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Field 100011This disclosure relates generally to the purification of
fluids and nore specifically to the desalination and purification of
seawat er or brackish water. Related Art 100021Today's world has

i ncreasi ngIYER 0BT need for fresh, drinkable water. Current  pATENT
desertification is taking place nuch faster worl dw de than
historically, arising fromthe demands of increased populations. In

addi tion, freshwater resouraZIHMSNPMETAIEHOoReSCal ating the
need for a new economcally efficient wa torpr oduc;é{)ot abl e wat er.
EL{UéD dhgIfdead|t

10003] The abundant av&ORYWARR OSMOSES Mhent of new
technol ogi es for desalination of brine and brackish waters will be a
potential solution to the pressing worldw de problemof limted
freshwat er supplies and sources, WAGKGRQUNPoci etal benefits and

i npacts. i&xsictll}er]ﬁ is global demand for desalination and fluid

purifi cat eral. [0004)Desal i nati on usi ng menbrane processes,

whi ch mai nly r@bytjupomhisesielsareordes SerlefAlly, toathe pRfifsRRdL! of f1li8s and more
fastest grow_ng technol ogy, approximating around 22% of world

desal i natqpéﬂﬁﬁab’deiﬂ?eyqesﬂwg%@M@?@Wéﬁ‘ﬂ%}ﬁ&?ﬁbﬁlcbﬁb%We to

over conme jlg9ampti c pressure of salt solutions, allow ng

wat er - sel ective perneation of salt-free water to mgrate fromthe

sal i ne side of[080XenbFadwy’st wotlthéna$ nmsénspiphr gishide neddofve \fesh, BRDkayistvens.

need hig ressur 0 to 100 atmor. 800 to Q si).and extensive
ot 1 oot ARG BHCE et 1S P Rish frite afr Bads Bap MRl b apR e
RU nenbr ahe dehariiofigndrensed paaaions. GOMRIG] fosHwaid riehNes BreaRMM depRied,
to 50% Furthernpre, initial nmenbrane costs and repl acenent issues

| ead to HISEHAEEHNE BfcdiiPRARThernemisally sHicteat MY amseduse potabRy algrst ens.
100051 Not wi t hghgspdi ngnhd hﬁ)uﬁ@ﬁ@ngmgﬂi& NoMAELLS atBUTdhf ?@\;él ent of new
techni ques, and in particular water desalination (purification

t echnol odggchnplogies 4pyi deshlination op bring dndgbredsshowattrstwiide appaesiakesdutienntaitine
significantly hi r.than the.cost,ef retrieving natural fresh.water
o o Froredb RS PRB0S BRRkb Bo Pl TR SR ePRi RS Gult T g
as pot abltenéfiteatd wapaers. Tk eliere isnglobee delaid thr JeatiBGionl AN palifidation in
priced for wholesale at $100 to $450 per acre-foot, depending on
geogr aphi®™#8tati on and proxinity to freshwater sources. In
California, theyoupol eSabEndiRstusti hiBEANEbRECIsS, MRREARLTBL &

per acre-foot. F?ngsent I y,nt he ugos%t of o!esgl i %gt fonR{hs %IﬁB{ h@ylrl%ﬁlg'gv% ©
$617 to $9@Psip&ROcare prasentlyothe destest rearieg tashn@egy, Bprmakinmiing erpupfl 22% of
br acki sh p. e L g ls .still relativel
expensi ve“\,/@ Irdgﬁ‘a%aﬁ%ﬁf%’ oér%%%g@? t§Q o V%ggf%ﬁlgrggggrg%-dy GO pressure lo?bverEonfe e
10006] Comseqtie ptdssure af sateglutiom) A wing wart-esleqive ipbintatib0bf RIOEESHES: to

that can aperate with |ower ener requi renents, higher_ efficiency,

and/ or | SREPCBETE Relipec e @i MEMPTEE dp AXOREBteR e HFver, RO sysiems

purifi catpegn h@h%@%ﬁfb%-ﬁ@?%ﬁtﬁp@pgw he 1356 %ﬁ%n&@teﬂﬁgf@gﬁétl‘eatmenlc%f
su

di scl osed herein utilize forward osnosis for buid purification,

as seawateavaasigl dliew, sifigentapramprtpokihsnghabe RO meinbranat ieating aniseasater
enbodi ne i eal | zatd t function.of forward
0Snosi s ggﬁv gg&é Lr#%?o%ég\ge{nh?%%%hiéat E(g 5{92/2 o#ﬂ%ﬁgn%re : H%{r?ael 1&1F161§13§150q0ﬁrts and
sol ut es treplgremenaitmehleghtodspgibtipitapmessmens aid frrraeng codtsfonRiChsysmssal t
wat er or flui 30 3 bel\t]rea ed. .Th@F%ﬁe of clqud ggi nt sol utes can .
advant ageousl| 0@ } it 91355%?9% VRCEPRiER datss Rdficatipe feragigues, and in
through eh@iGhpfdr @XiIAEs Purifithfod)eRtinboldgy, B%SLHIR %doﬁg?gtﬂ%d&sts of
that can operate with |ower energy requirenents, |ower operating

t enper at #1563 PRRESSHY ISR Benifi¢angli drsher Mian thernoyt, ofhigtgevifig naturahfresh witer and
fluids, and/or |ower costs than previous fluid purification processes
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S| YER. 001VPCPATENT conmuni cation with the feed sol ution-facing

surface oWOrAH/BEIHS- per neabl e nenbrane, wherein the fee®CIAISA009HH8590
conprises a fluid to be purified and inpurities dissolved in the

fluid to be purified. The system can conprise a draw solution in
conmmuni cation with the draw sol ution-facing surface of the

sem - per mggpER opevpcane. The system can conprise a precipitati onpaTeNT
system configured precipitate the at | east one cloud point solute
fromthe draw solution. 10010] A forward osnosis fluid purification

Syst em cageGRRE I d | Yhion amber : j . .
di sposed i ?1 t heéflig%l%g%lgﬁt {riﬁ %ﬁgﬁbgﬁcbmﬁfpﬂg@dafsﬁ?%i ?%@aﬂy priced fos
i npuriti esvhalesdo i Eid0ita SUH pér agredfoon deyaidmp anageogmppicils@tian dudiproximity to
sol ution ) a dr solutio i.sposed.in,the draw sol uti
chamber ceaprgrsB0fed HIOMIRa b PoRaERRTRE Brodlr bt Saio 8500 per
di ssol vedatma-fodie Présenttl, the cossbfdesslmatiGOIRIR iterag o ST 19 8987 la€re-foot of
menbr ane di sposed between the fe g@so_l ution chanber and the draw
sol uti on CFanPREF ?éﬁé\rl\ieﬁﬂﬁlap%of ghighy ater &y 1P precesses.dvialy dwprari isrstill
wher ei n t@atmmxaaﬁ,we,s_ra%gﬁ@f&% S 740 SHES Pirlacdihbusi on of the fluid
fromthe feed solution intothe draw sol ution. A system can conprise

a precipitatiolf08¢kt efonpequentinni et iromaing tfor water gnrficasiohuirp@sses that can

hamber, Ry LB LA em | figured t
or oo pi { abnancord A8v8: EFLRL bR OO SrCRB TR bite” GG, man e

sol ut i on. céiray sthierafalma dojarpusiicatica grodebgedt i on systemin :
communi cation wi.ith the precipitati or& system configured to separate at

| east a portion of the precipitated HVIMaLX one cl oud point solute
from the f1 ui digop7)t he THE akisia Whil Methdls SYSIERY GRS ANRE Fward’ SR for
line in communication with the filtration systemconfigured to

recei ve t Aeidguisficaitong suah 9segavatedesalimzatiop and hraskish tveatermiinifiettionn Yarous
at | east > - Dl Nt . ti chanber. ,A.

Syt om ca oesinehE ALY e R ik And 1R ST 3L AR SR rign 68 improved
filtrati othreght thmuwendfi gur ed nhave robadipogntt dodutéd w Geseparidsie dshoompidigure
draw sol uﬁ#fon. . 001t he draw solﬁjt%on can cgm%;i se a% east  one
cloud poi Mt “EBIYE & THhE BB Y O B UEREdat i els ©f Glud prsudoiss ven
sol ut e i nadvastagdoavlySpdrihii @ity€laly BE de esHvard LBRbsis %{Iﬁ&ﬁ@%t)ﬁé}{ 'cﬁ‘»ﬂd%t)int
the inpurities in the feed solution. The feed solution can conprise
seawat er BB ki Sie RREr 1S TYREmMY and) rggheds gt i faheebesain Wish iewer energy
The sol ubj.lifomhs thse Least | ' spl.pt e.d e flyd to
be purifi eeé ]c_an bsé a rrm%}pgra r%teingﬂgafhﬁgtg eg'g%ga ?Siggkﬁ%{eefg eécg'alsntgholﬂﬁ%{ Taies
cl oud poi oft Iwidb,utrsl/yalvweavesta thol eowicas fived ghitifibaforeprocabeutucB043 Paerse
and 800 c\)/S\G@IQHO%](%lO/ 080546PCT/ US2009/ 068590 Sl YER O001VPCPATENT Da. The

at | east one~cl oud point solute can conprise a hydrophobi c conponent
and a hydrophi[bo@sjconporeniin dhibodiheht§asdrwarde o6hodis PaEME &l HeBo8@hre

conpri se olgoxyonganic chain. The at |east one cloud point solute
can conpr#&e°55d 58MPEEIRG |13t @sed| BiesEsivng logppol Bepsdsisyiseimd metpeds| takerpadt water
| east oneinsliond dRehdhe SOty | NERL dischar
sel ected fngotm t he gr(%%%&ltl:onsi@WRSBWI%XI%EE&%%%}%E%@E d%bﬁ;gﬁ{slggchﬂée
M., and PARE®®OQr Iqhemmerdidasts. ofte dbwlipbiposoittes tbudrdvectarward wpmbse of

