METHOD OF PRODUCI NG PURI FI ED WATER AND APPARATUS THEREFOR Cr oss- Ref erence
to Rel ated Application [0001] This application clains the benefit of
priority wbbniizeds4St at es Provi si onal Application No. 6pc3R6280Q%00169 ! ed 22
April 2010, the contents of which being hereby incorporated by reference it
its entirety for all purposes. Technical Field [0002] The invention relates
to a net hod oMEFHOR OIGPRODYCENG/RUBIFIED WATHER ANDEARPARATUSH i s
suspected to contain inpurities, and in particular, to a nmethod of
producing purified water via a forVHEREEORSI S process. An apparatus for
carrying out the purification nethod is also provided. Background '

[ 0003] Water scarcity has now becone one of the nost pressing challenges to
human civilization in the earth. G ow ng popul ati on and i ndustri al

activities, increasing |i ljogngg %@M&% gte 'cg oﬁ,l imte are placing
extrenme pressure on the %‘E%‘SWC‘EM% . i and energy resources.
Wast ewat e use.and seawat er. desglinatjon.are.fe tions tq i ncrease

dri nki ng (’&Q{i@r aﬁfsl ?frﬂ? CAYQR” clapms, rl?en(e,m PEHFOT@c#n@F{%]i @teﬁgarm}’)‘F‘BB ci ng
purified drinking water from such resources require substantial energy

i nput, whABRHICAHOR Hife 645328 A0nEledet? ARBL F0LY.dhe cenients abrwhishe beine hsecbyas

em ssions and climate change. In order to address these problens,

t r emendouscapougtad Uyastopenss it itdentirety fordhpurpgsenew t echnol ogi es for produci ng

purified drinking water at |ower energy input capacity in an
environnment al Iy sustai nabl e manner.

Technical Field

[0002] The invention relates to a method of producing purified water from a water
source which is suspected to contain impurities, and in particular, to a method of .
producing purified water via a forward osmosis process. An apparatus for carrying out

the purification method is also provided.

Background

[0003] Water scarcity has now become one of the most pressing challenges to
human civilization in the earth. Growing population and industrial activities, iﬁcreasing
living standard and changing climate are placing extreme pressure on the already-scarce
drinking water and energy resources. Wastewater reuse and seawater desalination are
few options to increase drinking water availability. However, current technologies for
producing purified drinking water from such resources require substantial energy input,
which at sorhe extent worsen the vicious cycle of greenhouse gas emissions and climate
change. In order to address tﬁese problems, tremendous effort has been taken to idéntify
new technologies for producing purified drinking water at lower energy input capacity

in an environmentally sustainable manner.



WO 2011/ 133114PCT/ SG2011/ 000159 [0004]In the field of drinking water
production, reverse osnosis (RO nenbrane process has been w dely used

gl obal | y.wohei1pisenaess enpl oys high hydralic pressure angcisiceinabolsd ow
circulation to force water through a sem perneabl e nmenbrane from a high
concentration solution to a | ow concentration solution. This is the

'rever se' [(904} he Indhe fickl pfadnnking ostaygireductindereverse Hemosis (RO orpttirare of
el ectrical energy for creating high hydralic pressure, coupled with severe
menbr ane poutssihgs peabiviiely ined glebadlly oThdprocess @aipl @athignhydialicisressuepamnt  of
alternative approaches to the RO process. [0005]In contrast to the RO

process, @@ rfbvosirasAtfon(tb@rcp WASQBrolBk 8 SeMfRrAbabl S eRBdt e HonP 8 TR S
phenonenon for the transport of water froma feed solution with a ['ow

sol ute com%tfﬁ%hO%lg%@t@ oS QJ)x&htehﬁ’.{&hdM Euflo @ Prs ! is tRe gl%gl&ggt Bf’“iﬂegn

across a sem pernea menbrane, Wt e osnotic pressur erenc

bet ween t , . draw solutions _as the Lving.force.. After water
nat ur al | ya'gtgl; rgrglgtfugéslq}lsn%glsﬂ ﬁ%dga?%iw R Vlﬁop%‘}wpt{%e&rcﬁl?cﬁ?%& eﬁ‘?rﬁ%f%ro‘frﬁ%tf% can
then be recycled.for reuse whi|e.high qualit r.oduct ter can_be
produced. h’@% ﬁ‘ygﬁlhﬁ PrEiviss FRHHI?A Wn‘tgssgﬂ‘?r% “@“r%%’é&f",“ﬂflﬁ é’r%IBT %&% R8s not
require significant energy input, only stirring or punping of the feed and
draw sol ufVestigatigeanddeyelppmen ternatize appreaghes pr be LI pweessrs t he

advant ages of |ess nenbrane fouling tendency and high rejection of solutes.
Recent | y, [0088] FOIpcounteast th e ROt practsedfogwardt osatassn{FIO) process amkest ase of

desal i nati on, wastewater reclamation, food and pharnmaceutical processing,
and power thgentiratdsomsis hiheroraenont foe theiraispodd Sf acke fadm ade@t soratidheith@
process industrially and globally in the application for producing purified

drinki ng et edluteSconcéridfdtioRlto! £\¥rHN 6B BHP Azht Q18R RBhBLRratbR W4 Wt es and
the purified water fromthe diluted draw solutions. Summary [0006] Vari ous

enbodi MendesipERELEIE hhb@EndBH P thd SrS@RABRLRr bR GRE Befrke e YA oied

1
wat er from a draw sol ution V\ntﬁﬂout a nee %or cons??%era_ e anount of energy

such as t . . t hod I farward osnDsi § _process
Fh o EPRATS BRI B AR IPLALE ol BB AR Bt
[ 0007] Vari ous e rovi.de for, a et hod roduci.n urified water

froma vvastog‘#logo H%g%lh&g‘? b??‘{? solutjen an then ggé‘?ﬁéff]&ﬁ];foip Hiolg i"fllﬁgsk.ﬁghf [u2l¥t hod

may i ncl ude:]{f&a) contacting the water source with a draw solution, wherein

the wat erPr8dif da@tescan ﬁ@%ﬁ’ﬁ%s@?%@r@%s@%@ﬂﬁ%&?@&f@efﬁa dhehpiosesbl e

menbrane that is permeable for water but essentially inpernmeable for

sol ut es cies aphieaUire sighidicaatt er gyninpyiherlyisHmingordrumping biite deedcandtdiaws a

chemcally precipitable water-soluble salt in a concentration that all ows

t he dr aw sbitions care tiovalvedy Meaewhile,otiet F@ pmtess effers cthe badvestapssi of less
membrane fouling tendency and high rejection of solutes. Recently, the FO process has
attracted great attention in seawater desalination, wastewater reclamation, food and
pharmaceutical processing, and power generation. However, the major obstacle of
adopting the FO process industrially and globally in the application for producing

purified drinking water is a lack of low energy methods to separate draw solutes and the

purified water from the diluted draw solutions.



