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METHOD AND APPARATUS FOR DESALINATION

1. Field of the Invention
The invention relates 10 a method and apparatus for water purification and, in
particular, to water desalination vusing filtration and electrodeionization.

2. Background of the Invention

A growing worldwide need for fresh water for potable, industrial, and agricultural
uses has led to an increase in the need for purification methods that use seawater, brackish
water, or other elevated salinity water as sources. The purification of high salinity water
through the xremovat of dissolved solids, such as salts, has been accomplislied in several ways
including distillation and reverse osmosis (RO). These methads start with a pretreated feed
of seawater or other brackish water and then purify (e.g., desalt) the water to a level that is
suitable for human consumption or other purposes. 'While seawater and often, brackish
water, is a plentiful starting material, the energy reguired to convert it 10 drinking water using
present RO or distillation techniques is often cost prohibitive,

The occan provides a limitless source of water if efficient desalination techniques can
be developed with Iow environimental impact. While equipment cost cari be high, the greatest
continving expense in desalting high salinity water is energy. A small improvement in
energy efficiency can result in significant cost savings due to the large volurnes of water that
are typically processed by desalination systems.

For example, the energy required to produce potable water from seawater by the RO
process is comprised primarily of the energy that is required to overcomne the osrnotic
pressure of the scawater, along with pressure loss inefficiencies during processing. Because
both RO permeate and RO wastewater (often 70 % of the total water fed to the system is lost
to waste) must be pressurized, RO energy consumption is much higher than the theoretical
thermodynamic minimum. for desalination. Expensive mechanical pressure secovery devices
are commonly needed in an attempt to recover some of the lost energy required for
pressurization.

Seawater typically contains about 20,000-40,000 ppm (mg/l) of total dissolved solids
(TDS), and brackish water sources can contain from 2,000 ppm to as much as 20,000 ppm
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TDS. These dissolved solids include a variety of monovalent, divalent, polyvalent, and/or
multivalent salts or species, with sodium chloride typically forming about 75 % or more of
the total solids content.

‘While evaporative methods such as distillation have been traditionally used to
produce potable water, these methods typically require even greater amounts of energy than
do systems utilizing reverse osmosis techniques. Further these systems typically utilize
complicated heat recovery technigues to improve energy efficiency. Because RO or
distillation based processes operate at elevated pressures or temperatures, and because high
salinity water is very corsosive, exotic metals and alloys are needed to withstand the
operation conditions, and thus the need to add complicated equipment in these processes to
save energy further increases the initial cost of the equipment and greatly decreases the
equipment reliability.

Reverse osmosis techmiques can be effective at removing ionic compounds from
seawater. However, one serious drawback of RO systems is that RO membranes selectively
reject non-monovalent or roultivalent salts to a higher extent than monovalent salts. Thus for
purification purposes in applications such as agriculture, where most divalent ions such as
calcium and magnesium are actually beneficial for irrigation use, these ions are rejected
selectively, resulting in higher than needed operating pressures, increased potential for
membrane fouling and scaling, and/or loss of valuable minerals for use in crop production.

The difference in osmotic pressure between seawater containing over 3.5 % solids
and potable water at less than, 1,000, or less than 500 ppm, TDS dictates that high pressures
be used to produce a permeate of potable quality simply to overcome the thermodyﬁamic free
energy potential. In practice, since seawater is usually processed at elevated water recoveries
to reduce preireatment cost by reducing the arnount of water that needs to be effectively
prepared for treatment, the required osmeotic pressure is even higher than needed fo process
seawater at 3.5 % solids. For example, pressures utilized in RO systems are typically greater
than 800, 900, or even 1,000 psi and for practical considerations of high pressure operation,
corrosion resistance, avoidance of energy losses, and prevention of scaling due to divalent
selectivity and silica rejection, are limited in water recoveries (the ratio of product water
production to total water production) of around 30 % to 40 %, This limitation results in a
very high incremental cost of pretreatment and water vse for RO systems when it is
considered that a change in water recovery from about 67 % to about 33 % resultsina

doubling of pretreatment equipment costs and a doubling of overall water consumption fora
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given pure water need. Recent advances in RO membranes and in energy reuse technigues
have lowered the power consumption of producing potable water using RO systems to about
7 to 14 kwh per 1,000 gallons (14 kwh/kgal) of water produced.

Alternative techniques using a combination of processes have also provided for lower
energy consumption in the conversion of seawater to fresh water, For example, two-pass
nanofiltration systems have been shown to be capable of producing potable water nsing a
total working pressure of about 750 psi; about 500 psi in a first stage and about 250 psi ina
second stage. Because energy usage relates to operating pressure, a total working pressure of
about 750 psi providés for a more energy efficient system compared 10 a typical RO system
operating at a pressure greater than 800 psi. See, for example, the teaching of Vuong in U.S.
Patent Publication No. US2003/0205526, which is incorporated by reference herein.

In another method used to produce fresh water from seawater, nanofiltration
techniques are used in conjunctjon with either RO or flash distillation techniques. See, for an
example, the teaching-of Hassan in U.S. Patent No. 6,508,936, which is incorporated by

reference herein.
SUNVMMARY OF THE INVENTION

The subject matter of this application may involve, in some cases, interrelated.
products, alternative solutions to a particular problem, and/or a plurality of different uses of a
single system or article.

In one aspect of the invention, & method for purifying water is provided. The method
comprises one or more acts of providing a feed water comprising greater than about 1,000
ppm total dissolveﬁ solids to a nanofiltration device to produce a first filtrate reduced in total
dissolved solids, and feeding the first filtrate to an electrodeionization device to produce a
second filtrate comprising less than about 1,000 ppm total dissolved solids.