an et hoxy. e. The at. |east one cl oj n ol ute conpr.i ses fatty
2ci - et noxgraremafe S iR e B EreadbiBa Plopd P arEamBLsR fit P tnd
the at | essdeddmtunakpratefiignit solute in the draw solution can be

bet ween about 30% and 75% The concentration of the at |east one
cloud point sdPP% i nln Wsioys stwbedimenisofprvar penasist heid pusifiertionsostcms dre
70% 100 h&1. PK 864 & ' tem. ' I Lgured
o heat The S ol op Fan bRy SR PR r R S oGl i e
t he dr aw wwobee dppoesiteThdraw edipin-fating sudyst ensgaem conpoingds: @A figdSolution in
treatnent systemconfigured to add at | east one water-insol uble gas
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10019] I n vari ous enbodi nents, processes for purification of solvents
are proviWOPRV1U08R46cess can conprise inducing forward oPEFHISS00H6%596

a sem - perneabl e nenbrane by creating an osnotic pressure

differential using a draw sol ution conprising one or nore solutes
having a cl oud point below the boiling point of the solvent, whereby
the draw seyBRiggnvbecones nore diluted as solvent is drawn acrospaiBRT
menbr ane. The process can conprise heating the diluted draw sol ution
to just above the cloud point tenperature to trigger phase separation
of the Sobuhfunthfordia6ese €80 sGRIBE ke SRALEIMe 5 BOhLER. HEAHane
the draw solution by filtration. The process can conprise retrieving
t he sol ut aderesy theefggd selptien coyaprises mHiuid v hapdribedresd snpriceskssolved in the
[ 0020] At t ) tes _can _conprise an.organi c_canpound.
char act er .h?gdz‘t"bb%r@“ﬁ{egh b@g rrsg%t?ré] Br eCs?%“QPégQ&{ &y 8@5’1’0’5 L CORPIPHEANOE) i the
can conpr dse sohpiznyfreing surdeemd dndseati aeandablel medbiaye. aThé §fteds 8BL ddtnprise a
pressure. The.solute can conprise a nol ecul ar wei ght of about

200- 600. POEPIFHIR DSEPoreligisd drorimiel the pblcas 988 clogf raws splptgaftomp thegiraw
sal i nat edsyafi@r are provided. A process can conprise osnotically
separating pure water from salinated water by inducing forward

osnosi s t hr ougl040ks e A foev andadsmesigdivist puriichjorcsysteni cap @mposeatiead solution
pressure ¢ i 1 . usi concentrat ed. .

G0t ut i ons s EE R a3teAEHORR, DI bE o S SRRF Pl RirEpige o Mid and
osnoti ¢ pimgssitice dishened hethdebad.i rasetemate compiie D8t bdlus@PeHaaibePnd a
can serve,to drive pure water across.th nbr ane, from t he sal i nat ed
wat er  si dgraf”osoﬁ‘ﬁ’ém lﬁ’gsﬁ%‘ﬁttg‘i’ Arangs ‘Hé’nsfg'lag‘g%"scoﬂiplmnlgt‘b%ﬂBTdStaﬁé ahlegH one
sol ubi |'i t Moad ot Ho1AS ARESICePRESRUNGRL. | M §1gers QY §npRke Lhg sélﬂi-yérﬂ% ble
bei ng used. The osnotic separation through forward osSnosis can esuFt

in a di | umeebese gtisnesed refwepn dece feed cepiptioanghaimber apdits Agvwe bduidom ghaiber
the dil ut i . i t solution.to above th
clloud poi P afhd e BePion a6 B gAR Tl DicraR e ol a8 o
sol ubi | i t germtvdifissiom obfhet fieid Sodmutle fend tbletiaoinetic daewwosytiohhex 8ldtem can
reducing its sol ubi I.i-tﬁ and causing it. to pr,e}(L:Ji pitfate out of the .
sol ut i on. “OFHESHFAGEELTLER VUG 20 10T BFEBEHEBCY %‘%%97 §@/ggpchamber, wherein
SI' YER. 001MP@ERATHNTon efbtan iiS CorfRpALabI agkeRRtapit@ionalr e ASleast BRE BRAH Doint
fromthe organic solutes by a nechanismof filtration. The process”
can conprjodilie inpthgi dEaw BOHED-t AcSYSIEBURIEFORBFist 248 flirpticsy wyatepuin dormpmnidation
water by LY efSselibiiithngstRecoh) | o8

bel ow the cl ou 801#) nt 01?59 %the ;’%FE@‘E@“@%“S’%@%‘?%?E %ggosmb ?%%cgjfltamd at
concent r aleesd oot glomd pogw Isaluesfrom thaflerd mahe deeysdintivg. f Arsyste@ dan comprise a
forward o {-S. processi.ng. [0 |l.east sonme of the solutes can
conpri se %{rqiglgiﬁ?%%scgfn J’i“glé(?a%ﬂf’ L‘P@éﬁ% ﬁé@t’fﬂ“ SYsteh SOl RIS ety e dinispRialsd at
pol yner i clessdbhit €sud psind RARE asdrtur thel 41 €eadlf @R RICdTRIHY kE15teGd the BY® sBlution
cl oud poi%’ta@gell bel ow the boiling point of water in the tenperature
range of & gr- %-Sysf%:ca’ié‘?m@]’qer?@d&ﬂﬁ@."& ggarEncanomp ity dkg Blaatomgystem
the addi ti@neatd WAleBEivd e HuithlepadRETonl e ALAELINR,| OVer the cl oud
point of the solution to anbient tenperatures or thereabout. At |east
some of the sdPf¥iles chie Heave seluhior emukemprei ghicanforbetimakpoiabeeltite.  The
300- 800 | tons.. The.salutes can conpr.ise. a. hydrophohi c conponent and
a hydr op@f#%@%%%gﬁ%'ﬁtak reSSIg%lﬁecll%"{%é’rEE‘E}f&Pﬁlé‘? Eﬁ#‘? 91/‘1?“ Ve s G greater than
pr essur estht eostichtrationadfethe AMpOfiSesainSHB feqiesdRaddl eTHE rrd st dall @omprise
process of forward osnosis. The solutes can have a high sol ubili t% in
the sol vefit™§fedt Brckiatiator nbhafluiddpibspupged etebaretcsuflhe eolebilinyofihy t
OSNDLi C RERSSH @Sud Shiflisbiise mﬁ@ﬂui@qggfﬁmﬁieﬁ% bRELIEA bio Sﬁeme!aw%.b’fhe
the process of forward osnosis. [00 n vari ous enbodi nents, systens
for puri fatdeesti ene adudapol spbnt cay baveraowoidedar Weigltsieemenaadonto3qir Ds endig00
forward osnpbsi s apparatus conprising a sem -perneabl e nenbrane, the

_3_



correspondence between referenced elenents. In addition, the first
digit of WQMIKYBPEG6ence nunber indicates the figure in REITAFS2609468590
el ement first appears. DETAI LED DESCRI PTI ON 10031] For a nore detail ed
under standi ng of the disclosure, reference is first made to FIG 1,
which illustrates a schematic representation of an exanple forward
osnosi s syptiggdtypdhe forward osnosis system 10 conprises a feeshteny
solution 18 and a draw solution 24 separated by a sem - perneabl e
menbrane 30. 100321The feed solution reservoir 12 is configured to
hold a fe S ' ut j..0 ryvel a LV
the feed gg'l ujtalglécj)!;rlltI %gStfl(% c? m@ig&% ??@? Sglgter %:dél fbrllﬁolfr &g haoH ‘;m‘giﬁ) rb gcug%'{]ﬁoq’gfnr s]}d a
condui t 1laydrophilidheorepcaampi el herdy detishert lotdpoifitesiiits odrutdngurist & podycixgorganic

fluid co ni cag,d on, with the nbr.ane .30 via an optional first

bul khead ?“'18@?33%%"‘d?%°£°g‘?u?‘?‘6 SRS o FAPo PPIRIES; & P&@vmh%we%m% or a

hol d a drpolymopyleneoglyctt. TROS leisavnsdbid podit sbR&EIY Qbiphide £50)ydRRBABycol

the draw s I%%il%%gm froma second source &n
/

€ ot WO
2010/ 0805%67! b0 LrEBsYosiSingER b IRFSERUEENT PERDARD REG-68yMIa and FA
second CopEligh02 Zhe lal1ehfi®nE AR po iR THRE IRNomphbEaf LB AL Virho% R ofie
in fluid communication w th the menbrane 30 via an opti‘onal secon
bul khead deud peiatl sSvteutdroprised @OBAY Teil fhexylatolautd Gaityl Scaniettioselatea The

fluid to 1. n or re. | rities. In.at |east. one
erbodi meror Pt SE A 581 8ne SR PPl BT dbE rane B foss38 36 begen about
40, 000 pp3n%tndab%s The contediratidross BX aneh® ons CRMALEM! sdlitedh tHEBE: sERBon
enbodi nent, the feed sol ytion _conprises between about 10, 000 and

35, 000 ppiPdf bEWYER abqyt plteeand Vg exanpl e, bracki sh water Many
tenperatures qugiAT eSS BRciBSHiAh Soh QompHOY L U]

sol ution 18. aor_ zgxarrpl e? tcﬁ)gt t1‘leeql§lsol utai onm%géégﬂ{eg%r tﬁ?’?ﬁugggma%mt the
anbi ent tEAPSPAion éxsatdpast Preedendrppintdémperatinect ofrthe {RO3B]uTes. Jihs tpesvipi@atich
nmet hods dj 0 2] o] licahle to n us fluid .