(b) allowing water fromthe water source to flow through the sem perneabl e
menbrane to the draw solution, thereby diluting the draw solution and
concent r avongitizgiwat er source; (c) producing purified warsc2irnemnishe
diluted draw solution by: (i) adding a precipitant to the diluted draw
solution to precipitate the salt, wherein the precipitated salt conprises a
plurality of gel particles dispersed in water; (ii) adding a coagulant to
the plurality of gel particles to coagulate the plurality of gel particles;
and (iii) separating the coagul at edSgymmdnyom t he water. WO

2011/ 133114PCT/ SG2011/ 000159 [ 0008] Vari ous enbodi nents provi de for an

appar at us[00@6] pr darioungmpodiniéned py@idy fdrr D Methotiatoesepanite dRwvidlatesi Md
suspected to contain inpurities. The apparatus nmay include: (a) a first

cont ai nerpwgiieliviitéclohQ 81R6LioIGich WRIGRS ARALLE coRIREME aRbar e ehl%%&ei n
thereby formng a first portion for containing the water source and a

second pagth Q8 Hedf %IFCg 'ﬂ%%'sﬁl‘en §né rgétﬂem %ﬁgﬁ}{s%{] Iforwaﬁf 8&1905&%?& ?%Eir ngqu;g,abl €

menbrane 1S pernea or water but ess y i npernea ol ates
contained. in th ter a g wherein the draw solution contains a chemcally
preci pi tgﬁf“& %@el\g%s%’le{ﬁ}'lnt ALV SO PENTPat i on that al | ows the draw
sol ution bg%ﬂraw ter fromthe vvat_gr source by osnosis to thereby forma
di I uted dP@¥lsol Yeriars embpedimgnts pravide fy adnsthed pfproderingpypitiadivater from
diluted draw sol ution, wherein the second container is fluidly connected to
t he secorfdV#er 1ouse Wiick esuspecied teangimigpurifies ridienmethed may trelideont ai ner i s
configured to: (i) receive a precipitant feed wherein a precipitant is
added to the d#) woetcingthesvitet savncet withretrawisphitiont whersial the watrerseimet he
precipitated salt thus formed conprises a plurality of gel particles
di spersed in wat end the draw solution are separated by a semipermeable membrane that is

permeable for water but essentially impermeable for solutes contained in the

water and wherein the draw solution contains a chemically precipitable

water-soluble salt in a concentration that allows the draw solution to draw

water from the water source by osmosis;

(b) allowing water from the water source to flow through the semipermeable
membrane to the draw solution, thereby diluting the draw solution and
concentra_ting the water source;

(c) producing purified water from the diluted draw solution by:

(1) adding a precipitant to the diluted draw solution to precipitate the salt,
wherein the precipitated salt comprises a plurality of gel particles
dispersed in water;

(i) adding a coagulant to the plurality of gel particles to coagulate the
plurality of gel particles; and

(iii) separating the coagulated gel from the water.



(i1) receive a coagul ant feed wherein a coagulant is added to the plurality
of gel particles to coagulate the plurality of gel particles; and (iii)
separ at e wbeotigaguhat ed gel from the water. PCT/SG2011800189
Description of the Drawings [0009]In the draw ngs, |ike refererce

r to the sane parts throughout the different

character nerally ref ]
Vi ews. Th@ogg Wi 3’@%%&? snﬁeélmf'@é%g@éﬂdmfw o anperates K greducgamuidied waiet ead
general |y being placed upon illustrating the principles of various WO
2011/ 13315 aRCT /a0 Iayron viEch ésrisusticatedtts. cantain Hepluokies vl ey apfesatus piayon,
various enbodi nents of the invention are described with reference to the
f ol | owi ngindiuded ng. [0010] Fig. 1 shows a schematic di agram of the method of
producing purified water via a forward osnosis process. Description

(a) a first container configured to receive a semipermeable membrane placed

therein thereby. forming a first portion for containing the water source and a

second portion for containing a draw solution, wherein the semipermeable

membrane is permeable for water but essentially impermeable for solutes
contained in the water and wherein the draw solution contains a chemically
precipitable water-soluble salt in a concentration that allows the draw

solution to draw water from the water source by osmosis to thereby form a

diluted draw solution; and

(b) a second container for containing the diluted draw solﬁtion, wherein the
second container is fluidly connected to the second portion of ‘the first
container, wherein the second container is configured to:

(1) receive a precipitant feed wherein a precipitant is added to the diluted
draw solution to precipitate the salt, wherein the precipitated salt thus
formed comprises a plurality of gel particles dispersed in watér;

(1) receive a coagulant feed wherein a coagulant is added to the plurality

of gel particles to coagulate the plurality of gel particles; and

(iii) separate the coagulated gel from the water.

