong base resins, Type II strong base anion resin, as well as weak acid or weak base

resins commercially available from The Dow Chemical Company (Midland,

Michigan). Media may be selective for a specific type of ion, such as a specific cation

or anion. For example, media may be boron-selective, nitrate selective or arsenic

selective in accordance with one or more embodiments. As noted, such target-selective

media can be reversibly adsorptive. As used herein, selective media can bind, e.g. by

sorption mechanisms, a species, including ionic species, under a particular condition.

Preferably, selective media implementable in some embodiments of the invention can

release adsorbed species under a different condition. Target selective media

preferentially bind a target species or similar types of target species under a particular

condition or a state of the target species and can release, e.g., desorb, the bound species

or even one or more of the similar types of species. Selective media differ from ion

exchanging media in at least requiring a different condition to release bound species,

e.g., one or more target species.

The ion exchange or selective resin typically utilized in the compartments can

have a variety of functional groups on their surface regions. The choice of functional

group may be based upon the types of ionic species present in the process stream. If a

certain target species is present for removal by the electrochemical device, it may be

desirable to select a media with a functional group that is capable of preferentially

binding the target species. For example, in one non-limiting embodiment in which it is

desired to remove boron from water, the media may include at least one cis-diol

functional groups. More specifically, the cis-diol functional groups may be embodied

as N-methyl glucamine functional groups in accordance with one or more

embodiments. In at least one embodiment, N-methyl glucamine functional groups may

preferentially bind borate ions in accordance with the following mechanism:



Other functional groups may include, but are not limited to tertiary alkyl amino groups

and dimethyl ethanol amine groups. Various media may also be used in combination

with ion selective resin materials having other functional groups on their surface

regions such as ammonium groups. Other modifications and equivalents that may be

useful as ion exchange resin material are considered to be within the scope of those

persons skilled in the art using no more than routine experimentation. Examples of ion

exchange resin include, but are not limited to, DOWEX® MONOSPHERE™ 55OA

anion resin, MONOSPHERE™ 65OC cation resin, MARATHON™ A anion resin, and

MARATHON™ C cation resin and DOWEX BSR- 1™ resin all available from The

Dow Chemical Company (Midland, Michigan).

As discussed above, it may be desirable to provide mixed media in one or more

compartments of an electrochemical device. In one non-limiting embodiment, at least

one compartment may contain a mixture or a bed of an anion exchange resin and a

target ion selective resin, such as a boron selective resin. Without wishing to be bound

by any particular theory, the anion resin may generally facilitate separation via

conventional transmembrane transport by conducting one or more anions, such as

chloride, while the ion selective resin may adsorb target species, such as boron, for

water purification. In this regard, the ion selective resin may generally be a poor

conductor. Particular configurations utilizable in various systems and techniques of the

invention can involve electrodeionization apparatus comprising one or more

compartments having electroactive media consisting essentially of target selective



media, such as resin; having a mixed bed of media consisting essentially anion

exchange media and target selective media; having a mixed bed of media consisting

essentially of cation exchange media and target selective media; or having a mixed bed

of media consisting essentially of anion exchange media, cation exchange media, and

target selective media.

In accordance with one or more embodiments, various media may be arranged

in a variety of configurations within each of the compartments. For example, media

such as resins can be arranged in layers so that a number of layers in a variety of

arrangements can be constructed. Other embodiments or configurations are believed to

be within the scope of the invention including, for example, the use of mixed bed ion

exchange resins in any of the depleting, concentrating and electrode compartments, the

use of inert resins between layer beds of anion and cation exchange resins, and the use

of various types of anionic and cationic resins. A resin may generally be efficient in

promoting water splitting in one or more compartments. A resin may also be efficient

in increasing electrical conductivity in one or more compartments. A resin may also be

efficient in adsorbing one or more target species.

In accordance with one or more embodiments, selection and arrangement of

media in a compartment may be based on one or more environmental conditions

therein, one or more characteristics of a process stream to be treated therein, or

generally by the intended treatment regime therein. In some embodiments a

composition of a resin bed in a compartment may be substantially uniform along a flow

path through a compartment. In other embodiments, stacking or layering may be

desired along a flow path through a compartment. In some embodiments, a process

stream may contain a target species which is not likely to be removed by ion selective

resin immediately upon introduction to a compartment. For example, the target species

may need to be converted to a preferred state, e.g., a state conducive to adsorption, such

as an ionic state, for removal. In theses embodiments, ion selective resin may be

strategically placed further along a flow path through the compartment. In this way,

when the target species does contact the ion selective resin, it is in the preferred state

for removal or adsorption by the target selective media. A different media or resin may

be positioned upstream of the ion selective resin, such as to transport other ionic

species present in the process stream. In some embodiments, this may facilitate the



conversion of the target species to a preferred state. For example, adjusting a

characteristic of a process stream, such as a pH condition thereof in a compartment,

may facilitate the conversion of a target species to a preferred state to facilitate removal

from the process stream.

The media contained within the compartments may be present in any suitable

shape or configuration, for example, as substantially spherical and/or otherwise shaped

discrete particles, powders, fibers, mats, membranes, extruded screens, clusters, and/or

preformed aggregates of particles, for example, resin particles may be mixed with a

binding agent to form particle clusters. In some cases, the media may include multiple

shapes or configurations. The media may comprise any material suitable for adsorbing

ions, organics, and/or other species from a liquid, depending on the particular

application, for example, silica, zeolites, and/or any one or mixture of a wide variety of

polymeric ion exchange media that are commercially available. Other materials and/or

media may additionally be present within the compartments that, for example, can

catalyze reactions, or filter suspended solids in the liquid being treated.