In accordance with another aspect of the invention, an apparatus for desalinating
seawater is provided. The apparatus comprises a nanofiltration device and an
electrodeionization device in fluid communication with the nanofiltration device,

In accordance with yet another aspect of the invention, a method for treating seawater
or other high salinity water source, to reduce total dissolved solids is provided. The method
comprises one or more acts of passing the source water through a water treatment apparatns

while applying energy in an amount less than about 7 kwh/kgal of filtrate to the apparatus and
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removing filtrate from the apparatus, wherein the filtrate comprises Jess than about 1,000 ppm
total dissolved solids. -

In accordance with one or more embodiments, the invention is directed to a method of
treating seawater. The method comprises acts of reducing a concentration of one or more
non-monovalent species from the seawater in a first stage and reducing a concentration of one
or more monovalent species from the seawater in a second stage to produce water having a
TDS of less than about 1,000 ppm. The first and second stages ace performed at a net energy
consumption rate of less than about 7 kwh/kgal of product water. -

In accordance with one or more embodiments, the invention is directed to 2 method of
l:réating water having dissolved solids therein comprising acts of reducing a concentration of

monovalent dissolved species from the water to produce a byproduct stream, reducing a

' concentration of divalent dissolved species from the water, and reducing a concentration of
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dissolved solids from the water to less than about 1,000 ppm in an electrodeionization device.
BRIEF DESCRIPTION OF THE DRAWINGS

Other advantages, features, and uses of the invention will become apparent from the

following detailed description of non-limiting emibodiments of the invention when considered

in conjunctibn with the accompanying drawings, which are schematic and not drawn to scale.

For purposies of clarity, not every component is Iabeled, nor is every component of each

embodiment of the invention shown where illustration is not necessary to allow those of

. ordinary skill in the art to understand the invention. In the drawings:

FIG. 1 is a schematic diagram ilustrating a system in accordance with one or more
embodiments of the invention; and

FIG. 2 is a schematic diagram illustrating a system in accordance with one or more
further emmbodiments of the invention.

DETAILED DESCRIPTION

This invention is not limited in its application to the details of construction and the
arrangexraent of components set forth in the following description or illustrated in the
drawings. The invention is capable of other embodiments and of being practiced or of being
carried out in various ways. In addition, the phraseology and terminology used herein is for
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the purpose of description and should not be regarded as limiting. The use of “including,”
“comprising,” “having,” “containing,” “involving,” and variations thereof herein, is meant to
encompass the items listed thereafter and equivalents thereof, as well as additional items, In
cases where the present specification and a document incorporated by reference include
conflicting disclosure, the present specification shall control.

Potable water typically has a TDS content of less than about 1,000; in some cases,
potable water may bave a TDS content less than gbout 500 ppm. Examples of non-potable
water are seawater or salt water, brackish water, gray water, and some industrial water.
References to seawater herein are generally applicable to other forms of non-potable water.

Soine aspects of the invention relate to methods and apparatus for purifying seawater,
and other non-potable water, which utilize, inter alia, elecirodesaliing and electrochemical
systems, and techniques that n;ay be combined with pressure driven membrane systems

" and/or water treatment systems. Electrochemical techniques can also include processes such

as continuous deionization, filled cell electrodialysis, electrodiaresis, and current reversing -
electrodialysis. 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 indusirial applications. Desalination s 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, 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.

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
wherein monovalent ions are at a higher the concentration as compared to the concentrations
of divalent and other multivalent ions. An optional initial step comprising microfiltration
treatment or ultrafiltration treatment is provided to remove suspended solids, colloidal
substances and/or solutes of elevated molecular weight. Following the optional step, in this
embadiment, a first stage of specialized electrodesalting treatment is provided to selectively
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reipove a fraction of the monovalent ions and, following any intermediate treatment step, is
followed by a stage comprising a second membrane treatment step such as
electrodejonization to provide water having a desired final purity. The overall process is
capable of operating at water recovery of from 30 % to 70 % or more.

Electrodeionization (EDI) 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 acﬁ\ge media typically serves to
alternately collect and discharge ionic and/or ionizable species and, in some cases, 10
facilitate the transport of ions, which may be continuously, by ionic or electronic snbstitution
mechanisms. EDI devices can comprise electrochemically active media of permatent 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. Continzous
electrodeionization (CEDI) devices are EDI devices known to those skilled in the axt that
operate in a manner ir which water purification can proceed continuously, while ion
exchange material is continuously recharged. See, for example, U.S. Patent Nos. 6,824,662,
6,312,577, 6,284,124; 5,736,023; and 5,308,466; each of which is incorporated by reference
herein. CEDI techniques can include processes such as continuous dejonization, filled cell
electrodialysis, or electrodiaresis. Under controlled voltage and salinity conditions, in CEDI
systems, water molecules can be split to generate hydrogen or hydronium jons or species and
hydroxide or hydroxyl jons 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 membrapes. 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 electvical current consumption, ED apparatus have

heretofor been most effectively used on source waters of intermediate salinity., In ED based
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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 ate typically
separated by selectively permeable membranes that allow the passage of either positively or
negatively charged species, bat 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 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 usnally partially isolated from fluid communication with the depletion
and/or conceniration compartments. Once in a concentration compartment, charged species
are typically traﬁped by a barrier of selectively permeable membrane at least pactiaily
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 compariment, trapped charged
species can be removed in a concentrate stream. _

B 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 facilitaie the transfer of ions
through the nembranes 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 sodiom chloride will tend fo 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

nentrality and create hydrochloric acid solution, and analogously, the hydroxide ion generated
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at the cathode compartment will associate with a free cation, such as sodium, 1o preserve
charge neutrality and create sodinvm 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 ntilized in the process as needed for.
disinfection purposes, for membrane cleaning and defouling purposes, and for pH adjustment
purposes.

