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WATER TREATMENT DEVICE AND METHOD

BACKGROUND

[00aT] The invention relates generally to liquid treatment devices and
methods. More particularly, this invention relates to water treatment devices and

methods.

[0062] The imbalance between the scarcity and the need of consumable water
in the world increases dramatically these vears. Thus, water treatment device and

method with high water recovery are more and more wanted.

j0083) Christopher J. Gabelich et al. publishes on Journal of Membrane
Science 301 (2007) 131-141 an article titled as “High-recovery reverse osmosis
desalination using ntermediate chemical demineralization™. The article discloses a
two-stage reverse osmosis  (R() process nvolving  intermediate  chemical
demeralization (ICD) of the concentrate stream from a primary RO (PRO) followed

by secondary RO {SRO) desalting.

[0084] Because of scaling risk, the salinity (chavacierized by, eg., the
concentration of salts or other ionic impurities), the hardness {characterized by, e.g.,
the concentration of Ca™, Mgz“\',, Ba™ etc), the alkalinity {characterized by, e g, the
concentration of CaCO;) and the concentration of silica are important factors of
determining the water quality after treating the concentrate water from, e.g.. the
membrane desalination devige, the cooling tower or any other thermal evaporation
device and the process in the article and other prior arts do not provide satisfactory

resuits so far.

[006S) Therefore, there is a need to develop a new water treatment device and
method.

BRIEF DESCRIPTION

j0006] In one aspect, a water treatment device 1s provided, comprising: an
electro-coagulation {(EC) unit for treating a stream of feed water to produce a stream

i



WO 2013/078020 PCT/US2012/064350

of EC treated water of lower salinity than the stream of feed water, an electrical
separation unit for treating the stream of EC treated water o obain a stream of
product water of lower salimity than the EC treated water; and a preaipitation unit for
providing a siream of wash water 1o wash the electrical separation unit and become a
stream of reject water flowing back to the precipitation unit, wherein precipitation in
the precipitation unit produces the stream of wash water of lower salinity than the

stream of reject water,

[0067] In another aspect, a wmethod 13 provided. The method comprises:
treating a stream of feed water in an electro-coagulation (EC) unit to produce a stream
of EC treated water of {ower salinity than the stream of feed water; treating the stream
of EC treated water in an electrical separation unit to obtain a stream of product water
of {ower salinity than the EC treated water; providing from a precipiiation unit a
stream of wash water to wash the electrical separation unit and become a stream of
reject water, wherein precipitation in the precipitation unit produces the stream of

wash water of lower salinity than the stream of reject water,

[0008] These and other advantages and features will be better understood from
the following detailed description of preferred embodiments of the invention that is

provided in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0069] FIG. 1 is a schematic diagram of a water freatment device in

accordance with one embodiment of the invention.
DETAILED DESCRIPTION

j0010] Preferred embodiments of the present disclosure will be described
hereinbelow with reference to the accompanving drawings. In the following
description, well-known functions or constructions are not described in detail to avoid

obscuring the disclosure i unnecessary detail,
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{0011 Approximating language, as used berein throughout the specification
and claims, may be applied to modify any quantifative representation that could
pernussibly vary without resulting in a change in the basic function to which it is
related.  Accordingly, a value modified by a term or terms, such as “about”, is not to
be limited to the precise value specified.  In some instances, the approxumating

language may correspond to the precision of an instrument for measunng the value.

»

[0012] In the following specification and claims, the singular forms “a”, “an
and “the” include plural referents, unless the context clearly dictates otherwise.
Moreover, the suffix “{s)” as used herein is usually intended to include both the
stngular and the plural of the term that it modifies, thereby including one or more of

that term.

[0013] As used herein, the terms “may” and “may be” indicate a possibility of
an occusrence within a set of circumstances; a possession of a specitied property,
characteristic or function; and/or qualify another verb by expressing one or more of an
ability, capability, or possibility associated with the qualified verb  Accordingly,
usage of “may” and “may be” indicates that a modified term is apparently appropriate,
capable, or suitable for an indicated capacity, function, or usage, while taking into
accourt that in some circumstances, the modified term mav sometimes nof be
appropriate, capable, or switable. For example, m some circumstances, an event or
capacity can be expected, while in other circumstances, the event or capacity cannot

occur. This distinction is captured by the terms “may” and “may be”.

[0014] As used hersin, the term “salinity”™ indicates the saltiness or dissolved
salt or itonic impurities content of a body of water characterized by, eg., the
concentration of salts, such as sodium chlonde, magnesium and calcium sulfates, and
bicarbonates, and/or other ionic unpuritigs. In some embodiments, the salinity means

the total concentration of dissolved salts and ionic imputities in the water.