Further, a variety of configurations or arrangements may exist within the

compartments. Thus, one or more compartments of the separation systems of the

invention may involve additional components and/or structures such as, but not limited

to, baffles, mesh screens, plates, ribs, straps, screens, pipes, carbon particles, carbon

filters, which may be used to, in some cases, contain the ion exchange media, and/or

control liquid flow. The components may each contain the same type and or/number of

the various components and/or be of the same configuration or may have different

components and/or structure/configurations.

In accordance with one or more embodiments, a process stream may be

supplied to one or more compartments of the electrochemical device. As discussed

above, the process stream may include one or more target species or types of target

species. A target species may generally be any species that is dissolved and/or

suspended in a process fluid, typically a liquid, which is desired to be removed or

transferred from a first solution to another solution, typically using an electrical

separation device. Examples of target species that are desirably removed or transported

between solutions using electrical separation devices may include certain ionic species,

organic molecules, weakly ionized substances, and ionizable substances in the



operating environment within the device. Target ionic species that are desirably

removed or transported in accordance with some aspects of the invention can be one or

more ions able to precipitate from solution, and/or are able to react with other species

and/or ions in a solution to form salts and/or other compounds that are able to

precipitate from solution. In some embodiments, the target species may be a non-

precipitatable species or soluble species under conditions during operation of the

electrochemical device, generally referring to a species which can be an ionic

component thereof that does not readily precipitate from solution, or react with other

species and/or ions in a solution to form salts and/or other compounds that precipitate.

A process stream containing one or more target ions may be processed with

devices and methods in accordance with one or more embodiments. Isolation and

conversion of one or more target ions may be desirable as discussed herein. For

example, target species in the process stream may be manipulated by the devices and

methods to form a product stream. In some embodiments, the devices and methods

may isolate target ions and use them to form or generate a target compound. Thus, the

target ions present in the process stream may be precursors of a target compound. In

some embodiments, a target compound may be a target ion or species that is in a

preferred state for removal by the device. In other embodiments, a target ion may be a

precursor to an acid or base product. In at least one embodiment, the process stream

may be an aqueous solution, such as a salt solution. The salt solution, or ions thereof,

may be a precursor to an acid or base product. In some embodiments, target ions may

generally be dissociated in the process stream. In accordance with one or more

embodiments, the process stream may provide a source of ionic species, such as a first

cationic species and a first anionic species. The first cationic species and/or the first

anionic species may be precursors to any acid or base.

In accordance with one or more embodiments, it may be desirable to generate

acid and/or base streams in the electrochemical device to facilitate water treatment.

Acids and/or bases may be products of the electrochemical devices and methods. Acid

and/or base product streams may be generated by the electrochemical devices and

methods. In at least one embodiment, acid and/or base products may be concentrated

by the electrochemical devices and methods. Any acid or base may be generated as a

product stream from one or more ions present in the process stream. In some



embodiments, target ions in the process stream supplied to the electrochemical device

may be selected based on a desired product stream. Generation of acid and/or base

streams in an electrochemical device may be involved in promoting or establishing one

or more pH conditions or pH environments therein. Promotion of various pH

conditions may facilitate water treatment as disclosed herein. In at least one

embodiment, a first pH condition may promote adsorption of a target species by media

in a compartment of an electrochemical device. A second pH condition may promote

desorption thereof.

Temperature may also be coincidently utilized, e.g., with differences in pH

conditions, to facilitate binding at least a portion of the one or more target species or

types of target species and, further, to facilitate release of at least a portion of the one or

more bound target species or types of target species. For example, the stream having

target species therein can be introduced into the one or more devices and systems of the

invention at a first temperature, and a releasing stream can have a lower or higher

temperature to facilitate release or desorption of the one or more bound target species

or types of target species.

In accordance with one or more embodiments, an aqueous solution to be

processed may be introduced into an electrodeionization device from a source or point

of entry. A conduit may serve as a manifold fluidly connecting a process stream source

to one or more compartments of one or more electrodeionization devices. The source

of process fluid may typically be fluidly connected to at least one compartment of the

electrochemical device. In some embodiments, process water may be introduced to a

first compartment and a second compartment of the electrochemical separation device.

In some embodiments, a portion of the process stream may be dissociated into

hydrogen or hydronium and hydroxyl ions to facilitate acid or base generation by the

electrochemical device. In some embodiments, the applied electric field in the

electrodeionization device creates a polarization phenomenon, which typically

promotes the splitting or dissociation of water into hydronium and hydroxyl ions. In

accordance with one or more embodiments, this water splitting may provide a source of

a first anion and a source of a first cation. The electrochemical device may promote

migration of ions such that the first anion and the first cation may associate with a



second cation and a second anion, respectively, from the process stream to produce one

or more product streams as discussed herein.

In accordance with one or more particular aspects, the invention can relate to

methods, systems, and devices for inducing migration of components of ionized species

such as minerals, salts, ions and organics under the influence of an applied force from a

first compartment to a second compartment of an electrochemical device. For example,

ions may migrate to or from supplied process fluid to produce one or more product

streams. In some aspects, liquid in a first compartment may be desired, i.e., a product,

while liquid in a second compartment may be discarded as a reject.

Some embodiments pertain to treating or converting one or more aqueous

solutions or process streams to provide, for example, one or more product streams.