In accordance with some embodiments of the invention, a plurality of stages in a
treatment system can be utilized to purify water or at least rednce the concentration of
dissolved solids therein. For example, water to be treated can be purified in stages soch that
each stage selectively removes one or more types of dissolved solids thereby producing
purified, e.g., desalted, or even potable, water. In some cases, one or mors 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 downsiream stages
utilizing one or more other unit operations. 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 refained species, not removed
from the water, can then be removed or the concentration thereof reduced in one or more
subsequent stages. _

Some embodiments of the invention relate to aspects that advantageously utilize
byproduct sireams from one or more stages 1o effect regeneration or recharging of one or
more other stages. A dischargeable stream or byproduct stream from one or more stages of
the system of the invention can have a high concentration of a first dissolved species removed
from the water to be treated. The presence of the first dissolved species in such a stream can
facilitate regeneration of other unit operations in one or more other purification stages. For
example, an electrodialysis stage can remove or reduce the concentration of monovalent
species from seawater. For example, Table 1 provides concentrations of primary 'typical
solutes found to make up the salts comprised in a typical seawater. Based on those
constituents and assuming about 80 % overall TDS (total dissolved solids) removal in a first
stape operating at about 67 % water recovery, comprising monovalent selective anion and
cation exchange membranes, the solute makeup of the depleting and concentrating stream
effluent from the stage as a function of membrane selectivity coefficient can be determined.

Membrane selectivity coefficient can be defined as
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where v is the molarity of jonic species i and Av is the change in the molarity of the

Selectivity =

ionic species, Table 2 provides calculated values of solutes remaining in the ion depleting
stream and jon concentrating stream efflvents from a first stage separation apparatus

compsising monovalent selective anion and cation membranes with selectivities of 1 (non-

~ selective), 5, and 10. The data in Table 2 were dexived for a product water with about 20,000

ppm TDS and an assumed recovery rate of about 67 %.

‘Table 1. Seawater Typical Composition.

Table 2. Depleting and concentrating Stream properties using softened seawater into 2-stage

ED devices.

Species Concentration
Ppm
Chloride 19,000
Sulfate 2,700
Bromide 65
Silicate 3
Todide 0.06
Phosphate 0.07
Sodium 16,500
Magnesium 1,350
Calcium 400
Potassium 380
Lithium 0.17
Boron 4.6
Strontinm 8
Molybdenum Q.01
Manganese 0.002
Aluminum 0.01
Cadmiura 0.000%1
Chromium 0.00005
Cobalt 0.0004
Copper 0.003
Iron 0.06
Lead 0.00003
Nickel 0.007
Seleninm 0.00009
Silver 0.6003
Zinc 0.01
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Monovalent Selective ED Double Selective ED Non-Selective ED
Ca concentration, Ca concentiration, Ca Concentration,
mmol/L LS¥ mmol/L LSi mmob/L . LS
5.1 1.08 2.63 0.79 17.78 1.62

As can be seen in Table 2, for devices comprising monoselective membranes, the
concentrations of solutes such as calcium, magnesinm, and sulfate, which tend to cause
fouling and scaling of the concentrating compartments of the device, are maintained at
relatively low concentration levels in the concentrating stream relative o devices utilizing
comprising nonselective membranes. The result is that use of monovalent selective
membrane devices enables increased water recovery withont causing salt precipitation and
resulting performance loss, or plugging of the desalting device. Monovalent selectivity may
not necessarily disproportionately lower bicarbonate levels in the concentrating stream, but
the potential for precipitation of bicarbonate compounds such as calcium bicarbonate is
nevertheless reduced because of the disproportionate lowering of calcitm levels (e.g., relative
to sodiurxi) in the concentrating stream. In addition, as will be discussed in more detail,
acidic electrolyte products from the use of high salinity sodium chloride as an electrolyte can
be used as a reagent feed tt_).t'he concentrate stream, to adjust and lower the pH of the
concentrate stream and thus inhibit the potential of any residual calcium bicarbonate in the
concentrate stream to form scale, by shifting the bicarbonate equilibrium away from the
carbonate form. ' '

The byproduct stream (e.g., the concentrate stream of a monoselective ED stage)
would have a high concentration of such species, e.g., sodium chloride, which can then be
utilized to facilitate regeneration of an jon exchange unit operation that may then optionally
be utilized to selectively remove or reduce the concentration of dissolved divalent species
from the water to be treated. Moreover, where further stages inclnding other types of unit
operations are utilized to further remove or reduce the concentration of remairing species
and/or trace impurities from a fraction of, or all the depleting stream, so that problematic
constituents that remain in the depleting stream effluent of the first stage are selectively
removed before end use (e.g., boron removal via selective ion exchange prior to being
provided for agricultural irrigation water) or prior to being fed to a second membrane state of
the overall system (e.g. calcium and magnesium removal via chemically ;'egencrable cation

exchange to avoid plugging and scaling in the second membrane stage).
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By placing the optional ion exchange unit downstream of the first monoselective
removal stage there is additional process advantage with respect to operation of the ion -
exchange unit, Operation of an ion exchanger, e.g., a cation exchanger for removal of
calcium and magnesium from a source water, is much less efficient in its removal capability
if the source water is high in overall salinity. Thus, by operation of the ion exchanger
downstream of the first salt removal stage, whereby a large fraction of the salts are already °
removed compared to the source water, the ion exchanger will operate more efficiently and
produce better quality efflzent with less chemical need for regeneration.

Moreover, where further stages including types of units of operations are utilized to
further remove or reduce the concentration of remaining species from the water stream, any
byproduct streams therefrom can also be utilized to facilitate regeneration of one or more
other unit operations in the other stages.

Other aspects of the invention can be considered as being directed to reducing the
overall byproduct or waste discharge burden associated with purification of the water to be -
treated. Indeed, a byproduct stream from one or more stages or unit operations can be
directed to one or more upstream or downsiream stages or unit operations and be combined
with water to be treated and/or be ntilized to facilitate the operation of such unit operations.