par 11 cat g RS Beleiely R S G AT B e Melsrgsappit
cont am nagas tothe sidvuscdutianamlewdrltid doudepadnt, of WRSdrew wBtugsn. puri fi cati on

and cont am nat te urification. Draw Solution [0036] The draw
sol ution 24 cdﬁ@pﬁ\ges{"}?eﬁéy Sfqryican tCBmBESEpEI\rI}LIIWIéH‘ o R TigTsdptoercatoye dhe

poi Nt solgit@sitatdl &ll€deloRAIMND SRhUotnERBMRAE Buiday Bk ?Qriﬁéﬁ bt bl solution.
versus tenpei ature behavior than what is ordinarily expected for a
sol ut e miMedilifption sysiew| cpe sempNegR/Nanefifition meabrag@r pr vkraliHetion embrane.
sui tabl e r VA d I anpl.e. the draw
ol uti on 7 YEREEH Qe FEANARE LA CondREe LIRSy UG e Migec
seawat er .cldidqodht Bolures tSirmtagscycl@3FiAsabverd poi nt solute i s sol uble

in a sol vent wer, tenperatures but "c¢l quds out) of_ the solvent as
a cl oudy precﬁ{')‘?]{‘@te v °5ﬁ§?"‘59§iﬁ?8}5am?ﬁ@§§ ??Se?}@m’i’i“ﬁgﬂ% i“"ﬁepro‘”ged- A
speci fi ¢ ¢Bod eyn @bmbhise @lsPugin®Ql Fled SRIUHOR, arRli § NRAw toR1Bh O8HhoBRl Al semi-
solute settles down to the hottomor floats on top of the solvent.
Thus, cerﬂeﬁm?b@! ’Bﬁlﬂbﬁﬁﬁ?-nfr hg &thSPBWS“ cah cemprissia i 4e be sephedaridoimpurities
two or MeARoheSEE A B1R3GRAA. TRk SREBFEA Wbt B RISLAPLY e bliS:
clouding effect is also reversible. at 1's, upon ooflng, the

sol ut i on suiukd. Tlas einaeritfayion of the at [[@068}eTtiend poipesohtte irethatdravihsalltiéhean be

di ssol ved _sol utes.,beqj.n to precipitate is.called the "clou oint."
Thi s bondsrty e eRatg eprBaEobp Bermariad Jifderbsoliior 15 aahib con
WO 20101Q8mpASPalTdwing AQRLEGFHIAhSIMERO MRHRATENE FrEQMPOHNHS feed solution,
|nclud|nghyar|ous surfactants, dispersants, foam ng agents,

enul si fi eiqughethg spinbpgracablpmembipnee 2t igto the dzg] wiviienkiouglf farwerddsmosis.
poi nt s Oly €, HIRIRAS ichhBAS: (FE&pitk ifSS1 L QS ified i
enbodi ments di scl osgd]lnﬁer e‘ﬂn.pl rg?g@aﬁ?‘%ﬂ%’ﬂ?@?%gﬁ\ﬁﬁ%ﬁgfg&]dstglbﬁtpggﬁed m
have a nthedawvaplufessThd mathol eastonghatre@fi} tBadralvisopitieh es c&Ee precipitation
enbodi nents, the cloud point solutes have a nol ecul ar mass bet ween
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[ 0040] Certai n enbodi nents include the realization that forward

osnosi s fWRIHASEXM6can be i nproved through the use of cPETAISPHMAE8590
sol utes conprising a hydrophobi c conponent and a hydrophilic
conponent, such as a surfactant. The solubility in water of solutes

wi th a hydrophobi c conponent and a hydrophilic conponent is based on

t he hydrakjpwer oh1¥Pe oxygen groups in the conpound via hydrogen paTENT
bondi ng. Since this hydration decreases with increasing tenperature,
the solubility of these conpounds in water decreases accordingly. In

certain egpadi it soind LRSS, S r - : |
certain embodi rrentp?,mtt he gsol ﬁitléégﬁg’ro 2 Cg%:eg’% fr?iy ﬁa[sgggﬁyﬁfgﬁ%ﬁfgﬁ%mucﬁ‘a
exanpl es &itration isysigsh do separtte st denspriporting of thy dretivhidcat deasp one toud puint

a hydrophil,i. ¢ .conpanen re o I.C co unds wi th_pol yoxyor ganij

hat ns. " ot BRI o R BRRT O RIS Ut Spprin s EntR S r Al s
sol ut es i ond delet Ghtyseldiyloahed@vsondtion ohpusite kRRPhEperfrRbbly naGibearer

fatty al cohol 8' %et hﬁ,}]e e gl chl s, like FA PEG 300, -400, and_-60Q0
and PEG 400 NL@ &d p 93?68@9 UAIAB cP GOHPESC SEAMILET HnRpckistappiFes The fluid to
desirabl eps F.Lﬁ{téascamﬁlwgn eﬁr@aweltﬁ,g%e cIoHE Poif B sdl@kd é’ana&ﬁr;%)rﬁg DAY 3 RSt
and fatty al cohol ethoxylates. [0042] The cloud point tenperature
depends ofng Werivhpoble gaoie lawer e plovd peiat ¢idhe diawtsobitioho Brecjpatating the cloud

20101 ososRERCHr LD reBeas BefbEnh S SRR “BiseitFe Setl Zpinf g crow
sel ect ed sadmiont hat the draw solution has a single cloud point. In

vari ous enbodiﬁﬁnés, gge cl oud poi nt sol ute conposition and ,
concentration é_lsel T SRFICH  PIPTIR ETeT o ! ditRtipitated; plopd geint solutes
about 10Cx6RQh0 diivabRitioh N RBmb RS APt DEE PSS oRestcAf chBBike filtering
solution. In certain enbodinents, the cloud point is between about
30C ( 90F) thadmpwysdutjonrbongh p sangidtiatpnonemizss. (Bemycthethicapgompligorissadying
bet ween (12 .. E , cl Qi nt
sol utes %@gg% %éh%ge%l eg@@ & gﬂgl%%% Sa[g) %E%earrggecggg %?jt'e)alv)r/as?lléfgg r o]%%g%oﬁltng the
45C (| 10Precpit86C clobd Opolintt oIMSCciril 6Ghpridet flushiny deetanefittabiah hdnthbradeonda
poi nt sol utes have .a tendency .to cl oud at oncentration range

Dot ween e aRss BF1a™ 3608 01 e PRPRARET O HoPashmne SRusi 11 ¢y of
various cloud peint stl vemhs WiodiB&ite hs@imblidé fUfork SRPSNRsII 88 préRled.
t enper at ures ranqlng from25C to 100C, there were no significant _
changes fH0r§ssmPly1can coapnrise a genpemegie memlypre hagog a1 fisd whwisg-facing
poi nt sol J t 4 e r i
Phan the ek ihosiies SHOPEAMALAORE At T8E o B oo PRER A b ilon
concent r ainpain irpfcommomitapoi nwitls cheitfesd isplutibe fadimgwseddcat ofothd serat-pdrmasitle
two or three tinme r.eﬂitefr qthiug.the igg)urhti es in the feed sol ution..
More pr ef BFABIAS LT He e SCLBion Ry OB RY tAraPRfy ole foPEIgPe
| east fouk floid foi BeepdriffaSan@rigpubties disddlved 6n e Huido | THed ABem®YShn comprise a
preferably, the initial concentration of the draw solution is at

| east ei g™ FTHED RreRRralipn 18 CREERURICaHeE Witk Hcedrav nighptioRdaging guiface of the
sol ut i on. sehf3 HeRhdaBieNmERBRAE "BALS; Qrdishi | Fart

cloud point Solutes int ikl gin, HOR p&%’!“?%’%%p‘{bgﬁgte’%%fé’ Alar B8 gpe
and 75% dlendmmutabhiienbodi ments, the initial concentration of the

cloud point s s ig, between about 50% and 70% e.q., 67.5%

Venbr ane. 100490 o 16 FLGE A0F 610t @O AR Fbutis Rieetl Sefeht between
t he menbrsboe: 30 Ds asl sgDBad Thekileadn ohvologd kit sollkichs togmsdeeh hgdRpRdtic
second gasket 32b) and two_flanges (first flange 34a and second )
flange 34¥ropsntRg 2 dydiophidic spmaeReREn he #trasyeskdeust rpmy solpaycag sgmprise a
fl anges erye:-to { td i g

{1 ange- artl et e S, i P TO A Rl o CoE ARG e Pomhi, o polyethylene
t echni quegy@drorbe pakphpivene mhwiot.i dflieng tehe omendpah @oid0 sbintet bn E@npviseda
osnosi s system 10. WD 2010/ 080546PCT/ U52009/ 068590
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Hydrotech CTA 15 GPD nenbrane - 15 gal s/day Hydrotech TFC 15 GPD
menbr ane WORB108P%6day M croline CTA-1 4 RO nenbrane - POTHSPYOHE8590
Mcroline TFC- 25 GPD RO nenbrane - 25 gal s/day; "dry" design, can be
stored for over a yr; replace every 2 yrs Rainsoft Utrefiner
Conmpati ble CTA RS9-10 - 10 gal s/day; best for chlorinated water

Rai nsoft WryerbonmepcConpatible TFG-RS9-12 - 12 gal s/day Table 1ppATENT
Comrerci ally Avail abl e Menbranes [0049] The specifications for the
above reverse osnosis nmenbranes are |isted belowin Table 2.