Product streams may be generated, isolated, aggregated or concentrated. One or more

embodiments directed to treating aqueous solutions can involve purifying the aqueous

solution to remove one or more undesirable species therefrom. Thus, a product stream

may be a purified stream. A product stream, such as an acid or base stream, may be

generated by the electrochemical device from one or more precursors supplied thereto.

One or more embodiments of techniques can comprise providing an aqueous solution to

be processed by removing or migrating one or more species therefrom. The one or

more species to be removed or migrated can be one or more cationic and/or one or

more anionic species present in the feed stream. The techniques can further comprise

introducing an aqueous solution comprising, for example, a first cation and an

associated first anion into one or more compartments of an electrical separation

apparatus such as any of the configurations of electrically-driven devices discussed

herein. One or more target species can be induced or promoted to migrate from the

aqueous solution into one or more compartments of the isolating or separation

apparatus. One or more target species can be induced or promoted to adsorb from the

aqueous solution to media in one or more compartments of the isolating or separation

apparatus.

In operation, a process stream, typically having dissolved cationic and anionic

components, may be introduced into one or more compartments of an electrochemical

device. An applied electric field across the electrodeionization device promotes

migration of ionic species in a direction towards their respective attracting electrodes.



Under the influence of the electric field, cationic and anionic components leave one

compartment and migrate to another. Media or resin contained in one or more

compartments may facilitate migration. Some media or resin contained in one or more

compartments may also selectively bind or adsorb ions, such as a target species, present

in the process stream. Ion selective membranes may block migration of the cationic

and anionic species to the next compartment. Thus, one or more products generated, at

least in part, by association of one or more ionic species within the electrochemical

device may become concentrated in one or more compartments thereof. Product

streams may exit via outlets associated with the various compartments. A depleted

stream may also exit via a compartment outlet.

Migration of one or more cationic and/or anionic species between adjacent

compartments may alter a pH environment in those compartments. In some

embodiments, migration of charged species may facilitate polarization which may lead

to lower or higher pH conditions. For example, migration of anionic species, such as

chloride ions from a first compartment to a second compartment may promote an

elevated pH condition in the first compartment and a lowered pH condition in the

second compartment. In accordance with one or more embodiments, process water can

be electrolyzed in one or more compartments to produce a hydrogen species and a

hydroxide species. Where sufficient amounts of such species are provided and

transport or migrate, a first compartment can be rendered basic such that liquid

contained or flowing therein has a pH of greater than about 7 pH units. Likewise, a

second compartment can be rendered to be acidic such that liquid contained or flowing

therein has a pH of less than about 7 pH units. Target ions from a supplied process

stream may also migrate. Thus, some embodiments provide generation of an acid

stream and/or generation of a basic stream. One or both may be discarded, recovered

or recycled, as desired.

In accordance with one or more embodiments, altered pH conditions may also

contribute to the functioning of the electrochemical separation device for water

treatment. In some embodiments, an elevated pH condition may facilitate the

conversion of one or more target species present in the process water to a preferred

ionic state for electrochemical removal. For example, in one non-limiting embodiment,

boron-containing compounds may be converted to borate ions at an elevated pH



condition. These borate ions may be bound or adsorbed to functional groups on boron-

selective media in a compartment of the electrochemical device. Likewise, a lowered

pH condition may be promoted in a compartment containing the boron-selective media

having boron compounds adsorbed thereto to regenerate the media. For example, upon

saturation of the boron-selective media, polarization of an electrical field applied to the

electrochemical device may be reversed to facilitate regeneration of the media. In this

way, operation may therefore be cyclical as described below with reference to FIG. 1.

FIG. 1 represents an electrochemical device 100 in accordance with one or more

embodiments of the present invention. Device 100 includes a first compartment 110

and a second compartment 120. First compartment 110 is at least partially bound by a

first anion selective membrane 140 and a first cation selective membrane 130. Second

compartment 140 is at least partially bound by a second cation selective membrane 150

and the first anion selective membrane 130. A source of process water 160 is fluidly

connected to at least one of the first and second compartments 110, 120. In the non-

limiting embodiment depicted, the process water comprises seawater. Under the

influence of an applied electric field, chloride ions (Cl ) migrate from the first

compartment 110 to the second compartment 120 across the first anion selective

membrane 140 while sodium ions are captured in the first compartment 110. Under

favorable operating conditions, water is split at least at the first cation selective

membranes 130. The result is a change of condition, e.g., an elevated pH condition in

the first compartment 110. A corresponding lowered pH condition may result in the

second compartment 120, for example, due to the generation and, in some cases,

migration therein of chloride ions and hydronium ions. Both first and second

compartments 110, 120 at least partially contain an ion selective media bed 170, 180

respectively. In the non-limiting embodiment depicted, the media bed 170 comprises a

50/50 blend of anion exchange resin and boron selective resin. At an elevated pH

condition in compartment 110, for example a pH in a range of about 9 to 10 in some

non-limiting embodiments as least a portion of target compounds, such as, boron-

containing compounds, in the process water are converted to a preferred state or

condition, such as a preferred ionic state, namely as borate ions. At least a portion of

one or more target species, e.g. borate ions, are selectively bound or adsorbed by the

target-selective media in media bed 170 in the first compartment 110.



The lowered pH condition in the second compartment 120 may facilitate

regeneration of the resin bed 180 therein. For example, in some non-limiting

embodiments boron may be released at a pH level in a range of about 2-4 in the second

compartment 120. A product stream of purified water is collected at an outlet of the

first compartment 110 which has served as a depleting compartment. This product

stream may be a basic product stream. A reject stream is collected at an outlet of the

second compartment 120 which has served as a concentrating compartment. Bed 180

can comprise a 50% / 50% by volume blend of anion exchange resin and target

selective resin.