' In accordance with one or more aspects of the invention, EDI systems and technigues,
including CEDI systems, can be combined with one or more techniques to purify non-potable
water, for exampile water having greater than about 5,000 ppm TS, to produce potable
water. In accordance with one or more ernbodiments of the invention, one or more states
comprising pressure-driven separation techniques such as filtration to remove a portion of the
TDS in water from a2 non-potable water source, and one ore more electrically-driven
separation technigues such as electrodeionization to remove an additional portion of the TDS
in the first filtered water to eventually produce potable water. The pressure-triven separation
technique, in some cases, can be based on nanofiltration (NF) systems and techniques. In
accordance with other embodiments, electrically-driven separation technigues such as, but
not limited to, electrodialysis or electrodiaresis, can be utilized with, for example, filtration
and/or EDI systems aud techniques to purify, e.g., desalinate, water, Further embodiments of
the invention contemplate utilizating combinations of such systems and techniques. Thus, for
example, electrodeionization systems can be utilized with two or more systems that, in
combination, preferentially remove one or more types of dissolved solids. Indeed, in
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accordance with one or more embodiments of the invention, an electrodeionization stage can
be utilized with an electrodiatysis stage and/or an fon exchange stage. '

Nanofiltration techniques can be used to remove species smaller than that which can
be removed by uitrafiltration (UF) techniques, but typically does not remove all species that
can be removed by reverse osmosis techniques. Nagnofiltration membranes can incorﬁorate
both steric and electrical effects in rejecting or selectively separating dissolved species. Thus,
for example, nanofiltration membranes may also remove or reduce the concentration of
uncharged organic molecules including, for example, crganic molecules having a molecular
weight of greater than about 150 Da.ltbxis or, in some cases, greater than about 300 Daltons,
Divalent and/or multivalent jons are typically removed at a rate of greater than about 90 %.
However, in some cases, preater than about 95 %; and in some applications, greater than
about 98 % of the multivalent species can be removed by such selective technigues.
Nanofiltration systems, however, are typically less efficient at removing mnonovalent ions
than divalent or non-monovalent jons and may remove, for example, less than about 10 %,
less than about 25 %, less than ahout 50 %, less than about 75 %, or less than about 90 % of
the monovalent ions present in a feed water to be treated. Nanofiltration membranes may be
made from a variety of materials, including, for example, polyamide materials. See, for
example, U.S. Patent Nos. 6,723,241 and 6,508,936 as well as U.S, Patent Pub. No.
2003/0205526; each of which is incorporated by reference herein.

As noted, in some instances nancfiltration systems an‘d techniques may not remove
monovalent jons efficiently or at least to an extent that is desirable and/or economically
practical. Seawater, however, typically has a TDS content that is about three quarters in the
form of monovalent salts. Table 1 lists the typical concentration of various, but not necessary
all, species in seawater.

The associated operating préssure required to treat water utilizing nanofiltration
membranes can be significantly less than the operating pressure required to pass water
through RO n:‘tembranes, where the monovalent salts contribute greatly to the difference in
osmotic pressure between the feed and the permeate. Depending on the application, feed
water may be purified in a nanofiltration device at an operating pressure of Iess than about
600 psi; in some cases, at an operating pressure of less than about 500 psi; or in other cases,
at an operating pressure of less than or equal to about 400 psi. The permeate resulting
therefrom typically is reduced in organic species concentration and divalent and
nonmonovalent ions concentration by greater than abont 90 %, while retaining more than
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about 10 % of the monovalent ionic constituents. Depending on the specific configuration
and the feed water, more that about 25 % of the monovalent ions are retained or retrieved; in
some applications, more than about 50 % of the monovalent ions are retrieved; and in other
applications, more than about 75 % of the monovalent ionic constituents are retrieved.
Therefore, a nanofiltration device having seawater, brackish water, or feed water having
similar composition, can provide a filtrate that is substantially reduced in divalent and non-
monovalent jonic constituents, and/or organic constituents but may retain a significant
portion of the initial monovalent jon constituents, such as, sodium chioride. The filtrate,
when compared to the feed, may exhibit a reduction in TDS of greater than or equal to about
30 % (in some cases, up to and iﬁcluding about 95 %:). In most cases, however, a One-pass
nanofiltration filtrate from seawater is unsuitable for human consnmption or use in
applications requiring fresh water and further treatment may be required to render the water
suitable.

In accordance with one set of emboediments of the invention, the product such as the '
futrate from a nanofiltration stage is fed to an electrodeionization stage (such as a CEDI
device). The divalent and multivalent cations, such as magnesium and calcium, which
typically contribute to hardness may, in a large extent, be removed in the nanofiltration stage
or an intermediate ion exchange softener downstream of a monovalent selective ED stage.
Electrodeionization devices can, in turn, remove monovalent cations and/or anions, such as
sodium chloride and further, operate at lower power consumption on feed waters devoid of
divalent ions. Thus, a feed water that contains TDS of primarily monovalent salts can be
efficiently purified by passing the water through one or more electrodeionization devices and
one or more nanofiltration devices. One or more passes at each stage may be employed and
two or more electrodejonization devices can be nsed in series or any suitable arrangement,

Typically, but not necessarily, the panofiltration stages precede the clectrodeionization stages.

.Such configurations can lead to a decrease in, or even an absence of, fouling of downstream

unit operations and/or components, such as in the concentration compartments and associated
housing assemblies of an electrodeionization device as well as, fittings and conduits.
Therefore, one or more nanofiltration devices can be advantageously used to remove divalent
and/or multivalent fons, such as hardress-causing species, and one or more
electrodeionization devices can be advantageously used to remove monovalent ions, thus
reducing or eliminating fouling tendencies. Indeed, the invention can be directed to systems

and techniques that provide one or more stages or unit operations that can remove, or at least
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reduce the concentration of, one or more divalent and/or multivalent species from a water
stream; and one or more stages or unit operations that can remove, or at least reduce the
concentration of, one or more monovalent species from the water stream. The resultant
product water can thus be rendered potable.

Other aspects of the invention are directed to systems and techniques of purifying a
water stream by reducing, or even minimizing, a tendency of one or more species in a water
stream to form scale or foul the membrane devices, in a first stage, or preliminary stages, and
by removing, or at least reducing a concentration of monovalent species, in a second stage or
subsequent stages.

The first stage, e.g., filtration such as nanofiltration, can be operated at an energy

requirement of less than or equal to about 4.7 kwh/kgal. The second stage, e.g., by

electrochemical, such as electrodeionization, can be operated at less than or equal to about
2.3 kwh/kgal. Thus, an overall energy usage of about 7 kwh/kgal can be expected, which
provides a significant decrease in energy consumption when compared to other desalination
technigues, such as evaporative, RO, two-pass nanofiltration or hybrid nanofiltration/RO, and
nanoﬁltratibn!e.vapora;ive techniéues.