Brief Description of the Drawings

[0009] In the drawings, iike reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily drawn to scale,

emphasis instead generally being placed upon illustrating the principles of various



[0011] The follow ng detailed description refers to the acconpanying

drawi ngs that show, by way of illustration, specific details and

enbodi nenwe 20n/skilah the i nvention may be practised. These/senbagonsnt s are
described in sufficient detail to enable those skilled in the art to
practise the jnventjon. O her epbodi pents may be utilized and structural,

| ogi cal, dinents-rincthie felinesdsseptio. rareus/Frabrsimerfs 94 the Hyeptihartehe
scope of the_invention. The various enbodi nents are not necessarily

nut ual | y degenhediwith referergsrte thaipblavimgdrewowgn be conbi ned with one or nore

ot her enbodi nents to form new enbodi nents. [0012] Gsnosis is defined as the
net nover{@Ot0]jof Wig.drshassasshanstéd diagranedfith aretmdlfpratiinggueifidd waest by a
difference in osnotic pressure across the nmenbrane. A selectively perneable
menbr ane igh faeatPesmmadprocenbr ane) all ows passage of water nol ecul es, but
rejects solute nol ecules or ions. The sem perneabl e nenbrane filters the
inpurities froma water source (feed solution) which is suspected to
contain inmpurities, leaving purified water on the other side (perneate
side) of the nenbrane called perne eecr\xvzalttioer. The inmpurities left on the
menbr ane may be washed away by a p the feed solution that does not

pass thr t he ane. The feed solution carrying the inpurities washed
away fro(rwm mﬁﬂﬁgﬁ@owggaegadleggﬁ%tmp syfersite %ﬁrg"cﬁ‘???’@“‘.‘g drpysings that

2011/ 133114PCT/ SG2011/ 000159 [ 0013] Vari ous enbodi nents of the invention
make use SBPWadY SraNtdllystralions spactc dateitseans epbedimpety imsvhich thetinyemsionye
menbrane technol ogy for wastewater treatment due to the | ow energy

r equi r enenay bgpracusedullhesgfenibmdioents arengeserihadi io spffegent rdetadpplenatle thuisgh
rejection of a wide range of contam nants, and | ow nenbrane fouling
propensi tskillednipathe chrt to pragtise fte- thvieméon. M@t amBodineasSaeP beSutilizedsngever se
osnosis (RO . FO process uses the osnotic pressure differential across the
nmenbr ane stroétubiglogidalnamty eleatibilchRfi &8 $hHyebethhdesk #Rdut dbpdriss fromRR wo?_e esses)
as the driving force for transport of water through the nenbrane. The FO
process T2k tivehtlort OrHeSiroRk lefibolimdntealeSiffl el %W r}mﬁﬂgl}ﬂ E)%di'ﬁgi\(}l{] 8f a

hi ghly concentrated stream (referred to as the cfra solution). In’ other

wor ds, t il - nat [ n.. which makes
ise o coumEmpEREEat i bq SR bRP AR HE Ry pRFERHEE cRBSARTRRIE rpti{ng

semni per rrea%{xg. nmenbrane. The sem perneabl e nmenbrane acts as a sel ective
barrier 5 WS two sol ut i ons, and dom nates the efficiency of

f r eshwat ié transportation in the FO process. A concentrated draw_ sol ution
on the pdP¥te Ysmesiyrist9rdngd ms disenftsmoNemeBuPL &vaT adessa? iselestivalr ce in
the FO process, Different terns are used in the literature to nanme this

sol ut i on Peresablf membrang dsiyen biychdifissense it ogmetin pressureaerpssi the memitaaney nane
only a few. In a FO process the draw sol ution has a higher osnotic pressure
t han t he A eddctsvslupemreabler mempeae (or stmipesheabld feaibTie) stowp passagd bé

menbr anes used may be pol yner-based. Further, the menbranes may have a
dense selveatdri melebalys rbue rhjectd ad e intolecudes pgroivhs. | Ehyeesertipérnieablei érAranej ect i on
of di ssol ved conmpounds and provi di ng mechani cal strength respectively.

[ 0015] Varfil@gssthe HRg e & rémH Wifef Solres (Red881066h)0hiBk @sdéiﬁ{)éwed%r dontg wat er
froma water source which is suspected to contain inpurities, and an

appar at Ugmph&&f Mavidg' Surified water on the other side (permeate side) of the membrane
called permeate water. The impurities left on the membrane may be washed away by a
portion of the feed solution that does not pass through the membrane. The feed solution

carrying the impurities washed away from the membrane is also called "reject” or

“brine”.



1l illustrates a schematic flow diagramin one enbodi nrent. The water source
shown in this illustration is wastewater. [0016] The apparatus may include a
first conweinarizisconfigured to receive a seni perneabl ecrschiamne1s® pl aced
therein thereby formng a first portion 10a for containing the wastewater
and a secgn ortion 10b_for containing a draw sol utigon. Wastewater my be
fed to th@ofﬂfst Vigiops swbﬁglal%lﬁs afrithe dnpention make ape of & ferwagkouneRHE»O)The
draw solution nay be fed to the second portion 10b by any suitabl e neans,
such as aPrpfgse dewiepadssantaltemative megibrane technaldgyfonmasiewitentreatimentiditeer
source to flow through the sem perneabl e nenbrane to the draw sol ution,

t her eby diolth¢ lavg etiérgy decarivemehtiad o resah @ f ¢omoe nbd hatiiantic prasumaiappliciptighe .

[ 0017] The sem perneabl e- nenbrane 12 is perneable for water but essentially
i nper neablefecfion oF0d WigS reAY BF NOHtalindMie MRt Bfw FherhBi8ndl FaWinEObib Ry The
sem permeabl e nenbrane 12 may be of any suitable type conventionally used

in forwarg 93351§p1%§su EURTEL nie ﬁiesprBFél}?@ss%chT%lere% ro%%sig?f{@).i RS for

such sem perneabl e menbranes can be cel o%e, pol ysulfone, _

I h I ide. [0 The, d | uti t
oLtk s 8, ARNRT Ak ORI Y 381 UhiRPafRni b | oue
the draw . salution to d.&w wat.er frgg}‘the wast ewat er by o?ng{;si s to thereby

forma dil cd’tr%ﬁﬁ}l@d{’ tiephal (95 B0 nrpessses) anhesinyingforeeaipr Fansportitdr awn
fromthe second portion 10b by any suitable neans, such as a Pi pe. The
wast ewat e¥atgiathragghyithengieaimane: okhet KO process sailtsi n carpanisgtioangt ¢he fesdl e
means, such as a pipe, and is now concentrated with inpurities that cannot
pass t hr catiiontaad sélutipe ofre ditghdy wendsntiated $2ean) (@fdiedtte as dict draw sehitioh).e i n
the water of the draw solution and can be precipitated upon addition of a
preci pi t dntother\Word€) k¢ FBEArba&E T EEROhE /mAtWPdl S mosis phenomenon, which makes

use of concentration differences between the two solutions across a semipermeable

membrane. The semipermeable membrane acts as a selective barrier between the two

solutions, and dominates the efficiency of freshwater transportation in the FO process.