[0015] As used herein, the term “hardness” indicates the level of mineral
content i water and hard water 15 water that has high mineral content (in contrast

. S . - . . ~ 2 e T
with soft water). Hard water bas high concentrations of Ca™, Ba® and Myg™ ions.
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[0016] As used herein, the term “alkalinity” indicates the ability of a solution
to neutralize acids to the equivalence point of carbonate or bicarhonate. The alkalinity
is equal to the stotchiometnic sum of the bases in solution. In some embodiments, the

alkalinity is characterized by the concentration of calcium carbonate.

j0017] FIG. 1 is a schematic diagram of a water treatment device 1 in
accordance with one embodiment of the present invention. The water treatient device
1 comprises: an electro-coagulation (ECY unit 10 for treating a stream of feed water 11
to produce a stream of EC treated water 13 less saline than the stream of feed water
11; an electrical separation unit 12 for treating the stream of EC treated water 13 to
abtain a stream of product water 15 of lower salinity than the EC treated water 13,
and a precipitation umt 14 for providing a stream of wash water 17 to wash the
electrical separation unit 12 and become a stream of reject water 19 flowing back to
the precipitation unit 14, wherein precipitation in the precipitation unit 14 produces

the stream of wash water 17 of lower salinity than the stream of reject water 19

[0018] The term “electrocoagdation (ECY ™ used herein refers to a method or
an apparatus in which an electrical potential is applied between a cathode and an
anode posiiioned 3o as to create an electric field in the aqueous stream, the aqueous
stream and dissolved substances therein being an electrotyte. In the electrocoagulation
process, the suspended, emulsified or dissolved contaminants in an aqueous stream
are destabilized by means of mtroducing an electrical current which provides the
glectromotive force to drive the chemical reactions between tons and particles. While
reactions are driven or forced, the elements or formed compounds will move toward
the most stable state. As a result, this state of stability produces a solid, generally
having a propeasity to adhere to other solids, colloids, oil {free or emulsified}, or non-
aqueous phase Liquids. This process acts to promote destabilization and removal of
these constitugnts bevond that which would be achieved in the absence of the
electrical current. The contaminants are then removed by secondary separation

techaiques, for example, floatation, sedimentation and filteration.

{0019] It at {east one of the cathode and the anode is sacrificial and is made

from matenals such as won, steel, aluminum, zine and magnesiom, ions therefrom
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migrate o the electrolvte and form metal hydroxide species having very low
solubility, thus becoming solids. The metal hydroxide species will agglomerate to and
bind with other like- and non-like-metal hydroxide species and will also bind with
and/or entrap other constituents {such as, but not limited to, oils, colloids, suspended
solids). Linder correct operation, these solids will grow to sufficiently large size to be
removed by gravity, flotation or filtration. In some embodiments, an electrode used in
the EC process is made of at {east one of iron and aluminum and the electrochemical

N

reactions for releasing ions from the electrode are Al = AF" + 3¢ or Fe = Fe™™ + 2¢

[0020] When operating the electrocoagulation apparatus with non-sacrificial
electrodes, for example with electncally conductive synthetic graphite electrodes or
titamum  electrodes, the necessary positively charged itons for maintaining the
electrocoagulation process are partially provided by the feed water iself The
remaining part of the required positively charged jons are added in the form of
metallic tons such as salts of aluminum, calensm, won or magnesium. For an enhanced
electron migration, the electrocoagulation process may be operated within the acidic
range through chemical dosing with hydrochloric acid (HC), sulfurnic acid (H;SO04) or
phosphoric acid (H;PO4), .., ete. The electrocoagulation process may be operated at

neutral and basic condiions too.

[0021] The EC process may be operated with more than two electrodes. Thers
may be two EC arrangements when more than two electrodes are used, e,
monopolar EC  arrangement and bipolar EC arrangement. A monopolar EC
arrangement means that each pair of electrodes is internally connected with each other,
and has no interconnection with other electrodes. All electrodes are connected directly
to the power supplv. For example, the arrangement of four electrodes could be
described as: (+, -, +, ~ ) and for six electrodes as: { +, -~ -+, -+, -} and so on, in
which “+, -7 stand for electrodes of different polarities, e, “+7 represents anode and
“." represents cathode. This setup may also require a resistance box to regulate the

flow current and a multimeter to read the current values.

{0022 A bipolar EC arrangement means that only two monopolar outer

electrodes are connected directly to the power supply whereas the other electrodes
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located between the two monopolar outer electrodes are affected by electrical
potential indirectly. The inner electrodes are identified as bipolar electrodes, i.e., the
neutral sides of the conductive plate are transformed to charged sides, which have
reverse charge compared with the parallel side beside it For example, the
arrangement of four electrodes could be desenibed as: (+, 0, 0, -) and for six electrodes
as: (+, 0, 0, 0, 0, -) and so on, in which “+” represents anade, “-” represents cathode,

and 07 stands for bipolar electrode.