In accordance with one or more embodiments of the invention, retentate (reject) and

concentrate containing fluids that result from the process, typically containing greater

- amounts of TDS than their respective feed waters, can be discharged to-the feed water source

orto conventional wastewater treatment facilities. Concentrate effluent from, for example, a
CEDI device, can be recycled as feed to or combined with feed water to a nanofiltration
device. In some cases, for example when a concentrated brine is produced from the
concentrate compartments -of a CEDI device, the brine, which may be substantially or
essentially free of divalent and multivalent ions, or have a reduced level of scale-forming
species, can be used as a brine source for the production of a disinfectant, such as, but not
limited to, sodium hypochlorite. The softened brine solution can provide a source of
electrolyzable chlorine species for use in a disinfectant-forming system which can utilize, for
example, an electrolytic device. Thus, if purified water produced utilizing some aspects of
the invention can benefit from later disinfection, a ready source of softened, concentrated
brine, and/or disinfectaat, can be available at low cost. -

Prior to treatment of feed water, a variety of pre-treatiment procedures can be
employed. For example, pretreatment technigues 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
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or device, éuch as the nanofiliration device or the EDI device. Pretreatment processes may be
performed upstream of the nanofiltration device and/or the EDI device and may include, for
example, particulate filtration, sand filtration, carbon filtration, microfiliration, such as cross-
flow microfiltration (CMF), combinations thereof and other 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.

A particularly important optional'advantage of the embodiment comprising a first

" monovalent selective stage is that because the water recovery of such a system is higher than

possible using present technology, the amount of pretreatment required to process the source
water is greatly diminished. Thus the amount of needed pretreatment equipment is decreased
proportionately. The resuit is a reduced cost and size of pretreatment equipment, and/or
alternately, enables the implementation of pretreatment systems that would rot normally be
considered economically feasible. For example, membrane microfiltration, a technigue that
removes not only bulk particulates, but also microbial contaminants and other harmful
colloidal constituents in a source water, can be used more cost-effectively as a substitute for
traditional and less effective sand filration systems. This improves end use water quality
while increasing the reliability of downstream treatment components.

One embodiment of a system of the invention is illustrated in FIG. 1. System 100
includes one or more nanofiltration devices 110 as well as one or more efectrodeionization

devices 120. Nanofiltration device 110 comprises a nanofiltration membrane disposed in a

_bousing. Electrodeionization device 120 comprises one or more anode, cathode,

concentration, and depletion compartments. Water sources are provided for depletion,
concentration, and electrode compartments of electrodeionization device 120. A feed water
source 140 may be, for example, the ocean. Feed water can be pumped through conduit 150
and be pressurized by purap 130 to pass through the nanofiltration membrane in
ranofiltration device 110. Typically, pump 130 pressurizes the feed to an operating pressure
of about 600 psi or Jess. Permeate from nanofiltration device 110, reduced in multivalent
ionic content, passes through conduit 160 as a feed siream to electrodeionization device 120.
Reject fluid from device 110 passes through conduit 170 and may be directed, for example,
back to the feed water source 140.

Energy may be recovered from the retentate stream and used, for example, to heat
feed water, provide electricity, and/or to provide energy for other processes or unit
operations, which need not be directly associated with system 100. Water in conduit 160
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may be fed to any of the depletion, concentration, and/or electrode compartments of
electrodeionization device 120. Electrodeionization device 120 is typically powered by a
source of electric current (not shown), which may be configured to provide a reversible
electric field. Purified diluent is received at conduit 180 where it may be sent for use or
storage as potable water. Potable water may be preserved or further disinfected, if desired. A
concentrate stream from electrodeionization device 120 may be discharged to waste via
conduit 190, may be recycled through the system via conduit 192, or may be used as a source |

of brine via conduit 194. The concentrate stream may have a sodium chloride content similar

" to that of seawater and can be a source of feed water to nanofiliration device 110.

The systems and techriques of the invention may be operated on a continuons or a
batch basis, and may be operated at a fixed location or on a mobile platform, such as on board
a vessel or on a vehicle. Multi-pass CEDIX 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. In some cases, the electrodeionization device may be heated to, for example,
increase the rate of ionic species transport therein. Thus, the electrodeionization device may
be-operated at ambient temperature; alternatively, the electrodeionization device may be
operated at a temperature greater than about 30 °C, greater than about 40 °C, or even greater
than about 50 °C,

Ta some cases, it may be desirable to reduce the internal electrical resistance of the
electrodeionization device to minimize energy usage. Therefore, in accordance with one or
more embodiments of the invention, low elec_t.rical resistance membranes may be used to
separate or define depletion and/or concentration compartments thereof. For example,
individual compartments, or cells of the electrodeionization device, may be constmct;ad to
have a width of less than about 10 millimeters. The use of low elecirical resistance
membranes and/or thin compartments can help to reduce electrical resistance or load and,
therefore, serve to decrease electrical power requirerents. Low electrical resistance
membranes that may be utilizéd in accordance with some embodiments of the invention
include, for example, those commerciaily available as NEOSEPTA® membranes, from
ASTOM Corporation, Tokyo, Japan. In some embodiments of the invention, intermembrane
spacing may be, for example, less than about 0.1 inch, less than or equal to about 0.06 inch,
or less than or equal to about 0.05 inch.

In some applications, it may be important or desirable to reduce the concentration of
boron species in a water to a level that is considered to be suitable for agricultural service
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andfor 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 difficuit to achieve utilizing
conventional desalination processes. Advantageously, the systems and techniques of the
invention can be utilized to reduce boron species concentration in 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.

In addition to lower energy costs, the systems and techniques of the invention can
provide lower capital, operating, and/or maintenance costs. For example, due to an ability to
operate at Jower operating pressures, lower cost materials, such as plastic piping, can be
employed in the systems of the invention, instead of high pressure stainless steel and/or
titanjum ailoys that are typically necessary in RO systems.