The polarity of the applied electric field can be reversed at any time so as to

adsorb at least a portion of one or more target species, e.g., borate ions, on the resin bed

180 in the second compartment 120 while regenerating the resin bed 170 in the first

compartment 110. In this way, the second compartment 120 can serve as a depleting

compartment while the first compartment 110 can serve as a concentrating

compartment.

As illustrated, at least a portion of product stream exiting from compartment

110 can be directed to a third compartment 190 of the electrochemical device. The

product stream from compartment 110 can be further treated in compartment 190 by

adjusting or modifying at least one property or characteristic thereof. In further

advantageous aspects of the invention, compartment 190 can modify or adjust at least

one other characteristic or property of a stream introduced thereinto. For example, the

product stream can be treated to remove any remaining ionic species therein.

Treatment or removal can be effected under the influence of the applied electric field.

Thus, as illustrated, cationic species migration can be induced from the stream and into

compartment 120. In at least this particular embodiment compartment 190 can be

considered as at least a depleting compartment. In still other cases, at least a portion of

water in the stream introduced into compartment 190 can be polarized to produce

hydronium and hydroxide ions, typically as a result of the applied electric current. As

illustrated, the generated hydronium ions can migrate into the stream and adjust the pH

level thereof. Thus in at least this aspect, compartment 190 can be considered as a pH

adjusting compartment, and, in cases where the stream introduced thereinto has a high

pH level, e.g., greater than 7 units, compartment 190 can be considered as a pH



neutralizing compartment, that provides an exiting stream having a lower pH, relative

to the pH value at the inlet.

Configurations of compartment 190 can involve components that facilitate

transport of the migrating species as well as polarization of water. For example,

compartment 190 can be defined by cation selective membrane 150 and a third cation

selective membrane 155. In some cases, membrane 155 can be at least partially a

bipolar membrane that at least partially facilitates polarization of water. Further

embodiments can involve compartment 190 having electroactive media, which can be a

mixed bed of anionic and cationic exchange resins.

Device 100 can involve a plurality of compartment 190. Such arrangements

may be advantageously utilized if a plurality of such compartments may be needed to

adjust the pH of the product stream (from device 100) to a desired value. As noted,

FIG. 1 exemplarily illustrates a device 100 with one or more neutralizing compartments

190. Neutralization a pH adjustment of stream from compartment 110 may, however,

be effected through further notable configurations and aspects of the invention. For

example, the pH of at least a portion the stream from compartment 190 can be lowered

by introducing it into at least one cathode compartment of device 100. Thus, for

example, hydronium species migrating from compartment 110 or, preferably, generated

at a bipolar membrane that at least partially defines the cathode compartment (not

shown). In other cases, pH adjustment can be performed to a target level by addition of

an acid at a point external of device 100. The acid solution utilized for neutralization

can be generated by device 100 or an ancillary module (not shown) unattached or

independently operable of device 100.

Purified water may be sent for use or storage as potable water. Potable water

may be preserved or further disinfected, if desired, and may find use in various

applications including agriculture and industry, such as for semiconductor fabrication.

A reject or concentrate stream produced by the electrochemical device may be collected

and discharged to waste, recycled through the system, or fed to a downstream unit

operation for further treatment. Product streams may be further processed prior to

downstream use, upstream use, or disposal. For example, a pH level of a product acid

or product base stream may be adjusted. In some embodiments, it may be desirable to

mix, in part or in whole, one or more product streams. One or more additional unit



operations may be fluidly connected downstream of the electrochemical unit. For

example, one or more unit operations may be configured to receive and process a target

product stream, such as before delivering it to a point of use. Polishing units, such as

those involving chemical or biological treatment, may also be present to treat a product

or effluent stream of the device prior to use or discharge. In some embodiments

directed to systems of the invention, a reverse osmosis unit operation is not positioned

downstream of the electrochemical separation device. In at least one embodiment

directed to systems of the invention, an ion selective resin bed, such as a boron-

selective resin bed, is not positioned downstream of the electrochemical separation

device.

In accordance with one or more embodiments, one or more sensors may be

positioned to detect one or more characteristics, conditions, properties or states of any

stream, component or subsystem generally associated with device 100. In some non-

limiting embodiments, one or more of the sensors may be configured to detect a

concentration of a target species in a stream entering or exiting device 100. In one

embodiment, one or more sensors may be positioned to detect a boron concentration at

an inlet and/or an outlet of one or more compartments of device 100. In another non-

limiting embodiment, one or more sensors may be positioned to detect a pH level at an

inlet and/or an outlet of one or more compartments of device 100.

In some embodiments, devices and methods involve a controller for adjusting or

regulating at least one operating parameter of the device or a component of the system,

such as, but not limited to, actuating valves and pumps, as well as adjusting a property

or characteristic of a current or an applied electric field through the electrically driven

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

sensor configured to detect at least one operational parameter of the system. The

controller may be generally configured to generate a control signal to adjust one or

more operational parameters in response to a signal generated by a sensor. For

example, the controller can be configured to receive a representation of a condition,

property, or state of any stream, component or subsystem of device 100, or from device

100. The controller typically includes an algorithm that facilitates generation of at least

one output signal which is typically based on one or more of any of the representation

and a target or desired value such as a set point. In accordance with one or more



particular aspects of the invention, the controller can be configured to receive a

representation of any of a measured property of any stream from device 100, and

generate a control, drive or output signal to any of the treatment system components,

including device 100, to reduce any deviation of the measured property from a target

value.