[0023] Depending on the ingredients of the aqueous stream to be treated,
additives may be used if needed during the electrocoagulation. The additives may be
later removed, or involved in the chemical processes to form precipifates. For
example, chemical oxidants such as hvdrogen peroxide, Fenton's reagent {reaction
products of hydrogen peroxide and ferrous iron (Fe' ")), permanganate (added as either
potassium permanganate (KMnOy} or sodium permanganate (NaMnO,)), and ozone
{O3) may be added if needed. Besides, when non-sacnficial cathodes and anodes are
used, the additives may be used to form ions to interact with solntes and particulate
malter in coagulating the unpurities out of suspension and solution. When sacrificial
cathodes and anodes are used, additives may be used to increase the conductivity of

the water stream to enhance elecirocoagulation processes.

j0024] In some embodiments, an effective amount of 1onic Hocoulant is added
in the EC process. In some embodiments, the tonic flocculant comprises at least one
of an acrylamide/quaternary ammonium salt copolymer, a copolymer of
epichlorohydrin and amine, an acrylamide allyl trialkyl ammonium copolymer, an
acrylamide/dialiyvl diatkyl ammoniom copolymer, acrylanude/acryhic actd copolymers
and salts thereof, acrvlamide/alkviaciviate copolyvmers, acrvlamide/maleic acid
copolymers, acrylamide maleic anhydride copolymers, acrylamide/ 2-Aerylamido-2-
methylpropane sulfonic acid {AMPS) copolymers, acrylic acid homopolymers and

salts thereof, and acrylic acid/AMPS copolymers.

[0025) Exemplary cationic acrvlamide/quaternary ammonium salt copolymers

may be represented by the following Formula
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R R
e CHgereClm, o CHgre oy

\}iz R
R ....... R

in Formala 1, the molar ratio of repeat units Xy may vary from 95:5 to 5:95 with the
molar ratio xy of 60140 being presently preferred. R' and R* may be the same or
different and are chosen from H and CHs, Q is -C{OY0-, -OC(0)-, or -C{ONH-, R’
is branched or linear (C,-Cy) alkylene. RY, R”, and R® are independently chosen from
H, C-Cy linear branched alkyl, and an Cs-Cy aromatic or alkylaromatic group. A is

an gnion selected from CF, Br™ |, HSQy', or MeQS0Oy

{0026] Exemplary  repeat umits vy are as follows: (AETAC)-2-
acryloxvethvlitrimethyl AMMORIM chlonde, also referred to as
dimethylaminoethylacrylate methyl chloride, in terms of Formula 1 above, R'= H, R*=
H, Q is -C{OY0-, R™= Ft, RY, R and R® are all Me, and A- is Cl- (MATAC)-3-(meth)
acrylamidopropylirimethyl ammonium chloride, in terms of Formula 1 above, R'=H,
R*=CHa, Q is -C{OWH-, R*Pr, RY, R" and R® are all Me, and A" is CT; (METAC)-2-
methacryloxyethylirimethy]l ammonium chloride, in terms of Formula 1 above R'=H,

R =CHz, Qis -0(0)0-, R is Bt and R*, RY and R® are all Me, and A" is CI'.

{H27) One exemplary cationic flocculant copolymer is a 60:40 mole percent
acrylamide/AETAC copolymer. The copolymer may be cross-linked as explained
hereinafier. The degree of cross-linking is relatively minor and can amount from
about I x 1079% to about 5 x 107% based on 100 molar percent of the repeat units (x)
and (y) present. Also, non-cross-linked copolymers may be used Other
acrylamide/AETAC copolymers that mav be mentioned include those in which

AETAC is present in a molar amount of about 10%-3(%.

[0028] The molecular weight of the copolymer may vary over a wide range,

for example, 10,000-20,000,000.  Usually, the copolvmers will have molecular
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weights in excess of 1,000,000 The cationic flocculant copolymer should be water
soluble or dispersible. It is present practice to employ the cationic flocculant
copolvmer i the form of a water 1o ol emulsion. The el phase may comprise

hydrotreated isoparaffing and napthenics with a low level of aromatics.

j0029] Additional cationic {flocculants that may be mentioned mclude
polyEPIDMA  {a copolymer of epichlorohydrin and dimethylamine). and
acrylamide/aliyl trialkyl ammonium copolymer or an acryvlamide diallyidialkyl
ammoniam copolymer.  The molecalar weights of these cationic flocculants may

range, for example, from about 10,000 1o 20,000,000

j0030] The anionic flocculants that may be noted as exemplary are primanldy
acrylamide copolymers such as acrylamide/acrylic acid copolymers, acrylamide
alkylacrylate copolymer, acrylamide/maletc acid, acrvlamide maleic anhvdnde
copolymers, and acrylamide/2~acrylamido-2-methyl propane sulfonic acid (AMPS).
Additionally, acrylic acid homopolvmers and salt forms, especially sodium salts may
be mentioned along with acrylic acid based copolymers such as acrylic acid/AMPS
copolymers. Of specific note are the acrvlic acid {(AAYacrvlamide copolymers

wherein the AA is present 1n an amount of about 20 molar?s-30 molar®h.