Per f or mange oh 1%9@%12ca%@ia5@@%m m@@:@%ﬁ% r&F PEASOL EAPERAG0, PES-
VO 2010/ 080546PCT/ US2009/ 068590 S YER: 001VPCPATENT rated’ by
sel ecti vi 40 Mihend &4l PE@ 08t dhe et leap @macloyd abiny sdsisisar coinpfiger angthaly)ate.
and the p r f ate.per unit area. .[he eferred conditio

for use 01%Hj %ﬁﬁ@%&n%n rgl\ég‘rllé oM ¢ Luecf”?jﬁg?eﬁ %353}:}' azfclri)‘{)ﬁgh(%ylf“ﬁeorn% t%yaﬁfééh‘)]
j ust prioethboylatse. Characteristics TFC Menbranes CTA Menbranes Water

rate (to atnos e 60psi, 77 F).22 gals/day 24 - 35 gal s/ day
Maxi m(Jm f eed V\E]Bigl TD& (YArout remhodingnts H@Cﬁ?@sé‘ﬁr @)‘”f?@g@n ISobgpyg are

mg/ 1 Mexi gride8edAWsloesss Nah dideReisd AndiRshg forward osmosis across a semi-permeable
membrane by creating an osmotic pressure differential using a draw solution comprising one
or more solutes having a cloud point below the boiling point of the solvent, whereby the
draw solution becomes more diluted as solvent is drawn across the membrane. The process
can comprise heating the diluted draw solution to just above the cloud point temperature to
trigger phase separation of the solute. The process can comprise separating the solutes from
the draw solution by filtration. The process can comprise retrieving the solutes for recyleable
use in the forward osmosis process.

[0020] At least one of the solutes can comprise an organic compound
characienized by a high osmotic pressure. At least one of the solutes can comprise a
polymeric compound characterized by a high osmotic pressure. The solute can comprise a
molecular weight of about 200-600.

[0021] In various embodiments, processes for desalination of salinated water are
provided. A process can comprise osmotically separating pure water from salinated water by
inducing forward osmosis through a semi-permeable membrane by creating an osmotic
pressure differential across the membrane using concentrated solutions of solutes in water to
create a solution with higher osmotic pressure than the desalinated water. The osmotic
separation can serve to drive pure water across the membrane from the salinated water side to
the side containing the solutes by virtue of the high solubility and high osmotic pressures in
the solvent of the solutes being used. The osmotic separation through forward osmosis can
result in a diluted solution. The process can comprise inducing clouding of the diluted
solution of solutes by heating the solution to above the cloud point of the solutes by reaching
a temperature at which a solubility inversion of the solute in the solvent occurs, thereby

reducing its solubility and causing it to precipitate out of the solution. The process can

—6—



10 gpg Rejection of TDS 88-93% 95- 98% Feed wat er tenperature 40-86F/
4- 30C 40-wWOP10/803W6C Feed water pH 3.0-9.0 2.0-11. 0 MaxiPEEHSReISH68590
pressure (in suitable pressure vessel) 50-100 psi 50-100 psi Booster
punp pressure 80 psi 80 psi Chlorine Tol erance excess of 10,000 nyl
sensitive to chlorine & other oxidizers Table 2. TFC Menbranes vs.

CTA Menbr gigsg b@rywas d Osnosis Process 100501The driving force fqistenT
purification of the fluid is the difference in concentrations (that
is, the difference in osnotic pressures or the "osnotic pressure

gr adi ent”

di ffusi onéoo Sg%%iaygﬁtg%%gbougﬂ é’?ﬁ%ﬁ@%@%‘%@%@ b%’ 2 r}l&%amm of
sol ution ﬁl‘tratlmweﬂ"hspmgess aanmompnsmeidisso(ﬂmyg)ﬂmmimded;mlum cfil&reﬂ cmuaﬁom the
solution w th, higher ute cancentration (hyperton so] ution)..
ecause. oAt PL Rt St BeRGRN SRrvE PRanige beRae Sogthupusiye
depends oglsied aidegdentiag al hition of RbhceN@ite® BreficWotitdsdg M diérYfor FY8ling for
forward osnmpsiis of a solvent fluid will proceed across a

sem - pern@&t&?@%ﬁﬂﬂsg}%ﬁ@&’cpﬁﬁﬁ as the concentration of one solute is
greater than t onc t : I S
identities of [?ﬁzeﬂso %@iéa?t soft2 O(Pfthleg%glt%e(%é&? h%hg i ‘t‘jllr‘('z'glgt{EI 3&}3‘%%&?{1 gome
fl ows acraofshe sdlates em oopemseaubamerre sdinieneABBastrsdmie of thetdngandlr solates can have
solution 24, the.fee S nore.concentrated ov

e, vinehclopd PRt REY SRR RTEC T Sl e RESPRR B e Patbos 35-
can be diteected through a fi rst condwt 42 for further processing or

for return to the environnent ., as brine). As an example, a 3.5%
Nad seawat er @833ti obpdugine tfé‘)"é‘BWc‘é% barehieyss’ By toe addision oh evater-insoluble

sol ution, o0y %Qée@&@ﬁ:%%@?qé&d%% U %&%ﬂ%oﬁtﬁ E:Bbf%gt]&{ﬁﬁg F¥Gr Wiér@:rbout.

to di schar ge back to the ocean. cour se er concehtration
| evel s ar#t loast seth¢ ef thosolites cehi hﬁg'eaniecttrbarrvemiu@f betezeaoahnsnw(&ﬁ@@mm

sol uti on .18. ai n_enbodi ts,,continuous r
sol ution ﬁ}s c%)og es’rrﬁ%%t eglpnfeo&%i'\?glrcs% H)'/ponfeﬂt . 53}‘3’?6??3}{‘?“ ﬁmﬁﬂonem to
becorres nguheradal Isulﬁied:nﬂyemglﬁ i s¥hotid heresbuteyt @d deivavwael diio@N a24eriOfermeable

"per neat e" %f" rr%fi ﬁ? wat er .and one aor npre cloud point solutes can
be di r ect’8BEMPRROAY eI AGIOR YA s mona: 8F selytes ranr baye sdigh pelpbilifyrin the

certain egbegi PRIES thah Bemdiak lr':itﬁ)g Sirg@ﬁﬁrﬁglsufﬂc%tl?‘hlé}ﬁosr V\éfggss{u‘eg to dnve

processing when it reaches a solute concentration of n about
and 25% w@f@r%pyelnepmabl@g@mbmpbyﬁrea:refre:;bpg/fomdpmﬁ%m | ess,

and nost pref jf)tgﬂé R.IO Q/%nc}u eﬁlgoﬁg{e}lél @gﬁ%ﬁ? dilopeprﬁtn Teatfon! to'f PO ent are

renoval of th ron i's contenpl
provided. A system can comprise a forward osmosis apparatus comprising a semi-permeable

membrane, the apparatus configured to permit the creation of an osmotic pressure differential
across the membrane using a draw solution comprising one or more solutes having a cloud
point substantially below the boiling point of the solvent, whereby the draw solution becomes
more diluted as solvent is drawn across the membrane. The sysitem can comprise a
mechanism for inducing clouding of the solutes in the draw solution after becoming diluted
in the forward osmosis apparatus. The system can comprise a filtration mechanism for
separating the solutes from the solvent in a manner such that the solutes may be recovered for
recycling in the forward osmosis apparatus.

{0025} For purposes of summarizing the embodiments and the advantages

achieved over the prior art, certain items and advantages are described herein. Of course, it



Fluid Purification System 100531Reference is next made to FIG 2,

whi ch i | | WOt20HYe8854¢ schematic representati on of a fl ui dPERAISRGNOMEESID
system 100 conprising a forward osnosis system 10 and a filtration
system 60. As expl ai ned above, the forward osnosis system 10 is
configured to accept a feed solution inflow 16 and to generate a nore
concent r agegiek eegypol uti on outflow 42 for disposal or further PATENT
processing. The forward osnosis system 10 is further configured to
accept a draw solution inflow 22 and to generate a nore dilute draw
sol ution f el fhud : €.kt i £ .
poi nt sol ﬁ%s%@%#@%@ﬁ%gfhgr%g%gg%?%ga!”ugUQhH%ngood%%h{t%&ge%glﬁ%&qged "
enbodi nenggeordahee with enylparticelakrabedsoényt iTons, dort ¢dapled thokt eliledintthefirt will

t he forwar snosi s,system 10 and into..a precipitation system50.. In
certain ern%gé?l%ﬁsn? éfhe%{w’eeng]?lg’m}n%gﬁﬂngﬁd’%g’f c%rﬁg‘:’l\ﬁ)“ g ’BF&?F & 3ttagyes or
while it bptirhized bre hovaneigd @Sgroap S sisiiedged Qs(@ught,orl MgbdieddF@Wn without
solution reservoir, not shown). 100551In certain enbodi nments, the
preci pi t aPFEEYARicYBg ofhisradargesss praytherighalih pt suggestedrheraieat i ng uni t
(or in the draw sol uti ongReSEDHYSL eReHAL the draw
solution outflow 44 (or draw sgggﬂ%ﬂwgﬁ al sggAuqﬁﬁﬁét he cl oud

poi nt is reach@82@nd, Aprehealabichiteatine giiel ympleometiethe Faniowsx faphes, of hie

draw sol uf 44 ¢ e.raised unti,l .the t erat ure, exceed
ha" ouatisaPhe bR nE AL Sl SRR delicined W teEeTGe 20 M g The
cl oud poi dtawsigs whé tiegistdattd dERFiplidhs QkOprbyided a6 iiPistrafe @mbddEndn® and not to

| owered spolubility in the fluid to be purified (that is, the
sol vent).ﬁrpﬁt]&eesrcf)é‘?ﬂqgﬁﬁ‘éﬂf’ﬁ’éﬁts, a phase separation of the WD