In accordance with one or more embodiments, a controller may be configured to

reverse polarity of an electric current applied through device 100. The controller may

be in communication with one or more sensors configured to provide a measurement

signal which is representative of a concentration of a target species in a stream

associated with device 100, for example, a product stream exiting a compartment of

device 100. In some embodiments, a pH level or a concentration measurement may be

detected by a sensor and communicated to the controller. In at least one embodiment, a

measurement signal representative of a boron concentration may be transmitted to the

controller. The controller may be configured to generate a control signal in response a

received measurement being above or exceeding a predetermined level. The control

signal may reverse polarity of an electric current applied through device 100 so as to

regenerate media in a compartment therein. In some embodiments, the control signal

may be sent to a power supply associated with the device 100 based at least partially on

the measurement signal.

In other configurations, the controller can be in open-loop control, providing or

changing one or more operating conditions of at least one component of the treatment

systems of the invention. For example, the controller can periodically generate output

or drive signals, typically according to a predefined schedule, that reverses the polarity

of the applied electric field, and preferably, the stream flow paths through device 100,

from a predetermined arrangement to a second predetermined arrangement.

One or more sensors utilizable in the systems and methods of the invention can

provide a representation of a property or characteristic of a stream into, from, or within

device 100, or a property or characteristic of a current applied through device 100. For

example, the one or more sensors can be configured to measure and provide a

representation, e.g., a measured signal, of a process condition such as the pH of any

stream exiting any of compartments 110, the pH of the stream exiting compartment

120, and the pH of the stream exiting compartment 190. The one or more sensors can



also provide measured conductivity or resistivity values of any of the streams into, from

or within device 100. In particularly advantageous configurations, at least one sensor

can be utilized to provide a representation, by direct measurement or by proxy, of the

concentration of at least one target species, e.g., boron, in the product stream from

device 100, or from any of compartments 110 and 120. Measurement of the boron

concentration can be effected by, for example, colorimetric or fluorophoretic

techniques wherein samples are batch-wise periodically retrieved and analyzed, or

analyzed semi-continually through one or more side streams.

The controller is typically a microprocessor-based device, such as a

programmable logic controller (PLC) or a distributed control system, that receives or

sends input and output signals to and from components of the device or system in

which the device is operative. Communication networks may permit any sensor or

signal-generating device to be located at a significant distance from the controller or an

associated computer system, while still providing data therebetween. Such

communication mechanisms may be effected by utilizing any suitable technique

including but not limited to those utilizing wireless protocols.

In at least one embodiment, one or more bipolar membranes may be

incorporated to at least partially define one or more compartments. Bipolar membranes

are generally anionic membranes on one side and cationic on the other. Bipolar

membranes may be generally efficient in splitting water. In some embodiments,

bipolar membranes can be used in the place of a water splitting cell. In some

embodiments, one or more bipolar membranes may be used in conjunction with one or

more anion and/or cation selective membranes. In accordance with one or more

embodiments, an electrochemical device may include an alternating series of bipolar

membranes and anion selective membranes. Likewise, an electrochemical device may

include an alternating series of bipolar membranes and cation selective membranes in

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

recognize that, in accordance with certain aspects of the invention, other types and/or

arrangements of selective membranes can also be used. In at least one embodiment, an

electrochemical device does not include a bipolar membrane.

In accordance with some embodiments, a plurality of stages in a treatment

system can be utilized to purify water or at least reduce the concentration of dissolved



solids therein. For example, water to be treated can be purified in stages such that each

stage selectively removes one or more types of dissolved solids thereby producing

purified, e.g., desalted or even potable, water. In some embodiments, multiple

treatment stages may be present in a single electrochemical device. In other

embodiments, various treatment stages may be present in a series of electrochemical

devices. In some cases, one or more stages can comprise one or more unit operations

that effects selective retention of a type of dissolved species, which can then be

removed in one or more subsequent or downstream stages. Thus, in some

embodiments of the purification system of the invention, a first stage can remove or at

least reduce the concentration of one type of dissolved species. In other embodiments,

the first stage can remove or reduce the concentration of all but one type of dissolved

species. Any retained species, not removed from the water, can then be removed or the

concentration thereof reduced in one or more subsequent stages.

The electrochemical devices may be operated in any suitable fashion that

achieves the desired product and/or effects the desired treatment. For example, the

various embodiments of the invention can be operated continuously, or essentially

continuously or continually, intermittently, periodically, or even upon demand. Multi

pass EDI systems may also be employed wherein feed is typically passed through the

device two or more times, or may be passed through an optional second device. An

electrical separation device may be operatively associated with one or more other units,

assemblies, and/or components. Ancillary components and/or subsystems may include

pipes, pumps, tanks, sensors, control systems, as well as power supply and distribution

subsystems that cooperatively allow operation of the system.

It should be understood that the systems and methods of the present invention

may be used in connection with a wide variety of systems where the processing of one

or more liquids may be desired. Thus, the electrical separation device may be modified

by those of ordinary skill in the art as needed for a particular process, without departing

from the scope of the invention.

The function and advantages of these and other embodiments will be more fully

understood from the following non-limiting example. The example is intended to be

illustrative in nature and is not to be considered as limiting the scope of the

embodiments discussed herein.