[0031] The feed water may originate from a membrane desalination device, a
cooling tower, or other thermal evaporation device. In some embodiments, the feed
water is the concentraie water of at least one of a membrane desalination device, a

cooling tower, and other thermal evaporation device,

[0032] In some embodiments, the water treatment device further comprises a
membrane desahination unit before the EC umit The membrane desalination umit may
comprise a nancfiltration membrane device, a reverse osmosis membrane device or a

combination thereot

j0033] A combination of the electrical separation unit and the precipitation
umt may be called the non-thermal brine concentrator (NTBC). The electrical
separation unit 10 may comprise an electrodialvsis reversal (EDR) desalination deviece,

a supercapacitive desalination {SCD) device, or a combination thereof,
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{034] For certain arrangements, the electrical separation unit may comprise
an SCD device. The term “SCD device” mayv generally indicate sapercapacitors that
are employed for desalination of seawater or deionization of other brackish waters to
reduce the amount of salt or other onized impurities to a permissible level for
domestic and industrial use. In certain applications, the supercapacitor desalination
device may comprise one or more supercapacitor desalination cells (not shown}, As
is known, in non-limiting examples, each supercapacitor desalination cell may at least
comprise a pair of electrodes, a spacer, and a pair of current collectors attached to the
respective electrodes. A plurality of insulating separators may be disposed between
each pair of adjacent SCD cells when more than one supercapacitor desalination cell

stacked together is employed.

[0035] In embodiments of the invention, the current collectors may be
connected to positive and negative terminals of a power source (not shownj,
respectively. Since the electrodes are in contact with the respective current collectors,

the electrodes may act as anodes and cathodes, respectively.

[0036] During the charging state of the supercapacitor desalination device 12,
the EC treated water 13 from the EC unit 10 enters inte the SCD device for
desalination. In this state, the flow path of the wash stream 17 to the SCD device 12
is closed by valve (not shown}. Positive and negative electrical charges from the
power source accumulate on surfaces of the anode(s) and the cathode(s), respectively
and attract anions and cations from the ionized EC treated water 13, which causes
them to be adsorbed on the surfaces of the anode(s) and the cathode(s), respectively.
As a resudt of the charge accumudation on the anode(s) and the cathode(s), the product
water 13 from the SCD device 12 may have a lower salinity (concentration of salis or

other ionic impurities) as compared to the EC treated water 13,

[0037] In the discharging state of the supercapacitor desalination device 12,
the adsorbed anions and cations dissociate from the surfaces of the anode(s) and the
cathode(s), respectively. The wash water 17 1s pumped by pump {not shown) from
the precipitation unit {4 to enter the SCD device 12 to wash and carry lons (anions

and cations) therefrom. The reject water 19 fowing from the SCD device 12 and has

9
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a higher salinity {concentration of the salt or other ionie impurities) as comparad with

il
‘.

the wash water 17, In this state, the flow path of the EC treated water 13 to the SCD

device 12 1s closed by the valve (not shown}.

j0038] After discharging of the SCD device is complete, the SCD device is
placed in the charging state for a period of time for preparation of a subsequent
discharging.  That is, the charging and the discharging of the SCD device are

alternated for treating the EC treated water 13 and the wash water 17, respectively.

[0039] As the water is circulated through the SCD unit and the precipitation

unit in the discharging state, the concentration of salts or other sonic impurities in the
water increases 3o as to prodoce precipitate in the precipitation umit 14 The
precipitate particles (solids) with diameters larger than a specified diameter may settle
by gravity in the fower portion of the precipitation unit 14, Other precipiiate particles

with diameters smaller than the specified diameter may be dispersed in the water.

[0040] When the precipitation rate plus a discharge rate from the precipitation
unit equals the charged species removal rate from the EC treated water 13, where the
rates are averaged over one or more charging-discharging cycles, the degree of
saturation or supersaturation of the streams circulating between the SCD unit and the

precipitation unit may stabilize and a dynamic equilibrium may be established.

{0041 In certain examples, the energy released in the discharging state may
be used to drive an electrical device (not shown), such as a hight bulb, or may be

recovered using an energy recovery cell, such as a bi-directional DC-DC converter,

j042] In other non-limiting examples, similar to the SCD cells stacked
together, the supercapacitor desalination device may comprise a pair of electrodes, a
pair of current collectors attached to the respective electrodes, one or more bipolar
electrodes disposed between the pair of electrades, and a plurality of spacers disposed
between each of the pairs of adjacent electrodes for processing the EC treated water
13 1n a charging state and the wash water 17 in a discharging state at the same tune.
Each bipolar electrode has a positive side and g negative side, separated by an 1on-

impermeable layer.