A concentrated draw solution on the permeate side of the membrane is the source of the

driving force in the FO process. Different terms are used in the literature to name this

solution including draw solution, osmotic agent, or osmotic media to name only a few.

In a FO process the draw solution has a higher osmotic pressure than the feed solution

(or reject or brine).

[0014] The semipermeable membranes used may be polymer-based. Further, the -

membranes may have a dense selective layer embedded onto a support layer for

providing rejection of dissolved compounds and providing mechanical strength

respectively.

[0015] Various embodiments provide for a method of producing purified water from

a water source which is suspected to contain impurities, and an apparatus therefor. Fig.



[0020] I n various enbodi nents, the chemcally precipitable water-sol uble
salt may be selected fromthe group consisting of alum niumsulfate,

magnesi unweubfiatgii4manganese sul fate, iron chloride, ireorsephavessand

al um nium chloride. [0021]1n the enbodi nent shown in Fig. 1, the draw
solution contains (Al 2(SO4)3) as the chem cally precipitable water-soluble
sal t, whi Erlysirates grashematiq fJow\diagram) ia.onp Gopjliment JPravaten soures/shovaini ncl ude
a second container (or separator) 14 for containing the diluted draw

sol ut i on. thitidusteationds westewataer 14 may be fluidly connected via a pipe to

t he second portion 10b of the first container 10 so that the diluted

Al 2( SO4) 3[0016)v s dhet apparahey mAly2{nSdk Za feayedrtdind 16 doanburkd af febgve acond
portion 10b is fed to the second container 14 for separation. The second

cont ai nergehfindhtable HeRbiaae©d Ffa@ed QHeBdiN Ghéreby ?&ﬂnﬁh% 3Nfirsf ?@Hio‘fpﬁfaé Eéf a

precipitant 1s added to the diTuted draw solution to0 precipitate the salt,
and where i I I e | ural.ity of
Gel part | Aluiife B SLBAGE o Sedifl ook Bor"R 1Y cotinii®s B W BHbY
second ¢ iner 14 via.g .separate pipe  for exa . Alternatively, the
preci pi tgﬂ;tagtﬁﬁ@{eb@agﬁjﬁeﬁattﬁﬁerlér%@%@%@% '?%E%f‘gpabﬁ‘@‘éﬁsb&c ra8 aRPer i ng
t he second cont ai Pe_r 14. [0023]In various enmbodi nents, the precipitant may
be sel ect &2 FRBFOIUONGRBLYE tedriRithg sssgndportian dPh by sy duitablamermprstshicsoxi de,
sodi um hydr oxi de, potassi um hydroxi de, barium oxi de, and bariumsilicate.
[ 0024] | n & pigecyriBeientifne &hgivien foraliovgwater fromethp matdr spwraato flew dlabuglutheoxi de
(Ca0), which is commercially available. [0025] The second contai ner 14 nmay
be f urt hesenupermieghle ettmbrane tetheairaw sohioh atherebg elilutihg kel draw sobamnl aadt | s
added to the plurality of gel particles to coagulate the plurality of gel
parti cl esconddigraciogeid water soaycde fed to the second container 14 by any

[0017] The semipermeable membrane 12 is permeable for water but essentially -

impermeable for solutes contained in the water of the draw solution. The semipermeable

membrane 12 may be of any suitable type conventionally used in forward osmosis or

reverse osmosis process. The membrane materials for such semipermeable membranes

can be cellulose, polysulfone, polyethersulfone, and polyamide.

[0018] The draw solution contains a chemically precipitable water-soluble salt in a

~concentration that allows the draw solution to draw water from the wastewater by

osmosis to thereby form a diluted draw solution. The diluted draw solution may be

withdrawn from the second portion 10b by any suitable means, such as a pipe. The

wastewater may be withdrawn from the first portion 10a by any suitable means, such as

a pipe, and is now concentrated with impurities that cannot pass through the

semipermeable membrane 12.

[0019] The salt is soluble in the water of the draw solution and can be precipitated

upon addition of a precipitant.



sui tabl e means, such as a pipe. The second container 14 may al so be
configured separate the coagulated gel fromthe water, thereby producing
purified weterysenarated fromthe diluted draw sol uti onpcr8e26iitonorsar i ous
enbodi nents, the coagul ant nmay be negatively charged. [0027]1n various
enbodi ments, the coagulant. nay be in the formof a particulate. The size of
the parti Q9% e dBXatPus embrdimenatss theehaminatly prepinitableawaligr-salole galt f2y028] | n
vari ous enbodi ments, the coagul ant may be selected fromthe group

consi st i nee otleeted | framethes graupa comnistingi of phinyimive t sublate; emagnesiom( silifjte,o0xi de,
zeolite and silicate. [0029]1n one enbodi nent, the coagul ant may be sodi um

si | i cat e. mh6aBedel snlfatepirtue chlerie diomEsutphateh endalagidiamtchioridebe ani oni ¢
pol yacryl am de. [0031] I n further enbodi nents, the coagul ant nay al so be

magnet i c. (08P CO&IHARhbITNAONHDWT inOFigd 1 AL SN 8blutiBRRORGt I(&l, 04'232 one

such enbodi nent, the coagulant may consist of an iron (IIl) oxide re and

an acti vajsatle SenliCa1ySs¥etipitable water-soluble salt, which is commercially available.
[0022] The apparatus may also include a second container (or separator) 14 for
containing the diluted draw solution. The second container 14 may be ﬂuidly connected
via a pip;: to the second portion v10b of the first container 10 so that the diluted
Aly(SO4); draw solutinn (or Alx(SO4); recycle) withdrawn from the second portion 10b
is fed to the second container 14 for separation. The second container 14 may be
configured to receive a precipitant feed whereby a precipitant is added to the diluted ..
draw solution to precipitate the salt, and whereby the precipitated salf thus formed may
include a pl—urality of gel particles dispersed in water. The precipitant may be added to
the second container 14 .via a separate pipe, for example. Alternatively, the precipitant
may be added to the Al(SO4); recycle stream before entering the second container 14.
[0023] In various embodiments, the precipitant may be selected from the group
consisting of calcium oxide, calcium hydroxide, sodium hydroxide, p.otassium
hydroxide, barium oxide, and barium silicate.
[0024] In the embodiment shown in Fig. 1, the precipitant is calcium oxide (CaO), -
which is commercially available.
[0025] The second container 14 may be further configured to receive a coagulant
feed wherein a coagulant is added to the plurality of gel p'articles to coagulate the
plurality of gel particles. Thé coagulant may be fed to the second container 14 by any

suitable means, such as a pipe. The second container 14 may also be configured separate