EXAMPLE

Several treatment techniques were studied for their applicability to boron

removal from seawater as presented below.

The ED and EDI cells which were experimentally used had 1.2 x 7.5 inch

effective membrane area. IONPURE® anion- and cation-selective membranes were

used throughout, but for Tokuyama Soda ACS and CMS monovalent-selective

membranes implemented in the monovalent-selective ED experiment. The resin used

was DOWEX® MSA resin and/or DOWEX® BSR-I boron-selective resin. The

electrodes were RuO2 coated expanded titanium metal and were fed with separate

streams of the same water. Screen filler was contained in the electrode compartments.

INSTANT OCEAN® salt, dissolved in deionized water, was used as the feed to

simulate seawater unless otherwise indicated. Boric acid was added in some

experiments. Boron concentration was measured throughout using the Hach

Azomethine-H method 10061 (0.02 - 1.50 ppm as boron). Each measurement was an

average of three samples.

A Donnan Dialysis treatment process was performed in accordance with the

experimental setup presented in FIG. 2. Water desalinated by an ED (not shown) was

used as feed, and water concentrated by the ED was used as a receiving solution. The

results are summarized below in Table 1.

Table 1. Donnan Dial sis

An electrodeionziation approach was also tested. In these experiments, a

voltage of 5 V per cell pair was applied. Feed water was fed at a flow rate of 10

ml/min per cell with a boron concentration of 3.6 ppm. In a first setup, IONPURE®

ion-selective membranes were used with DOWEX® MSA anion-exchange resin as a

filler. In a second setup, IONPURE® ion-selective membranes were used with BSR-I



boron-selective resin as a filler. The results are summarized below in Table 2 for feed

streams at pH ranging from 7.5 to 10.8 units.

Table 2. Electrodeionization

In another experiment, electrodialysis with a monovalent-selective anion

membrane was tested with a feed at a pH level of 7.5. The data is presented below in

Table 3 for various applied electric currents.

Table 3. Electrodialysis with monovalent-selective anion membrane

An experiment was also performed using ion exchange with columns non¬

selective resins in accordance with the setup presented in FIG. 3. Two identical resin

beds (Dow MSA) were used cyclically, synchronized with ED polarity reversal. Water

desalinated by ED was used as feed, and water concentrated with ED was used as

regenerant. The results are summarized below in Table 4.

Table 4. Ion exchan e with non-selective resin

An acid/base generating EDI with boron-selective resin as depicted in FIG. 4

was tested in accordance with one or more embodiments of the present invention.



IONPURE® ion-selective membranes were used, and the resin comprised 50% BSR-I

resin and 50% Dow Marathon® A anion-exchange resin. Compartments CA and AC

were fed with simulated seawater. Compartment CC was fed with the effluent of the

AC compartment. In the AC compartment the solution became basic and the BSR-I

resin adsorbed boron. In the CA compartment the solution was acidified and the BSR-

1 resin therein was regenerated. By switching the streams and reversing the polarity,

cyclic operation was achieved. The module was cycled four times. In the fourth cycle,

after 5 minutes operation, all the effluent was collected for 25 min and analyzed for

boron (both product and concentrate). All the effluent for the next 23 min was also

collected and analyzed. The third sample was grabbed at 90 min. Table 5 represents

average removal over 48 min. The results are summarized in Tables 5 through 7

presented below. Table 6 presents boron data for cycle 4. FIG. 5 presents a time

profile of boron removal by the acid/base generating EDI containing boron-selective

resin.

Table 5. Acid/base generatin EDI with boron-selective resin

Table 6. Acid/base eneratin EDI with boron-selective resin



Table 7. Acid/base eneratin EDI with boron-selective resin

Donnan dialysis, ED and CDI processes were not efficient in removing boron

from sea water at neutral pH. At elevated pH some boron removal was achieved by ED

and EDI modules. This was likely because at pH of about 7.5, boric compounds are not

ionized, and therefore cannot be moved by an applied electric field. At elevated pH

boric acid converts to borate ion B(OH)4 , which is moved by the electric field. At pH

9-10 some removal was achieved by EDI. At even higher pH (~1 1) the removal rate

went down, possibly due to competition from OH ions, which are more mobile in the

ion-exchange resins and membranes. Ion-exchange on boron-selective resin was

efficient in boron removal from sea water. Boron-selective resin was found to be

regenerable with relatively weak acid (pH = 2-4).

EDI with boron-selective resin was less efficient in removing boron than EDI

with non-selective resin. This indicates that boron-selective resin may not be a good

conductor of borate ions. The mechanism of boron adsorption on this resin is very

different from a regular anion-exchange resin. It is likely that boron-selective resin did

not contribute to boron removal in the EDI device, and the stack was essentially

working as an ED device. Electrodialysis with membranes, selective for monovalent

anions and cations, was not efficient for boron removal at neutral pH. The shift in

equilibria between divalent and monovalent ions in the vicinity of the membranes was

likely not sufficient to change the local pH in order to ionize boric acid. Sea water is a

natural buffer solution, where buffering effect is created by carbonates, sulfates and

borates.

The best results were obtained by an approach involving ion-exchange with

boron-selective resins which were regenerated with acidic effluent or acidified stream

of a specifically configured EDI or ED module in accordance with one or more

embodiments of the present invention. In this approach, equilibrium among boron

species at varying pH levels, as presented in FIG. 6, may be used to achieve superior



boron removal. Thus, some aspects of the invention involve modifying a pH condition

of a stream to be treated in an electrically driven separation apparatus to at least the

pKa, i.e., about 9.2 at about 25° C, of the boric acid/borate ion according to the

relationship:

H 3BO3 - H3BO2 + H+ .