1
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j0043] In some embodiments, the current collectors may be contigured as a
plate, a mesh, a foi, or a sheet and formed from a metal or metal alloy. The metal
may include titanium, platinum, iridiuny, or rhodiun, for example. The metal alloys
may include stainless steel, for example. In other embodiments, the current collectors
may comprise graphite or plastic material, such as polvolefin, which may include
polvethylene. In certain applications, the plastic current collectors may be mixed with
conductive carbon blacks or metallic particles to achieve a certain level of

conductivity,

j0044] The electrodes andfor bipolar electrodes may include electrically
conductive materials, which may or may not be thermally conductive, and may have
particles with small sizes and large surface areas. In some examples, the electrically
conductive matertal may include one or more carbon materials. Non-limiting
examples of the carbon matertals include activated carbon particles, porous carbon
pasticles, carbon fibers, carbon aerogels, porous mesocarbon microbeads, or
combinations thereof. In other examples, the electrically conductive materials may
include a conductive composite, such as oxides of manganese, or won, or both, or

carbides of titaniom, zircomum, vanadium, tungsten, or combinations thercof,

[0045) Additionally, the spacer may comprise any  ion-permeable,
electronically nonconductive material, ncluding membranes and porous and
nonporous materials to separate the pair of electrodes.  In non-limiting examples, the
spacer may have or iself may be space to form flow channels through which a liquid

for processing passes between the pair of electrodes.

j0046) In certain examples, the electrodes, the current collectors, andfor the
bipolar clectrodes may be in the form of plates that are disposed parallel to cach other
to form a stacked structure. In other examples, the electrodes, the current collectors,
and/or the bipolar electrodes may have varied shapes, such as a sheet, a block, or a
cviinder. Further, the electrodes, the current collectors, and/or the bipolar electrodes
may be arranged m varying configurations. For example, the elecirodes, the current
collectors, and/or the bipolar electrodes may be disposed concentrically with a spiral

and continuous space therebetween.
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j0047] For certain arrangements, the electrical separation unit may be an
electrodialysis  reversal (EDR) device. The term “EDR™ may indicate an
electrochemical separation process using ion exchange membranes to remove ions or
charged species from water and other fluids. The term “EDR” may indicate an
electrochemical separation process using ion exchange membranes to remove ions or

charged species from water and other fluids.

[0048] As is known, in some non-limuting examples, the EDR device
comprises a pair of electrodes configured o act as an anode and a cathode,
respectively. A plurality of alternating anion- and cation-permeable membranes are
disposed between the anode and the cathode 1o form a plurality of alternating dilute
and concentrate channels therebetween. The anion-permeable membrane(s) are
configured to be passable for anions. The cation-permeable membrane(s) are
configured to be passable for cations.  Additionally, the EDR device may further
comprise a plurality of spacers disposed between each pair of the membranes, and

between the electrodes and the adjacent membranes.

[0049] Accordingly, while an electrical current is applied 1o the EDR device
12, hquids, such as the streams 13 and 17 {as shown in FH3 1) pass through the
respective alternating dilute and concentrate channels, respectively. In the dilute
channels, the stream 13 is 1omzed. Cations i the stream 13 nmgrate through the
cation-permeable membranes towards the cathode to enter mnto the adjacent channels,
The anions nugrate through the anion-permeable membranes towards the anode to
enter inte other adjacent channels. In the adjacent channels (concentrate channels)
located on each side of a dilute channel, the cations may not nugrate through the
anion-permeable membranes, and the anions may not migrate through the cation
permeable membranes, even though the electncal field exerts a force on the ions
toward the respective electrode {e.g. anions are pulled toward the anode). Therefore,

the anions and cations remain in and are concentrated in the concentrate channels.

UBSH As a result, the strearn of wash water 17 passes through the concentrate
channels to carry the concentrated anions and cations out of the EDR device 12 so

that the stream of reject water 19 may be have a higher salinity than the 1nput stream

12
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17, After the circulation of the liquid in the EDR device 12, the precipitation of the

salts or other unpurities may occur in the precipitation device T4

[0051] In some examples, the polarities of the electrodes of the EDR device

2 may be reversed, for example, every 153-50 minutes so as to reduce the touling
tendency of the anitons and cations in the concentrate channels. Thus, in the reversed
polarity state, the dilute channels from the normal polarity state may act as the
concentrate channels for the second siream 17, and the concentrate channels from the

normal polarity state may function as the dilatron channels for the mput stream 13,

[0052] Thus, 1 a state when the EDR device is at a normal polanty state,
stream 13 from a liquid source {(not shown) and stream 17 from the precipitation unit
14, respectively, pass through fivst valves {not shown) along respective first wput
pipes to enter iite the EDR device 12, A dilute stream 15 and an outflow stream 19
pass through second valves (not shown) and enter info respective first output pipes

{not shown}).