2010/ 080546 PCTVOWQOO%QQ%QQ sclleitfatle AQINECERATENT Mha ﬁﬂh&‘ié égﬁ]ef?ﬁ _draw
solution outflow 44 can be observed. For exanple, the draw sol ution
out f| ow 44 mayl08ar afKi.i At i tewscliematis cicbfeseritationr of @ ol ventfyingy eystem
and a cl o%ﬁlgg- I . tain _enbodi ments, the
precipitation S;si) saﬁéﬁnv%gxg%%ﬁ}gégAélgﬁg@{r?t?oé’aﬁyﬁgﬁt unit. In the gas
treat ment uni t[0028] i nFithe3 dy avgral cdricdningedewvailiton @noetiaten @hd tobBotic
draw solution outflow 44 (or draw solution) is achieved by the

addi ti on BF3* | east one water-insoluble gas in order to |ower the
cloud point ofjob3mg soTkLLGBUE Ah@rRAvEREs, tRIREIAL MrBRerOlard RELERAP M indicate
For exanple, nethyl chloride can be bubbl ed through the draw sol ution
out f | ow 4ITEPRPNEEICE XicHY eRteigraneset demenie pp eddippn.ah¢ Grst shait efiwasd refarence
COMPIT S€ Gl infdicRth MR Ml lwifiOf b BRIt fifefikoud poi Nt of the
solution and a heating Lﬁ‘llt for ralsing e nperature of the draw
sol ution or draw sol ution out fDBRAKRZED DERERIFECMNI ques for

preci pitating | ou oint solyte from solution are alsq suitaple.
[ 0057] Af t er pf@%@lseg%cfea?trf'%rﬁs"ﬁ%ﬂ?@r‘“‘%’fs@@aﬁgto;f]?edjﬁs HrepElTpIca s Iishmade
draw sol ubiJIG. Of, @hidW iH0étkitds0N sehehatioWetdsenfacioh SFNAT SQhAS fdward osmosis
precipitated solution 52. The precipitated solution 52 can then be

di rect ed YR 10; |The forvard esmgsisrveiom LoompLTese fepd soluiond§ ang sideaw edution
conf 1 QI egh &ParkieABY 8 sLiSodADIEAbAd. shoud- point sof ute(s) from the

precipitated solution 52. In preferred enbodinents, the filtration
system 60 con993¢s alheafeed splutipmidsanoiraiZbisawaliguked ex aoldl £fced salution 18.

sui tabl e pang-filtration ne ane is. Koch_.Sel Ro MPF-34. Alternative

Pt olrored sl s 8niehh P mstvEd5 AR R oih S (B puice (ot
such as rshvenseraghesiist seithitAseSinane exdifla ehbblihdhi, G RIRERASS 18°8din
conbi nati ons of menbranes are suitable, [00591ln certain enbodi nents,

the filtridgtd eprayaieaiongth be sembrned yasadrsiona firg|babdirat 3awei ght
cut-of f val ue 1604400 'THendrEYb%ﬁlti‘algg%}g}vgﬁnfﬁi’s cronﬁzﬂjr,:cl td Rk %nqr§\¥ %%)I%m)r? 94.
00 g a nol ecul ar

wi Il preferably reject at |east sol utes havin
wei ght atThgrdrabeelgtiom esstBD. 14Aes oeadivieghy drawhsoluminnelsiufran angetgtit source (not
cut-off point (MACO) of the filtration system 60 should be | ower than
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SI VER. 00l VPCPATENT 100641U.S. Patent No. 5,679,254 to Chakraborti

di scussesWOSHH/G8A36i on of seawat er by noni oni ¢ surf act aPCTAISIew/0p$tas e
separation. The ' 254 patent describes a nethod for recovering
relatively salt-free water by addi ng nonionic surfactants to aqueous
salt solutions. The surfactants used are froma famly of nonionic
conpounds grgERed gbkoxyl ates, which exhibit multiple cloud pointgsipnt
create various biphasic solutions. The tenperature of the mxture is
rai sed above a first cloud point to cause the m xture to phase

separat e ishten)ahdol }§53Q.roﬁ&i?5ﬂtﬁﬁ | Y §R &é&kﬁﬁn&%@%ﬁenﬁqge SRR 24 is in
salt-free phase, the salt-free phase conprising water and non-1onic
sur f act antfluididpennguri¢ation eathphamembsins 30 saguaptibyal sepad atlkbe4dr3em t he
salt-rich Q & .(;I‘he tenperature of the separated salt-free phase is
further I‘;Q_S%e the second cloud point to pronote an additional

phase separati (034Nt 0 TheSéd aslt@dH 18 ic6hpRdta sefl@ado beSMi{RAt AR onk $Enore
phase. The surfactant-free phase is then separated to provide BOt abl e

vat er. 100BB¥HE 1Dsuleagi@sembotingms the vl spltiey serpmscarbatrren b 35,000
di scl osed /U800 phRlofSXRIR Fatel N6r e;&?—; 103 S ter! elln'a\?sfealép&% &nlgb%gﬂ,' fhe
I n contrast, e

surfactant which possesses nultiple cldud . points.
di scl osed fesdsolatien eomiprires heswsercahouf LHQA0 amd 30000 pamdrfaultssio wstdr ofior example,

havi ng a si.nhg u oint. As anof her exanpl the ' 254 pat ent .
eaul s BEORUFVET SRR e SrEREl rFu ANty Beeytrdef Psgseosin
the final 18aFercxamph! ticifesd sofudioh 1B @ap bé Hia¢idad bt anttier thpedsthires bftEpressures
cl oud poi nf sol utes disclosed herein can be directly separated from

the flui d°t¥2B&burified using a filtration unit, such as a

nanofi | trationp@ssiul t mRE kAl Anﬁ%mrd@aﬁ)seﬂeggggfe erlﬁ)a%g\fliv&sa%?qhtg NUMErous

addi tional chemicals to be added. 100661Table oW S
ener gy r efluidreidiseornr appligatidnsrwlmre dols\desitéusrial redesaki leasti @r EnooEssE ST

used by vani 1.C tilities.. The data.in Table 3. .
denonst rag(ghtlg E%Fp %ﬁlélds%é\?gr%rée g’ﬁl rPrlértlﬁcgagn FHEP é@ﬁaqﬁ%‘f"@ieﬁp‘ggﬁap%uce

t he oper aDrawgScloséis of desalinating water by a factor of three to
five over existi desal i.nati gn.technol ogi es, such that the costs are
conparabl e to ffmgﬂesa&ge fifaé‘éFR(X)é'f‘é’rz‘%WRf%ﬁ theyfpyid 1o be purified and one or more

2010/ 080546 hb#520R s 068 580uShIERHALVEGME ENVe kY QO85iFiEVEESY teﬁ%@ﬁﬁn‘e
kWh/ acre-ft of water Reverse OGsnobsis 6,000-12,000 Miulti-stage flas

di stil | at péwvier s whands rdingrilef fxpectedifent k| Johitté onixed 506 B, §OGENVapHlany

Co i 0- X ' et edf qr.. t
Techno! ogh LEtinat i bradael e B BRI b S Bh ST R e Beraee
1, 500- 3, 08@w sPhitbe 248 carbineprgyidRb efLambéene rngpef anureDeglaressates oNsePwaeesses

EXAMPLE 1;@35@}4 %T[ ON OF CLOUD PO NT 100671The cl oud poi nt

t enper at Spoi nt sol utes were deternined at
[0037) A cloud point solute is soluble in a solvent at lower temperatures but

“clouds out” of the solvent as a cloudy precipitate at higher temperatures. Depending on the
specific gravity of the cloud point solute, either the cloud point solute settles down to the
bottom or floats on top of the solvent. Thus, certain cloud point solutions can exhibit phase
separation into two or more immiscible phases at higher temperatures. Preferably, the
clouding effect is also reversible. That is, upon cooling, the solution will re-clarify.

[0038] The temperature at which the dissolved solutes begin to precipitate is

called the “cloud point.” This behavior is characteristic of certain polymeric and/or organic



tenperatures ranging from10 to 70C and concentrations varying from
10 t o 90WOHBPSHreasur enents were made at 10C i nt er valPST/UB009/068590
exanpl e, the clarity/cloudi ness of the individual solutions was
assessed. The data collection for one exanple of the cloud point
solutes tested, a fatty acid-polyethylene glycol (FA-PEG called PEG
400 M., isgrepRwivpcTable 4 below. In Table 4, "0" represents a paATENT
visibly clear solution; a single asterisk "*" represents very slight

cl oudi ng; a double asterisk "**" represents nore pronounced cl oudi ng;

and a triphe,ARRE" ktuding “varloBP" §380GsS u@sﬁe?s%tis?lfoﬁjn diag&ts Ae ulsifiers,
correl ation between concentration, tenperatures, and cFoud pdi nts can
be not ed, cwmplishtsapddutdeeets.ni nat i on of the operational design points

o o O 5 BT A SRS e e o

Vater Dil viroes eff¥pdiiRfR.didclosed Berdldh. 30eRRAbB0 tHRGkIAf fHni 301wl Hiv® a thdlecBlar

0000 Zglasos c(y)f E(l)t least about 200 Da. In preferred embodiments, the cloud point solutes have a
molecular mass between about 300 Da and 800 Da, e.g., 300, 400, 600 Da, or 800 Da.
Preferably, the one or more cloud point solutes are selected such that the solutes exhibit high
solubility and/or miscibility in water below the cloud point, thus enabling the generation of
high osmotic pressure differentials, resulting in high fluid flux rates. In certain embodiments,
the solubility of the cloud point solutes is at least about 2 molar ratios, preferably at least 3
molar ratios to generate sufficiently high osmotic pressures to drive water across the semi-
permeable membrane by the process of forward osmosis.

[0040] Certain embodiments include the realization that forward osmosis flux
rates can be improved through the use of cloud point solutes comprising a hydrophobic
component and a hydrophilic component, such as a surfactant. The solubility in water of
solutes with a hydrophobic component and a hydrophilic component is based on the
hydration of the oxygen groups in the compound via hydrogen bonding. Since this hydration
decreases with increasing temperature, the solubility of these compounds in water decreases
accordingly. In certain embodiments, these solutes are nonionic organic compounds. In
certain embodiments, the solutes are polymers.