[0032] I n various enbodi nents where the chem cally precipitable soluble salt
is alumniumsulfate and the precipitant is cal cium oxide, each gel

particl e WO 2a113gtidr e of al um ni um hydr oxi de and cal ci uRCISIGRe1H001Fhen

al um nium hydroxide is precipitated in water as the solvent, the hydrated

al um ni um hydroxide forns gels whjch are positively charged. Due to such
el ectri cgﬂle %ﬁ%ﬁ@f’éi‘fg%af&{n&gq WB’&F’ttL@FEY PEYBFiaE piyETigh Siates sepaseted &rom heer sed
in water as a plurality of gel particles. A negatively charged sodi um

silicate @N@Sﬁmﬁol%loadded as a coagul ant to coagul ate the gel particles
of al um ni um hydroxi de and cal cium sul fate. The coagul ated gel m xture of

al um ni uri0B36r oximegricsalesibodinsenits, aliexcoaguldntanay bémepativelgickargbdinp t oget her
and forma floc. The floc may be deposited to the bottom of the diluted

draw sol yooz7 anth variovistdmstioanenth the chilaldr® Pndy BE4indthe oS BPY SrtamiIRlr i i ed
water fromthe second contai ner 14. 2011/ 133114PCT/ SG2011/ 000159

[ 0033] Theree RN tkOpdrabile challRtY nbf, Belid i §hoi A &kt { §PhmShown) to
ZTRg oy B ot aort e W m

receive an-acid feed, wherein added to the coagulated gel to
recover t hem.cal .y preci pi | e, water-sqol ubl e salt [ 034%n vari ous
enbodi ne ? gﬁﬁt hg1 na?%%éfunsa?%%%&g{eeﬁgscﬁlé% ¢ ?%lrlﬁnﬁ Hga\ﬁ?’(gui?llec%er‘?sggﬂ 8PYBul furic
acid, chlori.c.acid, an itric acid. 035] 1 n one e di nent where the
cheni cal 19§78 B?taﬁﬁYé’ge‘@]\éﬂl&ax 29190 é’%g‘/éfetclff’@‘%ﬂmﬁ ZBﬁnP’éléF’f gqdite @pd acid
is sulfuric acid. [0036] The recovered chem cally precipitable water-soluble
salt al urfilifeifm sul fate may then be reused in the draw sol ution again.

[0029] In one embodiment, the coagulant may be sodium silicate.

[0030] In another embodiment, the coagulant may be anionic polyacrylamide.
[0031] In further embodiments, the coagulant may also bé magnetic. The coagulant
may consist of a core/shell nanoparticle. In one such embodiment, the coagulant may
consist of an iron (III) oxide core and an activated silica shell.

[0032] In various embodiments where the chemically precipitable soluble salt is
aluminium sulfate and the precipitant is calcium oxide, each gel particle is a mixture of
aluminium hydroxide and calcium sulfate. When aluminium hydroxide is precipitated in
water as the solvent, the hydrated aluminium hydroxide forms gels which are pbsitively
charged. Due to such electrical charges, each gel particle repels one another and is
dispersed in water as a plurality of gel particles. A negatively charged sodium silicate
(Na;Si0s) is added as a coagulant to coagulate the gel particles of aluminium hydroxide
and calcium sulfate. The coagulated gel mixture of aluminium hydroxide, calcium
sulfate, and sodium silicate clump together and form a floc. The floc may be deposited
to the bottom of the diluted draw solution and is withdrawn while the top liquid is

removed as purified water from the second container 14.



[0037] Cal cium sul fate present in the floc may be subsequently precipitated
as a useful by-product. Calciumsulfate has wide applications in

const r uctwonpif®stisl i zer and bi onedi ci ne. [0038] The coagualrastomayedd so be
subsquently recovered fromthe floc and reused in the purification process
agai n. [OOSQ;The concentrated wastewater w thdrawn fromthe first portion
10a may b8033lch iThe seqeadicentainet &4 mayrhe fheherisenfigered (najshewmde stsietveraact or
16 to generate a biogas (nmethane) as a useful fuel. [0040]1In order that the
i nvent i oracidhyeelde wheredh the acidas stidatitaatic @apulatetl geptactdosed thef dhentically
particul ar enmbodi ments will now be described by way of the follow ng

non- | i ni tpragpesdewhes-soluble salt. . Exanpl es [ 0041] The
following illustrates exanpl es of various negatively charged coagul ants

used to syl at g PATdusi HIoNih AL, 480 adE mdIHd defdcR3 %ﬁ% lﬁ@'ic&sm&gf- The

draw sol ution consists of alum ni'umsulfate as the chemc preci pitable
sol ubl e Sﬁsﬁlmga&@,echloric acid, and nitric acid.

[0035] In one embodiment where the chemically precipitable water-soluble salt is
aluminium sulfate, the acid is sulfuric acid.

[0036] The recovered chemically precipitable water-soluble salt aluminium sulfate
may then be reused in fhe draw solution again.

[0037] Calcium sulfate present in the floc may be subsequently precipitated as a
useful by-product. Calcium sulfate has wide applications in construction, fertilizer and |
biomedicine. |

[0038] ‘The coagulant may also be subsquently recovered from the floc and reused
in the purification process again.

[0039] The concentrated wastewater withdrawn from the first portion 10a may be
rich in organic matters and may be fed to an anaerobic reactor 16 to generate a biogas
(methane) as a useful fuel.

[0040] In order that the invention may be readily understood and put into practical
effect, particular embodiments will now be described by way of the following non- -

limiting examples.