[0053) When the EDR device is in a reversed polarity state, the streams 13
and 17 may enter the EDR device 12 along respective second input pipes (not shown}.
The dilute stream 15 and the ocutflow stream 19 may flow along respective second
output pipes {not shown). Thus, the input streams may be alternately entered into

respective pipes to minimize the scaling tendency.

j0034] When the precipitation rate plus the discharge rate from the
precipitation unit equals the removal rate of the charged species from stream 13, the
degree of saturation or supersaturation of the liquid circulating between the EDR
device and the precipiiation device may stabilize and a dynamic equilibriam may be

established.

JO0S5] In some EDR applications, the electrodes may nclude clectrically
conductive materials, which may or may not be thermally conductive, and may have
particles with small sizes and large surface areas. The spacers may comprise any ion-
permeable, electronically nonconductive material, including membranes and porous

and nonporous materials. 1o son-limiting examples, the cation permeable membrane
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may comprise a quatemary amipe group. The anion permeable membrane may

compnise a sulfonic acid group or a carboxylic acid group.

[0056] In some embodiments, the precipitation of the salts or other impurities
may not occur until the degree of saturation or supersaturation thereof 1s very high.
For example, calcium sulfate (CaSO,) often reaches a degree of supersaturation of
500% before precipitation occurs, which may be disadvantageous to the preciptation
system. Accordingly, in certain examples, seed particles (not shown) may be added
into the precipitation unit 14 to induce precipitation on surfaces thereof at a lower
degree of supersaturation of the salts or other 1onic tmpurities.  Additionally, the
agitation device {(not shown) andior the pump (not shown) may be provided to

facilitate suspension of the seed particles in the precipitation unit {4

{00S7) In non-hmiting examples, the seed particles may have an average
diameter range from about 1 to about 500 microns, and may have a concentration
range of from about 0.1 weight percent (wit %) to about 30 wt % of the weight of the
liquid in the precipitation zone. In some examples, the seed particles may have an
average diameter range from about 5 1o about 100 microns, and may have a
concentration range of from about 1.0 wt % to about 20 wt % of the weight of the
liquid in the precipitation zone. In certain applications, the seed particles may
comprise solid particles incloding, but not himited to CaSQ; particles and thewr
hydrates to mduce the precipitation.  The CaSQOy particles may have an average
drameter range from about 10 microns to about 200 microns. In some examples, the
CaSQ, seed particle concentration may be in a range of front about 0.1 wt % to about
2.9 wt % of the weight of the hqueid 1n the precipiiation zone, so that the concentration
of CaS0y in the solution leaving precipitation unit 14 may be controlled in a range

of from about 100% to about 150% of saturation.

[00S8] In other examples, one or more additives may be added into outflow
stream 19 to reduce the degree of saturation or supersaturation of some species. For
example, an acidic additive may be added 1nto the EDR or SCD outflow stream 19 to

reduce the degree of saturation or supersaturation of calcium carbonate (CaCOs).
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j0059] It should be noted that seed particles and additives are not limited to
any particular seed particles or additives, and may be selected based on specific

applications.

{0060] The precipitation unit 14 may be any device or vessel made of any
materials in any shapes or configurations that precipitation could happen therein. It
should be noted that precipitation device 14 is not limited to be used together with any
particular supercapacitor desalination {SCD) device or any particular electrodialysis

reversal {(EDR) device.

[0061] In another aspect, a method 1s provided. The method comprises:
treating a stream of feed water 11 in an electro~coagulation (EC) unit 10 to produce a
stream of BEC treated water 13 lesy sahine than the stream of feed water 11, treating the
stream of EC treated water 13 in an electrical separation unit 12 to obtain a stream of
product water 15 of lower salinity than the EC treated water 13, providing from a
precipitation unit 14 a stream of wash water 17 to wash the electrical separation unit
12 and become a stream of reject water 19, wherein precipitation in the precipitation
unit 14 produces the stream of wash water 17 of fower salinity than the stream of

reject water 19,

[0062] In certain examples, a stream 20 may be discharged to remove a
certain amount of the liquid to maintain a constant volume andfor to reduce the degree

of saiuration or supersaturation of some species in the precipitaiion unit 14,

[0063) Alter treatment by the EC umit, the hardness {e.g , the concentration of
Ca"" and/or Mg®"), the alkalinity (eg. the concentration of CaCO;) and the
concentration of silica of the water are decreased/eliminated, so the problems in the
electrical separation umit and the precipitation umt caossed by the hardness, the
alkalinity and silica are linited/eliminated, Besides, a combination of the EC unit, the
electrical separation unit and the precipitation unit significantly decreases the salinity

of the water and achieves above 95% of overall water recovery.
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EXAMPLES

j0064] The following examples are included 1o provide additional guidance to
those of ordimary skill in the art in practicing the claimed wvention, Accordingly,

these examples do not linut the invention as defined in the appended claims.