[0041] Additional examples of desirable solutes comprising a hydrophobic
component and a hydrophilic component are organic compounds with polyoxyorganic
chains, such as polyoxyethylene or polyoxypropylene chains. Preferred solutes include
polyethylene glycols (for example, fatty acid or fatty alcohel polyethylene glycols, like FA
PEG-300, -400, and -600 and PEG-400 ML) and polypropylene glycols. Additional
examples desirable solutes include ethoxylates, such as fatty acid ethoxylates and fatty
alcohol ethoxylates.

[0042] The cloud point temperature depends on the composition and

concentration of the cloud point solute(s) used. In certain preferred embodiments, the cloud
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point solute(s) are selected such that the draw solution has a single cloud point. In various
embodiments, the cloud point solute composition and concentration are selected such that the
cloud pomnt is at least about 10C° (50F°) higher than the ambient temperatire of the feed
solution. In certain embodiments, the cloud point is between about 30°C (90°F) and 75°C
(170°F), between about 35°C (95°F) and 70°C (160°F), or between about 40°C (100°F) and
50°C (120°F). Preferably, the cloud point solutes have a tendency to cloud at a temperature
range from about 45°C (110°F) or 50°C (120°F) to 70°C (160°F) It is preferred that the
cloud point solutes have a tendency to cloud at a concentration range between about 5% and
20% solute in water.

[0043] The stability of various cloud point solvents was tested at various
temperatures. For temperatures ranging from 25°C to 100°C, there were no significant
changes found in pH, color, volume, and weight.

[0044] The cloud pomt solutes in the draw solution 24 are at a greater
concentration than the impurities min the feed solution 18. Preferably, the initial concentration
of cloud point solutes in the draw solution is at least two or three times greater than the
impurities in the feed solution. More preferably, the initial concentration in the draw solution
is at least four or five times greater than the feed solution. Most preferably, the initial
concentration of the draw solution is at least eight, nine, ten, or eleven times greater than the
feed solution. In certain embodiments, the initial concentration of the cloud point solutes in
the fluid to be purified is between about 30% and 75%. In certain embodiments, the initial
concentration of the cloud point solutes is between about 50% and 70%, e.g., 67.5%.
Membrane

[0045] Returning again to the example embodiment of FIG. 1, the membrane 30
is disposed between two gaskets (first gasket 32a and second gasket 32b) and two flanges
(first flange 34a and second flange 34b). In the example embodiment, the gaskets 32a, 32b
and flanges 34a, 34b serve to position the membrane in use. The flange-and-gasket system is
merely an example, and alternative techniques can be used for positioning the membrane 30

in the forward osmosis system 10.
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[0046] The membrane 30 is permeable to the fluid to be purified and substantially
impermeable to the one or more impurities in the feed solution. Preferably, the membrane is
substantially impermeable to the one or more cloud point solutes in the draw solution.

[0047] Preferred embodiments comprise at least one forward osmosis membrane.
Examples of suitable forward osmosis membranes include membranes manufactured by
Hydration Technologies Inc. such as SeaPack™, X-Pack™, and Hydrowell™ membranes.
The SeaPack™ and X-Pack™ membranes comprise cellulose triacetate (CTA) on a heat-
welded polyethylene/polyester backing. The Hydrowell™ membrane comprises a CTA cast
with an embedded polyester screen.

[0048] Commercially available reverse osmosis membrane are also suitable for
use in the forward osmosis system 10. These membranes include Thin Film Composite
(TFC) and CTA membranes. TFC membranes are composed of multiple layers and use an
active thin-film layer of Polyimide layered with Polysulfone as a porous support layer. CTA
membranes are manufactured from Cellulose and Acetate. They are organic by nature and
require disinfection to prevent growth of bacteria. Examples of suitable reverse osmosis

membranes are listed below in Table 1.

Membrane Specifications

Culligan Compatible CTA-16-C RO membrane | - 16 gals/day

Culligan Compatible TFM-18a RO membrane - 18 pals/day membrane; reduces Fl, Pb,
Ba, Cd, Cr, Hg, nitrate, nitrite

Hydrotech CTA 15 GPD membrane - 15 gals/day

Hydrotech TFC 15 GPD membrane - 15 gals/day

Microline CTA-14 RO membrane - 14 gals/day

Microline TFC-25 GPD RO membrane - 25 gals/day; “dry” design, can be
stored for over a yr; replace every 2
yIsS

Rainsoft Ultrefiner Compatible CTA RS9-10 - 10 gals/day; best for chlorinated water

Rainsoft Ultrefiner Compatible TFC-RS9-12 - 12 gals/day

Table 1. Commercially Available Membranes
[0049] The specifications for the above reverse osmosis membranes are listed

below in Table 2. Performance of these membranes, per manufacturers® specifications, is
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90 Table 4. Organic solute PEG 400 ML in water/tenperature
exper i men?e 2010/080546100681 No cl oudi ness was observed belPCWUBBEY/0G#5PE h
is higher than the inlet seawater tenperature for nost areas of North
Anerica. At 30C, slight cloudiness for solutions containing nore than
70% wat er was observed. Conpl ete cloudi ness and phase separation
occurred gpprr opPipéor the 70-90% water sol ution. 100691Based up9frgnT
Tabl e 4, an exanpl e process can be derived to treat a seawater fee
solution having a tenperature of 20C. A concentrated draw sol ution
wi th 50% LN i r [ ny Eaw ution
S i Tut e ehob P B el b RbERRE R S MR S
sol uti on flewoagipenusieaieapdherpeifitreedrentitiamefor ust of théseendhiltwns Ghdlidefnely
content (that is, a 10% concentration of

reaches about..90% wat er
PEG 400 A/Bi&a%{’eoﬁg\ég%e@gfaﬂﬁ%ﬂp T8O M5&equent |y heated to about 50C to

tri di fet - 00 ML. Th |
(:::)?rgﬂ Sfl oudi ng Ol Cﬁc?ﬁ‘ctgjm@éél CTRY é?nﬂ&?e‘é’ S d'ﬁjl‘/? rR/Ieﬁbranes
nanof i | t r pMatsn ravetib pamsphaye @sifpvic 7111 Er ecilfi gatwdng PEG{4004 M5 gaigsye

recyclingl Mgxinfted 68 dateh Sﬁ%ﬁgﬁeﬁ{‘-_ colTected on the[nanofiltration
S S

menbrane | g, disg@kyed back into solutipn aslzregioncent r at 0dngiv
: PIrESST . . .

sol uti on py—tushirgthe—hranefittration nenbrane.with cold water to

create a EWesiEwHLEsd Fatcelerdresw sol ut i oh. 10 ga®0701NUner ouk) grigher

pr ocesses| R@gectivhbarnsng purified fluids fromgagdnpure|feed 9509 kT on
usi ng cl glp FoiT Sot utes—can—be dertved-as VW—&W
princi pl e ot WA PICHEHE a6 PCT/ US2009/ 0688980 6 4ER° 601 VPEPATENT 414x°C

exanpl e, |USedgathk pHd poi nt sol utes w th varyi.og.canges|of cheud g

poi nt's oVieViadinhhFleNpresANCENE@bIONS_and tenperatures.
CLOUD PO |NFes9le VIEFONCENTRATI ON 1007 1i1Hi ghéér-1@bprient r at i osé-1410 pst oud

poi nt sol tges I r}x]g'5regsru?élv sofutton 24 conpag ‘E,;{“'“i th—the 80 psi

concent r gtton ot nputrtt+res—i+n—the—fegd—solut+oh-—18—<cah — _
advant agediidbnne Tyderawe recovery rates |okxdebeof 10000 @ hEensifpvertp gjorine

FIG 3 sHows—esrptiepressures—and wat ry rat et Shelenpxidizesy
an exanpl e forward osnmoside &y IFSylempranes veahA™MemBrAngs | on havi ng an
osnoti C PrESaMGntsisPloes@t M I n this exanpl e, ammoni um car bonate was
used as the solute in the draw sol ution. However, as described in
nore detail adB¥¥] bebauskivigmbute fpr pusiicatiodeplnivs floid tihahauliffeencef in
di ssol ve J S ol uti but .not_on the identities of the

sol ut es, dcsolB ?ngnltn]gfr%n(rasegh{ﬂt is’ V\lg%nééﬂgrlers]% be 03‘5‘9@? ARESUSE Y o 9GE npressure
sol ut es. gsdighiOvatrose thidssSniepeanidbls mamb%e 36C AY@NALisOk thelEfusibh @Ma solvent
seawat er can }?e achi eved ﬁy uslifn&]g a ?r aw sol ution having an osnotic_
pressur e TiP48" i% SHPERTEICAP RaMOMRIRE (5t 2ofoluiedngf elovenysolue gormmgration
wat er re(ﬁ(ﬁ%ﬁﬂ&;i@@&lub&))%hé QYRoiifh BighlrAMIRO lbhdeBRatAY {H ex‘%icOEMdns.
pressure that is greater than four tinmes that of seawater. As shown
here, thdPCasEAERTE QuersWES!s abFaligasivd amwenestyr asteoss ge%ralbrdspends af solute
f r eshwat { i arough a.sem - perneabl e nbrane. .
s shoun T Ep &rh B BE B SRR Richi 0 AT (ISR BPAETE) Baoen Aad wi
di rect | y pompd atiosnalsehbpérhealsis nmnitgarer @Shbup as ged esrabchtio ¥Rk Bofite is
FORWARD OS_I\/?I S MBRANES _10022I] ui t abl e menbranes were eval uated for
use with FHEETd ¢ SPESEHALPR of another solute, regardless of the identities of the solutes.