Examples

[0041] The following illustrates examples of various negatively charged coagulants
used to coagulate positively charged gel particles dispersed in water. The draw solution

consists of aluminium sulfate as the chemically precipitable soluble salt and the
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precipitant is calciumoxide. The resultant gel particles are m xtures of
al um ni um hydr oxi de and cal cium sulfate, and are positively charged.

Exanpl e woReB@3Si1@2 as [ 0042] Fe304@5i 02 core/ shel | nanepasceeiimsotsiat are
negatively charged and magneti c are added to the diluted draw solution to
coagul ate the gel particles. e floc is fornmed by ionic binding between
the posi tRgEPiant Hér‘iﬂ@d‘n@e@’“ﬂ)"arnﬂf‘c resyltaniagel martirdesa ey X uieh f GlUMmEw04 @5i 02
coagulant. The floc is then easily and fully renoved under application of
an exter riaxldmm%@td@ldwrelscﬂfawmqyeawtﬂveixeahargquer manent nmagnet, the draw
sol ution beconmes clear within mnutes and the floc is deposited near the
magnetic field due to the magneti c coagul ant particles. The clear top
liquid is then taken out as the final water product. The roles of the

negatively charged and.nm,m{,?gﬂ;q@%i@sﬁj’z M@J@mﬁ{tl nanoparticles are to
bot h coagul ate the gel partrcles an 0 I ncrease € rate of separatl on Vi a
a magneti jiel d : Lo Ny . F s f e a

[ 0043] Anllgn‘lié po %’?é g)(rgri g%reégg&%@gﬁgggﬁg %ﬁ {gﬁg %%D%& ghagg/ o) ut| on to
coagul at e i cl.es..;. The.f S forrre oni,.c_bi ndi t ween

t he posi tlé%]l%g}gc a1 g8 % h '%gi-[?cfgﬁa sso P Res0 %Ldﬁ%t BB p@ﬁéﬁlifeg.ﬂﬁ

coagul ant.. The floc.is he reC| d t.Q the bottom of the draw

sol ution.is 'IfﬂEn &¥r s, by d’e% P%t‘ﬂ'éYF 1y pharged ¢ gpd WH%{FS \iad gthe
product . npl e 3. Sodium Sificate (NaZiw as Coagul ant

2011/ 1331@3%)}5@2@@ bodu@Pifocaagubeani Uhe doriie thea e(amésmcb@;lly emaydéd to

the diluted draw solution to coagul ate
under application of an external magnetic field. When placed near a permanent magnet,

the draw solution becomes clear within minutes and the floc is deposited near the
magnetic field due to the magnetic coagulant particles. The clear top liquid is then taken
out as the final water product. The roles of the negatively charg‘ed and magnetic
Fe304@Si02 core/shell nanoparticles are to both coagulate the gel particles and to

increase the rate of separation via a magnetic field.

Example 2: Anionic Polyacrylamide (PAM) as Coagulant

[0043] iAnionic polyacrylamide (PAM) is added to the diluted draw solution to
coagulate the gel particles. The floc is formed by ionic binding between the positively |
charged gel particles and the negatively charged PAM coagulant. The floc is then
precipitated to the bottom of the draw solution. The clear top liquid is then taken out as

the final water product.

Example 3: Sodium Silicate (Na,Si05) as Coagulant

11



the gel particles. The floc is fornmed by ionic binding between the
positively charged gel particles and the negatively charged Na2Si O3

coagul antwoBba/f3bng i s then precipitated to the bottom etrisieeodrayyso
solution. The clear top liquid is then taken out as the final water
product . 45] Wai | e the invention has been particularly shown and v
descr i bed%az?‘ﬂh r éPélrugh%lﬁC%t% (NpaQ5)iie addasogithe Aruted frave spiwution t9ecoggiiatest ood
by those skilled in the art that various changes in formand detail may be
made t hertbe gehparticdes: The flacts fagmied bsnietie binding hetwern the ppsitivdly chargedhgadnt i on
as defined by the appended clains. The scope of the invention is thus

i ndi cat edpatycleshandathp anghiveby chiangeda¥ia Si0] coagalage Thetioc s thefiprecipitatidnot he
meani ng and range of equival ency of the clains are therefore intended to be
enbraced. the 6bi@o®f the'irawidanMion! TRE BIRMCIOP BiqRid is thdal@ it af BRI WRtET
source which is suspected to contain inpurities, conprising: (a) contacting
the waterysgugce with a draw solution, wherein the water source and the
draw sol ution are separated by a sem perneabl e nenbrane that is perneable

for water es ially inpernpable for solutes,contained in the. water
and V\/nerellﬂﬁ Ihe gﬁﬁ% Z% URY B8 o it PR apagﬁ%lhé}f a|SP9Wbr@ﬁ1§‘F§%‘5’Fé with®
wat er-soluple salt in.a concentratiqgn t allows_ the draw_solutjon to draw
wat er fr dMmTEe \X%PE?CIQ‘E)G’F‘BBSW%% °§fdh€?))m‘iﬂr teod hlj thpse skilled gmthe artwat er
source to flow through the sem perneabl e menbrane to the draw sol ution,
t her eby dhatuariags ¢haages iadonnend defall may hegnedenthergin wishowideparting fromuthee; (c)
producing purified water fromthe diluted draw solution by: (i) adding a
preci pi t @ptrittand tshepedéf] the duivedtianvas dfimedoby the gppemdedidaims. tlihe ssapet of thbaer ei n
the precipitated salt thus forned conprises a plurality of gel particles
di sper sednventivatiethus (adijateditly tg: appeodgiidiainis 4nd dlhehapkes which omk viiedin
particles to coagulate the plurality of gel particles; and

the meaning and range of equivalency of the claims are therefore intended to be

embraced.
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(1i1) separating the coagul ated gel fromthe water. 2. The nethod of claim
1, further conprising: (d) recovering the chemcally precipitable