[0065] Compositions  of  different water were wmeasured  using  ion

concentration characterization in the experiment.

EXAMPLE

[0066] Synthetic feed water was prepared to have compositions shown in table
i below for simulation of the concentrate water from a reverse osmosis membrane
desalination device and have NaCl of a concentration to make the conductivity of the

synthetic feed water was about 9.8 mS/em.

Table 1
T I T W T woET
samplefcomposition] &8 Mg’ Na | ¢ SOy Si0; - Ba®
{mg) | {mehy | (gD | (me/D) | (mg/Dy | (ma'ly | (madly
svnthetic feed water] 553 202 923 | 1295 | 2191 75 0.01
EC treated water 42 017 836 859 461 0.25 <01
EDR feed water 42 {1 836 859 461 0 0
EDR product water{ 0.1 G 81.2 { 1151 349 0 b
[0067] The synthetic feed water was fed to an EC device at a low rate of 2.8

mi/min, The EC device was charged with a constant voltage of 5.1 V and the current
was 0.52 A, Both the anode and cathode of the EC device were iron plates. The area

of anode was 380 cm”. The composition of EC treated water is listed in table 1 above.

[0068] Electrodialysis Reversal (EDR) feed water was prepared to have
compositions shown in table 1 above. As can be seen from table 1, the EDR feed
water had compositions similar with those of the EC treated water except that the
EDR feed water did not comprise Mg™, $i0, and Ba’ because the concentrations of

Pa- . . « N
Mg, Si0; and Ba® 1 the EC treated water were too low 1o be simulated.
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[0069] The EDR feed water was fed into the dilute channel of the EDR unit to
produce EDR product water less saline than the EDR feed water. The EDR unit had 4
hydraulic stages and 1 eleciric stage, and cach hydraulic stage had 5 membrane cell
pairs, and the area of each membrane was 400 cm®. The EDR unit was run with

constant voltage mode, and the voltage was 20V,

{0070] The EDR unit was connected to a precipitation usit which provided a
wash stream to wash the concentrate channel of the EDR unit and received the reject
stream from the concentrate channel of the EDR. Before the experiment, about 300 g

calcium sulfate and EDR feed water were added info the precipitation unit so that an

initial concentration of calcium sulfate in the precipiiation unit was about 10%.

{0071 The polanty of the electricity and the concentrate/ditute channels of the
EDR onit were reversed every 1000 seconds, 1.¢., one cycle took 2000 seconds. The

flow rates of the EDR feed stream and the wash siream were both 25 V.

j0072] During the second cyele, the EDR product water {133 1) and waste
water (230 ml) discharged from the precipitation unit were collected to caleulate the
water recovery to be 1334023+133x100%=983% and for ilon concentration
analvsis. Since the water recovery of EC device was 100%, the water recovery of the
combination of the EC unit, the EDR unit and the precipitation unit was 98 3% if the
water recovery of a pretreatment unit was 83% to get the synthetic feed water, the
water recovery of a combination of the pretreatment unit, the EC unit, the EDR unit

and the precipitation unit would be (83+17x98 3%/ 100x100%=08 7%,

[0073] The composition of the EDR product water i3 also shown n table 1
above. It can be seen from table 1 that afler treatment by the EC unit, the removal
efficiency of Ca®" was (553-42)/353x100%=92 4%, and after further treatment by the
EDR unit, the removal efficiency of Ca™ was (§53-6.1)553x100%=98 9%, After
treatment by the EC unit, the removal efficiency of Mg®'. Ba® and silica were about
100%. Dae to the high removal rate of Ca®* and Mg™", the hardness of the water was

signitficantly decreased.
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[0074) In the experiment, no chemicals were added for treating the synthetic
feed water except that about 300 g of calcium sulfate was vsed as seeds in the

precipitation unit at the beginning, and no chemical was needed for the following

PrOCESS.
EXAMPLE 2
{075] Synthetic feed water was prepared to have compositions shown in table

2 below to simulate the concentrate water from a cooling tower. The synthetic feed
water was fed to an EC device at a low rate of § mb/min or 10 ml/min, The EC device
was charged with a constant current of 1 A, Both the anode and cathode of the EC
device were iron plates. The area of anode was 380 cm’. The compositions of EC

treated waters are listed in table 2 helow.