10051] As the fluid to be purified flows across the semi-permeable membrane 30
and into the draw solution 24, the feed solution 18 becomes more concentrated over time.
When it reaches a certain concentration, the feed solution 18 can be directed through a first
conduit 42 for further processing or for return to the environment (e.g., as brine). As an

example, a 3.5% NaCl seawater solution can be concentrated to a 10-15% brine solution,
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processes disclosed herein. Prior to use, all nenbranes were soaked

i n dei oni WOROWABBM6f or at | east 15 minutes to al |l ow any PEIISR00/468500
sodium net abisulfite to diffuse out of the nenbrane. Each nenbrane

t est ed agai nst sel ected draw sol utions. The draw sol utions were
prepared in different weight percentages to give rise to different
osnoti c pEBSERIDESVES shown in Table 5, below, which lists certaipATENT
exanple initial osnotic pressures for FA-PEG cl oud point sol utions.
The nenbranes and draw sol utions were placed in the forward osnosis
system 10p§$}QW1§cHar Eacklio thé bltad 07RuR6) diiidr LBn&RRHRINS 1@JelsOfte QﬁltagleSf%t‘
NaCl in water. 0101080546PCT/ US2009/°068590 SI YER. 001VPCPAT

Sol ute ( %lecshn&e?men Ceniseioye phe songestratad rpedSeetnaere 28 31r5%m1e)nbaémts

27.2 FA-P 70% water -113.9 FA-PEG
400 (50% &%?9&&%@&%&? é%BI% 5@%‘3%%%’ ra“é"237. 3 FA- PEG 600 (67.5%

wat er -305 Tajobs2]5. Osnwisety, I?heeémwr @dutfonr24Vescomes moed dilesd bver\her The
10073] Each. 304j tion. was g‘ﬁ?ted a i st several nenbranes, the feed

sol ution H%?W SOPERT th (e rRSTTRERT © SOBRTHDS Y ater i g & mare; gowd point
hours, anghhitbe calinba MRERd ARoligs lhetbco cbiRRfit44 SreRirthéd BloBeddBEE In certain
carri ed out for each draw sol ution and nenbrane. Fromthe coll ected

data, floWnbatimentihe dilnted dray ealvsing 2donpamened fheprocasgng avhed if Faghes a
rates for gy el snfs Sqf%e{w ra%&?tsl 91# 25$’/h0§@feﬁ'e{r3?aj_ .55 1 r‘rg AL pr@felably
f or 0S

bel ow. The cal cul ate ow rates Fwar ranes are
shown i n atebl €% pr besk,omd nost prefmably RBhut 1%. In certain embodiments, continuous
removal of the draw solution is contemplated.

Fluid Purification System

{0053] Reference is next made to FIG. 2, which illustrates a schematic
representation of a fluid purifying system 100 comprising a forward osmosis system 10 and a
filtration system 60. As explained above, the forward osmosis system 10 is configured to
accept a feed solution inflow 16 and to generate a more concentrated feed solution outflow
42 for disposal or further processing. The forward osmosis system 10 is further configured to
accept a draw solution inflow 22 and to generate a more dilute draw solution outflow 44,
containing the fluid to be purified and cloud point solutes, for further processing.

[0034] In certain embodiments, the more dilute draw solution outflow 44 flows
out of the forward osmosis system 10 and into a precipitation system 50. In certain
embodiments, the draw solution (not shown) is precipitated while it is in the forward osmosis
system 10 (e.g., in the draw solution reservoir, not shown).

j0055] In certain embodiments, the precipitation system 50 comprises a heating
unit. In the heating unit (or in the draw solution reservoir), the temperature of the draw
solution outflow 44 (or draw solution) is raised until the cloud point is reached and,
preferably, slightly exceeded. For example, the draw solution outflow 44 can be raised until
the temperature exceeds the cloud point by about 2—5°C. When the cloud point is reached,
the cloud point solute begins to form a cloudy precipitate, due to lowered solubility in the

fluid to be purified (that is, the solvent). In certain embodiments, a phase separation of the
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draw solution or draw solution outflow 44 can be observed. For example, the draw solution
outflow 44 may separate into two immiscible layers, a solvent layer and a clouded solute
layer.

[0056] In certain embodiments, the precipitation system 50 comprises a gas
treatment unit. In the gas treatment unit (or in the draw solution reservoir), clouding of the
draw solution outflow 44 (or draw solution) is achieved by the addition of at least one water-
insoluble gas in order to lower the cloud point of the solution to ambient temperatures or
thereabout. For example, methyl chloride can be bubbled through the draw solution outflow
44. In certain embodiments, the precipitation system 50 can comprise a gas treatment unit
for lowering the cloud point of the solution and a heating unit for raising the temperature of
the draw solution or draw solution outflow 44. Other techniques for precipitating a cloud
point solute from solution are also suitable.

[0057] After phase separation and/or precipitation has occurred, the draw solution
or draw solution outflow 44 is discharged as a precipitated solution 52. The precipitated
solution 52 can then be directed to a filtration system 60.

[0058] The filtration system 60 is configured to remove the precipitated cloud-
point solute(s) from the precipitated solution 52. In preferred embodiments, the filtration
system 60 comprises a nano-filtration membrane. An example of a suitable nano-filtration
membrane is Koch SelRo MPF-34.  Alternative filtration systems are contemplated.
Furthermore, other membranes such as reverse osmosis membranes and ultra filtration
membranes and combinations of membranes are suitable.

[0059] In certain embodiments, the filtration system 60 is selected based on a
molecular weight cut-off value (MWCO). In those embodiments, the filtration system 60
will preferably reject at least 90% of solutes having a molecular weight at or above the
MWCO.  Accordingly, the molecular weight cut-off point (MWCO) of the filtration
system 60 should be lower than the molecular weight of the cloud-point solute(s) in solution.
Preferably, the MWCO is about 400 Da or less, more preferably, about 300 Da or less, and

most preferably 200 Da or less. In certain embodiments, the MWCO is about 100 Da or less.
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[0060] Certain embodiments comprise a pressurized filtration process, such as
nano-filtration or reverse osmosis. Consequently, a pump system 56 (e.g., a medium-
pressure pump system) can be used to direct the precipitated solution 52 to the filtration
system 60 at supra-atmospheric pressures. In certain embodiments, the filtration system 60 is
operated at a pressure between about 6 and 14 atm (90 and 200 psi), more préferably between
about 7 and 10 atm (100 and 150 psi), and most preferably between about 8 and 8.5 atm (120
and 125 psi). For example, the filtration system can comprises one or more reverse osmosis
membranes, and the pump system 56 can direct the precipitated solution 56 to the filtration
system at 8—14 atm (120200 psi).

[0061] The filtration system 60 discharges a filtered effluent 62 comprising the
fluid to be purified (e.g., water). In certain embodiments, the filtered effluent 62 can be
directly output as the purified fluid 68 (e.g., potable water). In certain embodiments, the
filtered effluent 62 can optionally be directed through one or more treatment processes 64,
such as an activated charcoal filter. Such treatment processes 64 can advantageously be used
to remove any remaining cloud-point solutes, additional organics, and/or microorganisms,
etc., from the filiered effluent 62. After passing through the one or more optional treatment
processes 64, the filtered effluent 62 can be output as the purified fluid 68. Preferably, the
total dissolved solids (TDS) levels that remain after processing are between about 5 and 50
ppm.

[0062] Optionally, in certain embodiments, the filtration system 60 additionally
discharges a re-concentrated draw solution 22. One example technique for preparing the re-
concentrated draw solution 22 is flushing the filtration system 60 with a supply of fluid 72 at
a temperature below the cloud point of the solutes. In an example embodiment, the re-
concentrated draw solution 22 1s prepared by flushing or rinsing a nanofiltration membrane
in the filtration system 60 with cold water. The fluid 72 redissolves precipitated cloud-point
solutes collected in the filtration system 60.

[0063] The re-concentrated draw solution 22 can then be returned to the forward
osmosis system 10. Such a configuration advantageously enables a closed cycle for the

cloud-point solutes to be reused in the forward osmosis fluid purification process.
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[0064] 0U.S. Patent No. 5,679,254 to Chakraborti discusses desalination of
seawater by nonionic surfactant aided phase separation. The *254 patent describes a method
for recovering relatively salt-free water by adding nonionic surfactants to aqueous salt
solutions. The surfactants used are from a family of nonionic compounds called alkoxylates,
which exhibit multiple cloud points to create various biphasic solutions. The temperature of
the mixture is raised above a first cloud point to canse the mixture to phase separate into a
first predominantly salt-rich phase and a second salt-free phase, the salt-free phase
comprising water and non-ionic surfactant. The salt-free phase is subsequently separated
from the salt-rich phase. The temperature of the separated sali-free phase is further raised
above the second cloud point to promote an additional phase separation into a surfactant-rich
phase and a surfactant-free phase. The surfactant-free phase is then separated to provide
potable water.

[0065]) The °254 patent differs from the systems and methods disclosed herein.
For example, the "254 patent relies upon a nonionic surfactant which possesses multiple
cloud points. In contrast, the disclosed systems and methods can function with a draw
solution having a single cloud point. As another example, the *254 patent requires co-
solvents like cyclohexanol and 2-ethylbutyl cellulose for the final water separation from the
surfactant. In contrast, the cloud point solutes disclosed herein can be directly separated
from the fluid to be purified using a filtration unit, such as a nanofiltration or ultrafiltration
membrane, without requiring additional chemicals to be added.