wat er - solWibl2e115@Bt14by addi ng an acid to the coagul at ed ®E/SG30TIHe01IEt hod of
claiml1 or 2, wherein the chemcally precipitable water-soluble salt is
sel ected é om the group consisting of alum niumsulfate, magnesium sulfate,
manganes ate, iron chloride, iron sulphate, and al um nium chloride. 4.
The nmethod of claim 3, wherein the chemcally precipitable soluble salt is
al umi ni un-sul Famsthosl ofradyamgpryifisd waier Gem aovater soupes Whigh ivsuspdetaddon t he
precipitant is selected fromthe group consisting of calcium oxide, calcium
hydr oxi decontagdimpurtigsireoripgsingpot assi um hydr oxi de, bari um oxi de, and barium
silicate. 6. The nmethod of claim5, wherein the precipitant is cal cium

oxide. 7. The (aptcontciiig theavareSsourdeewithia driwe soligidhC@hérginithe evapdrisatifce
soluble salt is alumniumsulfate, wherein the precipitant is cal cium

oxi de, and wher eiaid @R lra8ekolRA6H bfd fphated BY ¥ kbthfpeRtheld HehibriReHar gxi de
and cal ci um sul f at e. -

permeable for water but essentially impermeable for solutes contained in the

’ water and wherein the draw solution_contains a chemicélly precipitable
water-soluble salt in a concentration that allows the draw solution to draw
water fromr the water source by osmosis;

(b) allowing water from the water source to flow through the sémipermeable
membrane to the draw solution, thereby diluting the draw solution and ‘.
concentrating the water source;

(c) | pro.ducing purified water from the diluted draw solution by:

(1) adding a precipitant to the diluted draw solution to precipitate the salt,
wherein the precipitated salt thus formed comprises a plurality of gel
particles dispersed in water;

(ii) adding a coagulant to the plurality of gel particles to coagﬁlate' the
plurality of gel particles; and

(i) separating the coagulated gel from the water.

2. The method of claim 1, further comprising:
(d) recovering the chemically precipitable water-soluble salt by adding an acid
to the coagulated gel.

3. The method of claim 1 or 2,

13



8. The method of any one of clains 1 to 7, wherein each gel particle is
electrically charged. 9. The nethod of any one of clains 1 to 8, wherein

t he coagweannimegaui vel y charged. WO 2011/ 133114PCT/ SGROTHGRMO008@540. The
met hod of any one of clains 1 to 9, wherein the coagulant is selected from
t he group consi ti.nghof actiyated silica, anjonic_polyel ectrolt};te, I ron

(111) oxide, ¥reipdheeheniraliyepreeipitable watg-spubigowligs selegiedirom thomeoupi n ¢ he
coagul ant is sodiumsilicate, 12. The nethod of claim 10, wherein the
coagul ant is ®engping pblalueiniung mulfete, MBignaiem nwifated nedngamase gulfatef irohai s 1
to 12, wherein the coagulant is negatively charged and magnetic. 14. The
met hod of cl aicmdiBle, indreswplmte, rad abmginhumnthlondgr i ses a cor e/ shel |
nanoparti cl e. ' .

4. The method of claim 3,

wherein the chemically precipitable soluble salt is aluminium sulfate.

5. The method of any one of claims 1 to 4,
wherein the precipitant is selected from the group consisting of calcium oxide,
calcium hydroxide, sodium hydroxide, potassium hydroxide, barium oxide, and

barium silicate.

6. The method of claim 5,

wherein the precipitant is calcium oxide.

7. The method of claim 6,
wherein the chemically precipitable soluble salt is aluminium sulfate, wherein
the precipitant is calcium oxide, and wherein each gel particle is a mixture of

aluminium hydroxide and calcium sulfate.

8. The method of any one of claims 1 to 7,

wherein each gel particle is electrically charged.

9. The method of any one of claims 1 to 8,

wherein the coagulant negatively charged.
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15. The net hod of claim 14, wherein the coagul ant conprises an iron (lI1)
oxi de core and an activated silica shell. 16. The nethod of any one of
claim1 two2811/\BBrei n t he coagul ant conprises a parti cRCASS201D00Ise et hod
of claim 16, wherein the size of the particulate is fromabout 1 nmto
about 100 p,m 18. The nethod of any one of clains 2 to 17, wherein the
acid is selected fromthe group consisting of sulfuric acid, chloric acid,
and nitric acid. 19. The nethod of claim 18, wherein the acid is sulfuric
acid. 20.10an aPisanethod of eny greoefiddaimg Ipadi fi ed water froma water source
which is .

wherein the coagulant is selected from the group consisting of activated silica,

anionic polyelectrolyte, iron (III) oxide, zeolite and silicate.

11. The method of claim 10,

wherein the coagulant is sodium silicate.

12. The method of claim 10,

wherein the coagulant is anionic polyacrylamide.

13.  The method of any one of claims 1 to 12,

wherein the coagulant is negatively charged and magnetic. |

14. The method of claim 13,

wherein the coagulant comprises a core/shell nanoparticle.

15. The method of claim 14,
wherein the coagulant comprises an iron (III) oxide core and an activated silica

shell.

16.  The method of any one of claim 1 to 13,

wherein the coagulant comprises a particulate.

17. The method of claim 16,
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suspected to contain inpurities, conprising: (a) a first container
configured to receive a sem perneabl e nenbrane placed therein thereby
form ng awbi2s13panti on for containing the water sourcepamgcaoamoosg
portion for containing a draw sol ution, wherein the sem perneabl e menbrane
is perneable for water but essentially inpernmeable for solutes contained in
the water and Wraeigithe sigeofithgpagisulats i§frome Abauit A umtocabert KX . preci pi tabl e
wat er-soluble salt.-in a concentration that allows the draw solution to draw
water fromthe water source by osnosis to thereby forma diluted draw
solution; and (b) a second container for containing the diluted draw

sol uti on, 18sherHieméthed s£apnehecsfidingrtoilg, f1 ui dly connected to the second
portion of the first container, wherein the second container is configured

to: (i) recei V\ﬂae'i\ei_i?-lrtﬁéia@ﬂd"i@%l_eEfe@Q‘rd&ﬂQﬁ@%u?to%hﬁ%@ PRl RANQHIHR the

diluted draw solution to precipitate the“salt, wherein the preéipitated

salt thus for L a plurality of gel particles dispersed in water;
(ii) receive a%ghéggﬁﬁ%}rll?g‘fqged wherein a coagulant is added to the plurality