Preferably, the pH condition of the stream to be treated is at least about 9.5, even more

preferable is an increase to a pH of at least about 10, to further promote formation of

the cis-diol-binding borate species. Further aspects of the invention involve modifying

the pH condition of one or more other streams in the separation device to below the pKa

of boric acid/borate ion, e.g., pH of less than about 9. The dominant form of boron

species, for example, boric acid or borate ion, may depend on the pH level of the

process stream. Boron-selective resin, equilibrated with boron-containing solution,

could start releasing boron when rinsed with a very weak acid (pH 2-4). This acidity

could be achieved by an acid/base generating CDI module. Although flow rates in the

acid/base generating CDI experiment were low, the total volume of treated water was

26 BVH, which is a reasonable number and the flow rates can be increased.

Alternatively, a CDI device (or an ED device of the same membrane configuration)

may be used only for generating acid, while this acid can be supplied to regenerate a

resin bed of boron-selective resin. The CDI device can be fed with sea water, or with

the product of desalination process, whichever proves to be more suitable for

generation of acid and base. It should be possible to run the acid/base generating

device with much higher flow rate in the basic compartment. In this case, the pH shift

in the basic compartment may be insignificant, which allows the use of this stream

without neutralization for a downstream process. At the same time, the acid may be

produced at a concentration needed for resin regeneration. The results indicate that the

EDI module with acid/base generation and boron-selective resin successfully reduced

boron concentration in the solution. Application of a longer residence time to a

solution undergoing treatment, such as may be accomplished by using a larger bed

volume, will result in a greater reduction of boron concentration in the solution, for

example, to a level below 0.5 ppm in at least some embodiments.

Having now described some illustrative embodiments of the invention, it should

be apparent to those skilled in the art that the foregoing is merely illustrative and not



limiting, having been presented by way of example only. Numerous modifications and

other embodiments are within the scope of one of ordinary skill in the art and are

contemplated as falling within the scope of the invention. In particular, although many

of the examples presented herein involve specific combinations of method acts or

system elements, it should be understood that those acts and those elements may be

combined in other ways to accomplish the same objectives.

Those skilled in the art should appreciate that the parameters and configurations

described herein are exemplary and that actual parameters and/or configurations will

depend on the specific application in which the systems and techniques of the invention

are used. Those skilled in the art should also recognize or be able to ascertain, using no

more than routine experimentation, equivalents to the specific embodiments of the

invention. It is therefore to be understood that the embodiments described herein are

presented by way of example only and that, within the scope of the appended claims

and equivalents thereto; the invention may be practiced otherwise than as specifically

described.

Moreover, it should also be appreciated that the invention is directed to each

feature, system, subsystem, or technique described herein and any combination of two

or more features, systems, subsystems, or techniques described herein and any

combination of two or more features, systems, subsystems, and/or methods, if such

features, systems, subsystems, and techniques are not mutually inconsistent, is

considered to be within the scope of the invention as embodied in the claims. Further,

acts, elements, and features discussed only in connection with one embodiment are not

intended to be excluded from a similar role in other embodiments.

As used herein, the term "plurality" refers to two or more items or components.

The terms "comprising," "including," "carrying," "having," "containing," and

"involving," whether in the written description or the claims and the like, are open-

ended terms, i.e., to mean "including but not limited to." Thus, the use of such terms is

meant to encompass the items listed thereafter, and equivalents thereof, as well as

additional items. Only the transitional phrases "consisting of and "consisting

essentially of," are closed or semi-closed transitional phrases, respectively, with respect

to the claims. Use of ordinal terms such as "first," "second," "third," and the like in the

claims to modify a claim element does not by itself connote any priority, precedence, or



order of one claim element over another or the temporal order in which acts of a

method are performed, but are used merely as labels to distinguish one claim element

having a certain name from another element having a same name (but for use of the

ordinal term) to distinguish the claim elements.

What is claimed is:



CLAIMS

1. A method of treating seawater, comprising:

introducing seawater comprising chloride ions and boron-containing

compounds to at least a first compartment of an electrically driven separation device,

the first compartment comprising a resin bed and an outlet;

promoting transport of the chloride ions in the seawater from the first

compartment to a second compartment of the electrically driven separation device;

promoting ionization of at least a portion of the boron-containing compounds in

the seawater in the first compartment;

adsorbing at least a portion of the ionized boron-containing compounds on the

resin bed in the first compartment; and

recovering treated water at the outlet of the first compartment.

2. The method of claim 1, further comprising releasing at least a portion of boron-

containing compounds bound in a second resin bed in the second compartment.

3. The method of claim 2, further comprising recovering a boron-containing stream at

an outlet of the second compartment.

4. The method of claim 3, further comprising adjusting a pH level of the treated water.

5. The method of claim 3, further comprising reversing polarity of an electric current

applied through the electrically driven separation device.

6. The method of claim 1, further comprising monitoring a concentration of boron in

the treated water.

7. The method of claim 6, further comprising reversing polarity of an electric current

applied through the electrically driven separation device in response to detecting a

concentration of boron in the treated water that is above a predetermined level.



8. The method of claim 7, wherein the predetermined level is about 1 ppm.

9. The method of claim 1, further comprising directing treated water to a third

compartment of the electrically driven separation device.