[0066] Table 3 below shows the energy requirements for different conventional
desalination processes used by various public water utilities. The data in Table 3
demonstrate that the systems and methods disclosed herein can reduce the operating costs of
desalinating water by a factor of three to five over existing desalination technologies, such

that the costs are comparable to wholesale freshwater sources.
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Process Energy costs,
kWh/acre-ft of water
Reverse Osmosis 6,000-12,000
Multi-stage flash distillation 3,500-7,000
Multi-effect distillation 2,500-5,000
Vapor Compression 10,000-15,000
Forward Osmosis {(estimated for 4,000-6,000
Osmotics Technologies Inc. process)
Forward Osmosis (as disclosed) 1,500-3,000
Table 3. Energy Requirements for Desalination Processes
EXAMPLE 1

DETERMINATION OF CLOUD POINT

[0067] The cloud point temperatures of cloud point solutes were determined at
temperatures ranging from 10 to 70°C and concentrations varying from 10 to 90%. Visual
measurements were made at 10C° intervals. For example, the clarity/cloudiness of the
individual solutions was assessed. The data collection for one example of the cloud point
solutes tested, a fatty acid-polyethylene glycol (FA-PEG) called PEG 400 ML, is shown in
Table 4 below. In Table 4, “0” represents a visibly clear solution; a single asterisk “**
represents very slight clouding; a double asterisk “**” represents more pronounced clouding;
and a triple asterisk “***” represents substantial clouding. A correlation between
concentration, temperatures, and cloud points can be noted, enabling a determination of the
operational design points of the forward osmosis system at varying solute concentrations and

temperature.
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Water Dilution (%)

T{igp' 10 20 30 40 50 60 70 80 90
10 0] © e G 0] e c] e ©
20 (0] 0] e c] 0] (o] o] (0] e
30 © o © o O o % % EZ
40 0] © (o] e] (o] o * *k * %
50 0 o o) 1o} o * gk *ok ok %%
60 e 0] (o] 6] * k% LR ok Fkk
70 o * % *% sk %k k% kkk $ok
80
90

Table 4. Organic solute PEG 400 ML in water/temperature experiments

[0068] No cloudiness was observed below 25°C, which js higher than the inlet
seawater temperature for most areas of North America. At 30°C, slight cloudiness for
solutions containing more than 70% water was observed. Complete cloudiness and phase
separation occurred above 50°C for the 70-90% water solution.

[0069] Based upon Table 4, an example process can be derived to treat a scawater
feed solution having a temperature of 20°C. A concentrated draw solution with 50%
concentration of PEG-400 ML is prepared. The draw solution is diluted through forward
osmosis as fresh water moves from the feed solution through a semi-permeable membrane,
untif the draw solution reaches about 90% water content (that is, a 10% concentration of
PEG-400 ML). The draw solution is subsequently heated to about 50°C to trigger clouding
of the PEG-400 ML. The clouded draw solution (comprising precipitated PEG-400 ML and
water) is passed through a nanofiltration membrane to remove the precipitated PEG-400
ML.. Where recycling is included, the PEG-400 ML collected on the nanofiltration
membrane is dissolved back into solution as a re-concentrated draw solution by flushing the
nanofiltration membrane with cold water to create a 50% concentrated draw solution.

[0070} Numerous other processes for obtaining purified fluids from an impure

feed solution using cloud point solutes can be derived as well following similar principles,
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for example, using cloud point solutes with varying ranges of cloud points over different
concentrations and temperatures.
EXAMPLE 2
CLOUD POINT SOLUTE CONCENTRATION

[0071]  Higher concentrations of cloud point solutes in the draw solution 24
compared with the concentration of impurities in the feed solution 18 can advantageously
improve recovery rates of the fluid to be purified. FIG. 3 shows osmotic pressures and water
recovery rates obtained for an example forward osmosis system, from a seawater solution
having an osmotic pressure of 27.2 atm. In this example, ammonium carbonate was used as
the solute in the draw solution. However, as described in more detail above, because osmotic
pressure depends on the number of dissolved particles in solution, but not on the identities of
the solutes, similar results would also be obtained using cloud point solutes. As shown in
this example, a 50% recovery of water from seawater can be achieved by using a draw
solution having an osmotic pressure that is greater than twice that of seawater, while a 75%
water recovery can be achieved with a draw solution having an osmotic pressure that is
greater than four times that of seawater. As shown here, the research team was able to
demonstrate a 90% recovery of freshwater using forward osmosis through a semi-permeable
membrane. As shown in FIG. 3, the concentration of the draw solution is directly
proportional to the osmotic pressure generated.

EXAMPLE 3
FORWARD OSMOSIS MEMBRANES

[0072] Suitable membranes were evaluated for use with the forward osmosis
processes disclosed herein. Prior to use, all membranes were soaked in deionized water for
at least 15 minutes to allow any glycerin or sodium metabisulfite to diffuse out of the
membrane. Each membrane tested against selected draw solutions. The draw solutions were
prepared in different weight percentages to give rise to different osmotic pressures as shown
in Table 5, below, which lists certain example initial osmotic pressures for FA-PEG cloud
point solutions. The membranes and draw solutions were placed in the forward osmosis

system 10 shown in FIG. 1, with a feed solution concentration of 3.5% NaCl in water.
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0.21 0.23 0.19 0.21 0.22 0.2_0.28 0.28 0.28 Table 7: Flow Rates, in
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10074]In these tests, it was observed that nenbranes specifically
manuf actured for forward osnosis resulted in higher flow rates than
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FA-PEG 600 (67.5%) water ~305

Table 5. Osmotic Pressures for Various Solutes in Water
[0073} Each solution was tested against several membranes, the feed solution and
draw solution were monitored over a period of 4 to 5 hours, and the data were collected. At
Jeast three trials were carried out for each draw solution and membrane. From the collected
data, flow rates were calculated and compared. The calculated flow rates for reverse osmosis
membranes are shown in Tables 6a and 6b, below. The calculated flow rates for forward

osmosis membranes are shown in Table 7, below.

Culligan (RO) Hydrotech (RO) CTA (no backing)

Trial > 112 1 3 p1 2733 1 |23
0% ZSFEG o062 [ 0062 [ 0.062 [ 0.062 [0062 [0062| x| x | x
TORTAPES 012 | 012 {0062 0062| 012 [o0s2} x | x | x
0% FAPEG 1002 {0062 00620062 012 | x | x | x | =
PRIGFEC b % loos2 [oo62]00e2| x [0062] x | x | x
OT5% FAPEG oosa [0062| x o062 | 012 [00e2| x | x | x

Table 6a. Flow Rates, in mL/hr per cm’ of membrane
(by trial, membrane and draw solution)

X - denotes no movement in draw and feed level
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Microline (RO) Rainsoft (RO)

Trial L2 13y 1l 213
50% g&)‘PEG 0.062 | 0.062 | 0.062 | 0.062 | 0.062 | 0.062
TO% TAPEG 1 0.062 | 0.062 | 0.062 | 0.062 | 0.12 | 0.12
PR IATES Toxz [ o1z | x Joos2| 012 |06
TRIATES Noosa | x {o.062]0.062 | 0.062 | 0.062
67-5%61;3'1’}36 0.062 | 0.062 | 0.062 ] 0.12 | 0.062 | 0.062

Table 6b. Flow Rates, in mL/hr per cm’ of membrane

Sea-Pack (FO) X-Pack (FO) Hydrowell (FO)
Trial P 1 2 3 1 2 3 1 2 3
50% FA-PEG
300 0.19 ] 025 1014} 017 [ 017|022 028 | 036 0.17
70% FA-PEG
300 0.24 | 0.25 02 | 021 0311029 036 | 0.37] 031
50% FA-PEG
400 0.11 [ 025 } 020 016 | 0.17 | 0.19} 026 | 0.23 | 0.29
75% FA-PEG
400 024 025 1023 021 | 023 | 023 0.28 [ 0.25 | 0.36
67.5% FA-PEG
600 021 ] 023 | 0.19] 0.21 | 022 ] 0.2 028 [ 028} 0.28

Table 7: Flow Rates, in mL/hr per cm” of membrane
(by trial, membrane and draw solution)

[0074] In these tests, it was observed that membranes specifically manufactured
for forward osmosis resulted in higher flow rates than membranes specifically manufactured
for reverse osmosis. The flow rates of the forward osmosis membranes were almost 2 to 3
times faster than flow rates for commercially available reverse osmosis membranes.

EXAMPLE 3
DRAW SOLUTION TESTING
[0075] Forty combinations of draw solutions and membranes were evaluated, as

shown below in Table 8. Eight different membranes, both reverse osmosis membranes and
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forward osmosis membranes, were evaluated. Five different draw solutions were evaluated.

Seawater was used as a feed solution in each system. The seawater was changed daily until

the draw solution no longer increased in its volume.

Culligan | Hydrotech | Microline | Rainsoft | CTA No HTI HTI HTI Sea-
CTA CTA CTA CTA Backing § Hydrowell | X-Pack Pack
FA-PEG
300 0.062 0.062 0.062 0.062 0 0.320 0.170 0.165
50%
FA-PEG
300 0.12 0.062 0.062 0.12 0 0.365 0.360 0.245
70%
FA-PEG
400 0.062 0.091 0.120 0.062 0 0.275 0.165 0.225
50%
FA-PEG
400 0.062 0.062 0.062 0.062 0 0.265 0.230 0.245
75%
FA-PEG
600 0.062 0.062 0.062 0.062 0 0.230 0.215 0.220
67.5%
Table 8. Flow Rates (mL/hr per em” of membrane)
[0076] Although each draw solution initially had a different osmotic pressure, the

point where the draw solution no longer drew water molecules across the membrane was

roughly the same. For example, 20 mL of a 50% solution of PEG 300 had a 10 ml. increase

i volume, and 20 mL of a 50% solution of PEG 400 also increased the same amount in

volume. As shown in Table 8, the highest flow rates were observed with a PEG 300 cloud

point solute at 70% concentration in water using HydroWell™ membranes.

[0077]

Although this invention has been described in terms of certain preferred

embodiments, other embodiments that are appareni to those of ordinary skill in the art,

including embodiments which do not provide all the benefits and features set forth herein, are

also within the scope of this invention.
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35- 70 temperature below that of the cloud point temperature.

4. The process of claim 1, wherein the organic solute comprises a polymer.

5. The process of claim 1, wherein the organic solute has a molecular weight of
about 200-600 Daltons.

6. The process of claim 1, wherein the cloud point temperature is in the temperature
range of about 35-70° C.
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