To purify seawater, the water needs to be separated from its dissolved components.

' The energy required to perform this separation is the amount of energy required to overcome

the difference in asmotic pressure between the feed water (seawater) and the product (fresh
water).

The osmotic pressure of seawater, Psw, can be determined from the van’t Hoff
equation: Psy, = c*R*T, where c is the ionic molar concentration, R is the gas constant, 0.082
liter-bar/degree-mole, and T is the absolute temperature in Kelvin, T = 300 X (about 27° C).
The ionic salt concentration in seawater is about 1.12 mole/liter, assuming a pure sodinm
chloride solution. Therefore, the osmotic pressure is determined to be about 400 psi
(1.12*%0.082*300 = 27.6 bar).

Desalination energy requirements are typically provided per 1,000 gallons of purified
water per hour. An estimate of the theoretical minimum ene-rgy required to desalinate
seawater is about 2.9 kwh/kgal (or about 0.77 kwh/m?), determined as follows, assuming
about 400 psi of trans-membrane pressure (for the NF membrane) and 100 % pump

efficiency:
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Brake horsepower = (gpm)(psi) . (16.67)(400)
(1715¥effy  QT7I5)D

The method used (thermal or pressure driven) to desalinate seawater is believed to be

=3.89 bip (2.9kw)

independent from the minimum energy required.

Example 1

A comparison of state of the art RO-based systems with the systems and methods of
the invention illustrate the energy savings that are achievable. A conventional RO-based
system requires about 19.2 kwh/kgal to desalinate seawater as shown by the following
calculations. In the calculations, the assumed trans-membrane pressure is about 900 psi, the
assumed pump efficiency is about 85 %, and the assnmed water xecovery is about 40 %.
Further, for an intet flow rate of about 41.67 gpm, about 16.67 gpm of permeate and about 25
gpm of reject is produced. No energy recovery techniques are assumed to be uﬁﬁmd.

(gpm)(psi) _ (41.67)(900) _
A715)Xeff) = (1715)(85) 25.73 bhp (19.2Fkw)

However, if energy recovery techniques are utilized, the calculated energy

Brake horsepower=

requirement can be reduced. Examples of energy recovery assemblies or techniques' include,
for example; a turbine, such as a Pelton wheel, or a pressure exchange device, Both types of
devices can recover the energy from the high-pressure reject stream and {ransfer the energy to
the feed stream of the RO device. A Pelton wheel asseﬁtbly is typically about 80 % efficient
in recovery and positive displacement systems typicaily claim recovery efficiencies of about
90 % to about 95 %.

'To calculate the effect of energy recovery on the overall power consumption, about
40 % of the power is assumed as being consurned in the permeate stream
{0.4%19.2 kwh/kgal == 7.68 kwh/kgal), and about 60 % of the power is assumed 2s being
consumed in the reject stream (0.6%19.2 = 11.52 kwh/kgal). Assuming that, for example,
abont 93 % of the energy in the reject stream can be recovered, about 7 % is thus consumed
(0.07¥11.52 = 0.81 kwh/kgal). Therefore, the overall power consumption of an RO device,
utilizing energy recovery fechniques, is about 7.684+0.81 = 8.49 kwh/kgal.
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Example 2

To estimate the amount of total energy required to desalinate seawater utilizing a
system comprising a combination of nanofiltration and electrodeionization devices, the
energy requirements for each are independently determined and then combined.

The energy requireinent associated with the NF device is approximated to be about
10.7 kwh/kgal (about 2.8 kwh/m®) as shown by the following calculation.

(gpm)(psi) _ (41.67)(500) _, , 3bhp (107 bw)
(1715Xeff) (1715)(0.85) )

This estimate was derived by assuming that the trans-membrane pressure was about

Brake horsepower=

500 psi, the pump efficiency was about 85 % pump efficiency, and the water recovery was
about 40 %. This estimate was further based on an inlet flow rate of about 41.67 gpm,
producing about 16.67 gpm of permeate and about 25 gpm of reject. No energy recovery
techniques were ntilized.

Energy techniques can also be utilized in nanofiltration devices in a manner similar to
that described above with respect to RO-based devices. Further, similar assumptions are
utilized with respect to recovery efficiencies: about 40 % of the power is assumed as being
consumed by the permeate stream (0.4*10.7 kwh/kgal = 4.28 kwh/kgal), and about 60 % of
the power is assumed as being consumed by the reject streare (0.6%10.7 = 6.42 kwh/kgal), If
about 93 % of the energy in the reject is recovered, then about 7 % is assumed as being
consumed (0.07+6.42 = 0.45 kwh/kgal). Thus, the power consumed associated with the
nanofiltration device would be about 4.73 kwh/kgal (4.28-+0.45 = 4.73 kwh/kgal).

To consume less energy than an RO system, a desalination system corprising
nanofiltration and CEDI stages would, in aggregate, need to consume less energy than the RO
system alone. As shown above, the nanofiliration stage consumes abont 4.7 kwh/kgal while
the total energy consumption of the RO system is about 8.5 kwh/kgal. Thus, to exhibit, total
energy consumption below that of the RO system, the power consumption of the CEDI stage
is preferably less than or equal to about 3.8 kwh/kgal.

If the nanefiliration system rejects about 91 % of the inlet total dissolved solids
contained in seawater feed, the c_iownstream CEDI module would preferably remove about
90 % of the remaining TDS in order for the water to meet drinking water standards of less
than 500 ppm TDS. To be competitive with RO systems, therefore, the CEDI module may

need to remove this amount of solids using less than about 3.8 kwh/kgal of water produced.
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Example 3

A system was operated to determine if seawater can be purified (desalinated) to 2
level of less than about 500 ppm TDS. The system was comprised of a nanofiltration device
and CEDI devices that meets the above-mentioned energy requirement (less than about
3.8 kwh/kgal). Artificial seawater was prepared from INSTANT OCEAN® synthetic sea salt
mix, available from Aquerium Systems, Mentor, Ohio.