10. The method of claim 1, further comprising monitoring a pH level of the treated

water and reversing polarity of an electric current applied through the electrically

driven separation device in response to detecting a pH level of the treated water that is

above a predetermined level.

11. A method of operating an electrodeionization device, comprising:

introducing process water comprising boron-containing compounds to a first

compartment of the electrodeionization device, the first compartment comprising a

resin bed and an outlet;

promoting a basic pH condition in the first compartment;

promoting an acidic pH condition in a second compartment of the

electrodeionization device adjacent the first compartment;

adsorbing borate ions on the resin bed in the first compartment;

recovering treated water at the outlet of the first compartment; and

recovering a boron-containing stream at an outlet of the second compartment.

12. The method of claim 11, further comprising monitoring a concentration of boron in

the treated water.

13. The method of claim 12, further comprising reversing polarity of an electric current

applied through the electrodeionization device in response to a detected boron

concentration.

14. The method of claim 11, further comprising adjusting a pH level of the treated

water.



15. The method of claim 11, wherein recovering a boron-containing stream comprises

releasing boron-containing compounds from a resin in the second compartment.

16. A water treatment system comprising an electrically driven separation device

comprising a first compartment containing a boron-selective resin bed.

17. The system of claim 16, wherein the boron-selective resin bed comprises cis-diol

functional groups.

18. The system of claim 16, wherein the electrically driven separation device is

constructed and arranged to reduce a concentration of boron in seawater to a level of

about 0.5 to 1 ppm.

19. The system of claim 18, wherein the first compartment of the electrically driven

separation device is at least partially defined by a first anion-selective membrane and a

first cation-selective membrane.

20. The system of claim 19, wherein the electrically driven separation device further

comprises a second compartment at least partially defined by the first anion-selective

membrane and a second cation-selective membrane.

21. The system of claim 16, further comprising a sensor positioned in fluid

communication downstream of the boron-selective resin bed and configured to provide

a measurement signal representative of a concentration of boron in the treated water

from the electrically driven separation device.

22. The system of claim 21, further comprising a controller in communication with the

sensor and configured to produce a control signal to a power supply associated with the

electrically driven separation device based at least partially on the measurement signal.



23. The system of claim 16, wherein a composition of the boron-selective resin bed in

the first compartment is substantially uniform along a fluid flow path through the first

compartment of the electrically driven separation device.

24. A method of treating seawater having dissolved species and at least one target

species, comprising:

introducing a first portion of seawater from a seawater source into a depleting

compartment of an electrically-driven separation device, the depleting compartment

having target species-adsorbing media disposed between an anion permeable

membrane and a first cation permeable membrane;

introducing a second portion of seawater from the seawater source into a

concentrating compartment of the electrically-driven separation device, the

concentrating compartment having target species-adsorbing media disposed between

the anion permeable membrane and a second cation permeable membrane; and

promoting transport of at least a portion of the dissolved species into the

concentrating compartment while converting at least a portion of the at least one target

species into a preferred ionic state.

25. The method of claim 24, further comprising adjusting the pH of at least a portion

of water from the depleting compartment in a neutralizing compartment of the

electrically-driven separation device, the neutralizing compartment at least partially

defined by the second cation permeable membrane and a third cation permeable

membrane.

26. The method of claim 24, wherein promoting transport of at least a portion of the

dissolved species into the concentrating compartment comprises applying an electric

current through the depleting and concentrating compartments.

27. The method of claim 26, wherein applying the electric current promotes

polarization of water in at least one compartment of the electrically-driven separation

device to produce hydronium ions, and wherein adjusting the pH of the at least a



portion of water from the depleting compartment comprises promoting transport of at

least a portion of the hydronium ions into the neutralizing compartment.

28. The method of claim 27, wherein applying the electric current comprises passing

electric current sufficient to raise a pH of the seawater in the depleting compartment to

at least 9.2 units.

29. The method of claim 28, wherein the neutralizing compartment is free of

electroactive media.

30. An electrically driven separation device, comprising:

a first compartment at least partially defined by a first cation selective

membrane and a first anion selective membrane;

a second compartment at least partially defined by the first anion selective

membrane and a second cation selective membrane; and

boron-selective electroactive media located in at least one of the first and

second compartments.

31. The device of claim 30, further comprising a third compartment at least partially

defined by the second cation selective membrane.

32. The device of claim 31, wherein the third compartment is at least partially defined

by a bipolar membrane.

33. The device of claim 31, wherein an outlet of the first compartment is fluidly

connected to an inlet of the third compartment.

34. The device of claim 30, wherein an outlet of the electrically driven separation

device is fluidly connected to a potable point of use.

35. The device of claim 30, wherein the electroactive media comprises cis-diol

functional groups.



36. The device of claim 31, wherein the third compartment is substantially free of

electroactive media.

37. The device of claim 30, wherein no reverse osmosis membrane is fluidly connected

downstream of the electrically driven separation device.

38. The device of claim 30, wherein no resin bed is fluidly connected downstream of

the electrically driven separation device.

39. The device of claim 30, further comprising a sensor positioned in fluid

communication downstream of the resin bed and configured to provide a measurement

signal representative of a concentration of boron in the treated water from the

electrically driven separation device.

40. The device of claim 39, wherein the measurement signal comprises a detected pH

level.

41. The device of claim 39, further comprising a controller in communication with the

sensor and configured to produce a control signal to a power supply associated with the

electrically driven separation device based at least partially on the measurement signal.

42. The device of claim 35, wherein the electroactive media comprises N-methyl

glucamine functional groups.
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