Table 2
atkalinity

samplet | Ca®” [Me™ | Na® | CF {8y {as femp) TDS b cond.

composition: {mg/) {mg/) (mgA) {{mg/D) {mgM)| CaCOs, {°C) (mgh) P {uS/om)
ppm)

SyRthetic  oc oci55 35 296 10/716.35 17.05 | 221.00 | 25 11305 801 “0r0-
feed water 00
EC weated 4352

water {10 | 1195110201303 45/32320; 0.28 | 5450 | 25 “%“” 8.161070.50

mi/min) "

EC treated

water {5 T3 1403 12003747230 024 1 3000 | 25 (800585016010

ml/min)
j0076] As can be seen from table 2, after treatment by the EC device, a large

pottion of the hardness and silica was removed. The alkalinity was decreased from
221 ppm to 54.5 ppm at the flow rate of 10 mi/min and 50 ppm at the flow rate of S

mi/min.

j0077] The Langelier Saturation index (LSI) is an equilibrium model derived
from the theoretical concept of saturation and provides an indicator of the degree of

saturation of water with respect to calcium carbonate.
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jO078] This index indicates the driving force for scale formation and growth
in terms of pH as a master variable. In order to calculate the LSI, it is necessary to
know the alkalinity (mg/L. as CaCOz or calcite), the calcium hardness (mg/L, Ca®’ as
CaCQy), the total dissolved solids (mg/l., TDS), the actual pH, and the temperature of
the water ("C): LSI = pH ~ pHs, pHs = (8.3 + A + B) - (C + D), where: A = (Logpe
[TDS]- 13/ 10; B =-13.12 x Logse (°C + 273) + 34 55, C = Logye [Ca™ as CaCOs] -
0.4, and D = Logs [alkalinity as CaCO; 1.

{00791 If LSI is negative: no potential to scale. If LST is positive; scale can
form and CaCQ; precipitation may occwr. If LSI is close to zero: borderline scale

potential.

0080] The L8I of synthetic feed waier was 0.66, likely to scale. After treated
with EC at g tlow rate of 10 ml/min, the LSI was lowered to -1.01, no risk of scaling.
After treated with EC at a flow rate of 5 ml/min, the LSI was lowered to -1.02, no sisk
of scaling. Hence, with EC’s treatment, the hardness, silica and the alkalinity of the

water was decreased; the scaling risk in the electrical separation unit was eliminated.

[0081] While the disclosure has been Hlustrated and described in typical
embodiments, 1t 13 not mtended o be hmited to the details shown, since vartous
modifications and substitutions can be made without departing in any way from the
spirit of the present disclosure. As such, further modifications and equivalents of the
disclosure herein disclosed may occur to persons skilled in the art using no more than
routine experimentation, and all such modifications and equivalents are believed to be

within the spirit and scope of the disclosure as defined by the following claims.
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WHAT IS CLAIMED IS:

1. A water treatment device, compnsing:

an electro-coagulation (EC) unit for reating a stream of feed water to produce a

stream of EC treated water of lower salinity than the stream of feed water;

an electrical separation unit for treating the stream of EC treated water to obtain a

stream of product water of tower salinity than the EC treated water, and

a precipitation unit for providing a stream of wash water to wash the electrical
separation umt and become a stream of reject water flowing back to the precipitation
unit, wherein precipitation in the precipitation wit produces the stream of wash water
of lower salinity than the stream of reject water.

2. The water treatment device according to claim 1, wherein the stream of EC
treated water is Jower 1n at least one of hardness, alkalinity, and sihea concentration
than the siream of feed water.

3. The water treatment device according to claim 1, wherein the stream of
product water is fower in at least one of hardness, alkalinity, and silica concentration
than the stream of EC treated water,

4, The water Weatment device according to claim 1, further comprising a
mentbrane desalination unit before the EC unit.

5. The water treatment device according to claim 4, wherein the membrane
desalination wnit is a reverse osmosis membrane device.

6. The water treatment device according to claim 1, wherein the electrical
separation amt comprises at least one of an electrodialysis reversal desalination
device and g supercapacitive desalination device.

7. Awater treatment method comprising:

treating a stream of feed water in an electro-coagulation (EC) unit to produce a
stream of EC treated water of tower salinity than the stream of feed water;

treating the stream of EC treated water in an electrical separation unit to obtain a

stream of product water of fower salinity than the EC treated water,

it
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providing from a precipitation unit a stream of wash water to wash the electrical
separation unit and become a stream of reject water, wherein precipitation in the
precipitation unit produces the stream of wash water of lower salinity than the stream
of reject water.

8. The water weatment method according to claim 7, wherein the stream of
feed water is from a membrane desalination unit.

9. The water treatment method according to claim 8, wherein the membrane
desalination unit is a reverse osmosis membrane device.

10, The water treatment method according to claim 7, wherein the electrical
separation unit is an electrodialysis reversal desalination device or g supercapacitive
desalination device.

tl.  The water trestment method according to claim 7, wherein the stream of EC
treated water 1s lower in at least one of hardness, alkalinity, and silica concentration
than the stream of feed water.

12, The water treatment method according to claim 7, wherein the stream of
product water s lower in at least one of hardness, alkalinity, and silica concentration

than the stream of BEC treated water,