of gel particles to coagulate the plurality of gel particles; and (iii)
separate the coagul ated gel fromthe water. 21. The apparatus of claim 20,
wherein the second ﬁ&gtgi ner is further configured to receive an acid feed,
wherei n the adits methodigbelaing1$.ne coagul ated gel to recover the chemcally
precipitable water-soluble salt. 22. The apparatus of claim20 or 21,
wherei n the clhéirredalthgacd seupriabéid. wat er - sol ubl e salt is selected fromthe
group consisting of alum nium sul fate, magnesi um sul fate, nanganese
sulfate, iron chloride, iron sul phate, and al um nium chl oride. 23. The
apparatus of claim 22, '
20.  An apparatus for producing purified water from a water source which is
suspected to contain impurities, comprising:
(a) a first container configured to receive a semipermeable membrane placed
therein thereby forming a first portion for containing the water source and a
second portion for containing a draw solution, wherein the semipermeable
membrane is permeable for water but essentially impermeable for solutes
contained in the water and wherein the draw solution contains a chemically
precipitable water-soluble salt in a concentration that allows the draw
solution to draw water from the water source by osmosis to thereby form a
diluted draw solution; and
(b) a second container for containing the diluted draw solution, wherein the
second container is fluidly connected to the second portion of the first
container, wherein the second container is configured to:
(1) receive a precipitant feed wherein a precipitant is added to the diluted

draw solution to precipitate the salt, wherein the precipitated salt thus

formed comprises a plurality of gel particles dispersed in water,
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wherein the chemcally precipitable soluble salt is alum niumsulfate. 24.
The apparatus of any one of clains 20 to 23, wherein the precipitant is

sel ect ed woamwieiigr oup consi sting of cal ci um oxi de, calpcirsoimidoesy de,
sodi um hydr oxi de, potassi um hydroxi de, barium oxi de, and bariumsilicate.
25. The apparatus_ of claim 24, wherein the precipitant is calcium oxide.
WO 2011/ 133114PCTiidGreeciypaceazulay feerthwherpinag eqagylast isciddpdrithe phiralityi n t he
chemcally precipitable soluble salt is alum niumsulfate, wherein the
preci pitant is cal ci whgskpatticlestwdcoaigelats the phdlity ef gglattiotdsearids a ni xt ure of
al um ni um hydr oxi de and cal cium sul fate. 27. The apparatus of any one of

claims 20 to 26, (whersepararRabdcepuldped idl Goe the wek@ctrical |y charged. 28. The
apparatus of any one of clainms 20 to 27, wherein the coagul ant negat i vel y

charged. 29. The apparatus of any one of clainms 20 to 28,

21.  The apparatus of claim 20,
wherein the second container is further configured to receive an acid feed,
wherein the acid is added to the coagulated gel to recover the chemically

precipitable water-soluble salt.

22.  The apparatus of claim 20 or 21,
wherein the chemically precipitable water-soluble salt is selected from the group -
consisting of aluminium sulfate, magnesium sulfate, manganese sulfate, iron

chlc_)ride, iron sulphate, and aluminium chloride.

23.  The apparatus of claim 22,

wherein the chemically precipitable soluble salt is aluminium sulfate.

24.  The apparatus of any one of claims 20 to 23,
wherein the precipitant is selected from the group consisting of calcium oxide,
calcium hydroxide, sodium hydroxide, potassium hydroxide, barium oxide, and

barium silicate.

25.  The apparatus of claim 24,

wherein the precipitant is calcium oxide.
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wherein the coagulant is selected fromthe group consisting of activated
silica, anionic polyelectrolyte, iron (l111) oxide, zeolite and silicate.

30. The appavatisiief claim 29, wherein the coagul ant i spsegicamisdiseat e.

31. The apparatus of claim?29, wherein the coagulant is anionic

ol yacryl am de, 32. The aratus of any one of clains 20 to 31, wherein
ltoheycoaélﬂ nt T@W@g&fl}s\@f& 18142 ged and- nmagnetic. 33.The apparatus of claim
32, wherein the coagul ant conprises a core/shell nanoparticle. 34. The
appar at us of cwbﬁr@mag,e cheraicelly prévépitableysdlubie selbrip alusmsiuansulfase) Wheréin oxi de
core and an activated silica shell. 35. The apparatus of any one of claim
20 to 32, wherthé praciygtanpésgedlcintn axdd@rdndeshaeinagach @el piréicle is a mixture of

aluminium hydroxide and calcium sulfate.

27.  The apparatus of any one of claims 20 to 26,

wherein each gel particle is electrically charged.

28.  The apparatus of any one of claims 20 to 27,

wherein the coagulant negatively charged.

29.  The apparatus of any one of claims 20 to 28,
wherein the coagulant is selected from the group consistihg of activated silica,

anionic polyelectrolyte, iron (III) oxide, zeolite and silicate.

30.  The apparatus of claim 29,

- wherein the coagulant is sodium silicate.

31.  The apparatus of claim 29,

wherein the coagulant is anionic polyacrylamide.

32.  The apparatus of any one of claims 20 to 31,

wherein the coagulant is negatively charged and magnetic.

33.  The apparatus of claim 32,

18



36. The apparatus of claim 35, wherein the size of the particulate is from
about 1 nmto about 100 pm 37. The apparatus of any one of clains 21 to
36, wherewovhei3sanisd i s selected fromthe group consi stipog/sehorwbéisyi c
acid, chloric acid, and nitric acid. 38. The appar at us of claim 37, wherein

the acid is sulfuric acid.
wherein the coagulant comprises a core/shell nanoparticle.

34.  The apparatus of claim 33,'
~ wherein the coagulant comprises an iron (IIT) oxide core and an activated silica

shell.

35.  The apparatus of any one of claim 20 to 32, _

‘wherein the coagulant comprises a particulate.

36.  The apparatus of claim 35,

wherein the size of the particulate is from about 1 nm to about 100 um.
37.  The apparatus of any one of claims 21 to 36,
wherein the acid is selected from the group consisting of sulfuric acid, chloric

acid, and nitric acid.

38.  The apparatus of claim 37,

wherein the acid is sulfuric acid.
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