The nanofiltration and CEDI devices were operated under the following conditions:

Closed loops were utilized for both nanofiltration and CEDI devices. Electrode
compartment feed water for the CED]I device, which was separate from the nanofiltration
product water, was rmade up from RO water, with H>SO4 added to achieve a pH of about 2.
Feed water calciom content was approximately 50 mg/l, measured as CaCOQ.

The nanofiltzation device atilized a FILMTEC® NF90 (4x40) membrane, available
from The Dow Chemical Company, Midland, Michigan. The inlet water stream into the
nanofiltration device was pressurized to about 500 psi and had a conductivity of about
45.5 mS/cm. The permeate from the nanofiltration device had a conductivity of about
4.2 mS/em at a flow rate of about 3.25 I/m. The reject flow rate was about 36 Vm. The
nominal operating temperature of the device was about 23° C.

Two different CEDI devices were evaluated, designated as Stack A (flower electrical

.resistance) and Stack B (standard). Each of Stacks A and B were comprised of 20 cell pairs

in a 2-stage folded path, with 10 cell pairs in each stage. The flow path Iength was about 23
inches. Both stacks also utilized an iridivm oxide-based anode, a stainless steel cathode, and
an about 50/50 mix of DOWEX™ MARATHON strong base anion/strong acid cation resins,
both from The Dow Chemical Company, Midland, Michigan. The inter-membrane spacing
of each of Stacks A and B was about 0.06 inch. Stack A included alternating ion exchange
membranes. :

The operating conditions and performances of both modules is summarized in the
Table 2, below. The energy demand data listed in Table 2 does not consider the power
supply efficiency.

The data shows that Stack A is preferred over stack B because the former produces
similar quality product at a similar rate while using about 40 % less energy.

Thus, assuming that the nanofiltration device requires about 4.7 kwh/kgal to achieve
the desired performance of less than about 90 % removal, the system comprising
nanofiltration and CEDI devices would yield a power consumption of about 7 kwh/kgal.
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This overall energy requirement is about 15 % less than the energy requirement of a
conventional RO-based system.

Table 3. Operating and Measured Parameters of CEDI 'Stac,ks Aand B,

Operating or Measured Parameter Stack- A Stack B
Flow Rate through the Dilution Compartment {ml/min) 280 280
Flow Rate through the Concentration Compartment (ml/min) 72 73
Flow rate through the Electrode Compartment, (ml/min) 250 ] 200
Feed Stream Conductivity {mS/cm) 4.2 4.2
Product Conductivity (LS/cm) : 570 550
Dilution Compartment Pressure Drop (psi) 5.6 1.5
Concentzation Compartment Pressure Drop (psi) 2.2 3.6
Electrode Compartment Pressure Drop (psi) 6.4 8.9
Applied Electrode Potential {(VDC) 17.15 26.6
Cell Pair Voltage (VDC) 135 22.0
Voltage per Cell Pair (VDC) 0.675 1.1
Current Consumption (A) 0.84 0.83
Energy Consumption {kwhfkgal) 2.5 4.2
Operation Duration thours) 175 274
Product TDS (ppm) ’ 240 232

Example 4
" This example describes further embodiments of the invention that can be utilized to
reduce the concentration of dissolved solids in seawater. '

As illustrated in FIG. 2, the system can comprise at least one electrodeionization stage
disposed downstream of one or more monovalest species-reducing stages and one or more
divalent species-reducing stages.

Thie monovalent reducing stage can comprise any unit operation that reduces the

concentration of monovalent species such as, but not limited to, sodinm chloride. Examples

* of unit operations that can serve to reduce the concentration of monovalent dissolved solids

incinde, but are not limited to, electrodialysis and electrodiaresis devices.

This monovalent species reducing stage can operate at elevated water recovery, for
example, about 60 % to 70 % or higher depending on the sclectivity coefficient of the
membrane with respect to monovalent species versus non-monovalent species. This is due to
the avoidance of the potential for nonmonovalent or multivalent species to scale or foul the
membrane devices, since their concentration does not increase in the same proportion as
monovalents species. Such a device is much less prone to fouling and scaling relative to

other processes such as non-selective ED, or distillation, and very much less prone to fouling
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and scaling relative to processes such as NF and RO, which selectively concentrate
multivalent spec;ics and foulants over monovalent species. By operating at elevated water
recovery, not only is the process more efficient by, for example, reducing the volume
requirements for pretreatment equipment and materials, but also the total amount of water
required for the overall process is reduced, which is of particular importance in regions with
scarce water resources. In addition, by operating at high water recovery, the concentration of
salt in the concentrate stream of the device is increased, rendering it more useful in certain
circumstances. For example, by operating on a feed salinity of about 3.33 % at an about

67 % recovery, a concentrate stream can be obtained with a concentration of about 10 % salt.
In the case where predominantly monovalent ions are selectively transferred to satd
concentrate stream, the resulting stream can be a predominantly pure monovalent {e.g.,
sodium chloride) stream at a concentration of about 10 %. Such as stream can be used in part.
to regenerate ion exchange columns that have become exhausted, for use as brine clemﬁng
agents, for feed to crystallizers to efficiently produce crystailine salts, and/or in further
electrochemical processes to produce, for example, chlorine and caustic for disinfection or
PH adjustment. Further, the concentrated salt can be cycled to the electrolyte compartments
of the ED device itself, and by-product chlorine and caustic, can be produced without the
need for a separate caustic/chlorine generation system, an(i avoid the need to provide added
chemicals other than salts already in the feed water to be desalted.

The monovalent species removal stage can utilize membranes that selectively remove

- monovalent cations, monovalent anions, or both monovalent anions and cations. If it is

desirable to produce pure sodium chloride from a feed comprising calcium and sulfate salts,
then the system can comprise both monovalent selective anion membranes and cation
membranes. Alternatively, if the objective is only to produce a concentrate comprising pure
sodium ions without concem for sulfate levels, then the system can comprise only
monovalent selective cation membranes

The partially desalted product from the monovalent selective removal stage can then
be sent to a divalent-reducing stage which can comprise any unit operation that reduces the
concentration of divalent species such as, but not limited to, calcium and magnesium salis.
Examples of unit operations that can serve to reduce the concentration of such hardness
causing species include, but are not limited to, ion exchange devices, in particular, cation
exchange columns utilizing cation exchange media. In addition, ion exchange media

incorporating selective absorbents and anion selective media can be used to selectively
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remove problematic trace ions from the water, such as residual boron and bicarbonate, as well
as divalent anions, such as sulfate. For selective absorbents that require not only brine
regeneration steps but also acid or caustic regeneration steps, the acid and caunstic can
optionally also be manufactired from the concentrated pure salt solution from a first stage
concentrate effluent from a first monoselective membrane stage.

Embodiments represented by FIG. 2 further illustrate utilization of a byproduct stream

from one stage in another stage to facilitate operation thereof. As exemplarily shown, the

. monovalent reducing stage can reduce the sodinm chloride concentration of the water to be

treated and collect such species in a concentrated byproduct stream which would typically be
discharged as a sodiurm chloride rich waste stream. This byproduct sixeam can be ntilized to
regenerate the cation exchange media in the divalent-reducing stage. The final stage can be
considered as a polishing stage that further reduces the concentration of any undesirable
species and renders the water as potable. The byproduct stream from this stage can be
reintroduced or mixed with water to be treated or discharged. Thus, the iHustrated
embodiment can advantageously reduce the overall discharge burden. In some instances, it
would be impractical to utilize such a concentrate stream to regenerate the divalent removal
stage, but because the monovalent selective devices typically operate at an elevated
concentration, the possibility of efficient regeneration of ion exchangers becomes possible,
Also possible is the production of acid, canstic, and chlorine, for cleaning; sanitization,
disinfection, and for aid to regeneration of specially selective ion exchangers such as boron
selective fon exchange media.

The product water from the monoselective membrane device may be used for certain
purposes directly without need for further treatment, such as for water for agriculture use that
beneficially maintains a certain level of divalent ions relative to monovalent ions.
Alternately, product water from the second stage may be used directly, for example, where
the product water is about 90 % desalted and where the water is free or has a reduced level of
trace elements and divalent species. Alternately however, the product from the second stage
can be sent to a third membrane separation device comprising, for example, non-selective ED
or EDI membranes, where in the water is further desalted to high levels of purity. Insucha
case, the concentrate solution from the third stage fypically contains essentially only one type
of monovalent ions and thus there is low potential for the third stage to scale or foul, and, the
concentrate, at high recovery can be recycled, at, for example, a concentration similar to the

source water, to feed the concentrate stream of the first stage of the monovalent selective
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device. The end result is an averall process that can provide various types of waters for
different end uses, while the system is operated under highly efficient conditions that are not
prone to fouling or scaling, where the water recovery is much higher than traditional
desatination techniques, and where the needed ancillary chemicals for regeneration, for
removal of trace elements, for disinfection, for pH adjustment, and for cleaning are provided

from the ionic makeup of the source water.

. Having thus described several aspects of at least one embodiment of this invention, it

_ is to be appreciated various alterations, modifications, and improvements will readily occur to

those skilled in the art. Such alterations, modifications, and improvements are intended to be

. part of this disclosure, and are intended to be within the sf:i:it and scope of the invention.

Accordingly, the foregoing descriptibn and drawings are by way of example only.
‘What is claimed is:
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CLAIMS

1. A system for desalinating seawater comprising:

a source of seawater fluidly connected to a nanofiltration device, the source of secawater

having a total dissolved solids in a range of from about 20,000 ppm to 40,000 ppm;

a nanofiltration device in fluid communication with the source of seawater and having a

permeate outlet; and

an electrochemical device in fluid communication with the permeate outlet of the
nanofiliration device, the electrochemical device having concentrating cells, and dilution cells with a
thickness of less than about 10 mm to provide reduced electrical resistance, the system configured to
consume less than 7 kwlvkgal of product water having a total dissolved solids in a range of from

about 230 ppm to about 500 ppm.

2. The system of claim 1 further comprising a pretreatment device positioned upstream of the
nanofiltration device and downstream from the source of seawater, the pretreatment device selected
from the group consisting of a bed filter, a microfilter, a crossflow microfilter, a settling tank, and an

aerator.

3. The apparatus of claim 1, wherein the electrochemical device comprises an
electrodeionization apparatus.
4, A method of treating seawater to reduce total dissolved solids comprising:

treating the seawater in a nanofiltration device to provide a first permeate stream having a

selectively reduced concentration of multivalent species;

treating the first permeate stream in an electrodialysis device to provide a second permeate
stream having a selectively reduced concentration of monovalent species; and treating the second
permeate stream in an electrodeionization device to produce a filtrate having a total dissolved solids in

a range from about 230 ppm to about 500 ppm,

wherein less than about 7 kwh/kgal of filtrate is used to produce the filtrate from the seawater.

5. A method of treating seawater comprising:
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selectively reducing a concentration of one or more non-monovalent species from the

seawater in a first stage comprising a nanofiltration device to produce a filtrate; and

selectively reducing a concentration of one or more monovalent species from the filtrate in a
second stage comprising an electrodeionization device to produce water having a total dissolved

solids in a range from about 230 ppm to about 500 ppm,
wherein the first and second stages are operated at a net energy consumption rate of less than

about 7 kwh/kgal of product water.

6. The method of claim 5, further comprising mixing a concentrate stream from the

electrodeionization device with the seawater upstream of the first stage.

7. A method of desalinating seawater comprising:

selectively reducing a concentration of monovalent dissolved species from the seawater with
an electrodialysis device to produce a byproduct and a first partially treated water stream having a

reduced concentration of monovalent ions;

selectively reducing a concentration of divalent dissolved species from the first partially
treated water stream with a cation exchange column to produce a second partially treated water stream

having a reduced concentration of divalent ions;
regenerating the cation exchange column with the byproduct; and

reducing a concentration of dissolved species from the second partially treated water stream

to less than about 1,000 ppm in an electrodeionization device.



