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AND APPARATUS Fl”@wmumi 'wmm NVENTI ON This invention is in the field of

wat er purificat il ticularly, this invention describes a nethod
and rel ated appar at ussidss0 desal i nate water by a high recovery reverse
osnosi s process. This novel high recovery reverse osnpbsis process conprises
a sequence of unit operations which permts econom cal operation and high
recovery of fEHGHRRECQYERY REVERDE QOSMOSIS PROCESSHANDARBARATUES en when
the feedwat er contains a substantial anmount of silica. BACKGROUND OF THE

| NVENTI ON There is increasing demand for purified water for various

I ndust ri es FIELD®OF T¢IE EINVENTION, pharnaceuticals, and power generation.
More frequently,, these industries are |ocated near, centers of |ncreasing
popul ati on, ThesBhe dBveNOnCS i B el @t Wate purdeatione Mara Pasticularlys 1this| e

wat er supplies, and sophisticated water purification systens are needed to
process f eeiwentionsdescribeschiméthed godirelated(apperatussiondesslinateiwatgr. by a high
Additionally, econonmic factors are denanding that water purification

syst ens becrecevdrg seveesepmarisiseproceshiUTHisl nevel higie retbeery aevkrsovsniasiyprotess
factors are demandi ng that these systens utilize available feedwaters with
greater effigheiey a%&?wﬁ@@@ﬂ'ﬁﬁ@oﬂe?aiﬁm&‘%‘i&r pelffts ScdtRAREA %p&%ﬂoxpﬁncmﬁ%h by

provi ding i nproved water purification technol ogies and systens whic

econom cal | r S e . ' b [ of § es _as a
8ur: fied pr%ﬁ%&%\eﬁgtfgflél’?aéére%f?f)ﬁﬁgg%ig&%’%g?? %gf%ﬁ&%ﬁ?%tﬁ & %%ﬁ%’[&?‘%ﬁt g][ IS
ecl i ni ng. resent, inventiq rovi des..for economi cal puri

f eedwat er s %‘?&WR‘%W%’NW‘%‘P i ‘Tﬁ “EBﬁ%]é?ﬁrat ions (typically 30 ppm or
gr}aat er) of silica by neans of reverse o ~ MBE; Zan4 osnpsis (RO, and
all ows recovery of up to 90% or nore of feedwaters as purified product

W t hout depgﬂdﬁgﬁmbﬁﬁh%mvmmus silica wwthin the reverse
nt.

osSnosi s equl pre
There is increasing demand for purified water for various industries such as

semiconductors, pharmaceuticals, and power generation. More frequently, these
industries are located near centers of increasing population. These factors combine to
put increased demands on available water supplies, and sophisticated water
purification systems are needed to process feedwaters of declining quality (increasing
salinity). Additionally, economic factors are demanding that water purification
systems become less expensive to build and operate, and environmental factors are
demanding that these systems utilize available feedwaters with greater efficiency and
generate less waste. These demands can be met by providing improved water
purification technologies and systems which economically process and recover a
substantial fraction of feedwater as a purified product water, even in areas where the
quality of the feedwater is declining.

The present invention provides for economical purification of feedwaters
which contain significant concentrations (typically 30 ppm or greater) of silica by

means of reverse
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Silicais ubiquitous in natural waters. The solubility limt Qof “%N&t‘?oglfl ica
in nost waters is approximately 125 ppm However, the chem stry of silica
is conplex; the actual solubility limt of silica in a particular water is
vari abl e and dependent upon nunerous factors including tenperature, pH;
ionic conposition, ionic strength, etc. 20vhen silica-containing waters are
concentrated by neans of conventional reverse osmpsis and the rel evant

silica ol Ubtmdstombh it dliSw é%%gfg%@%%%«?%&@%?#%@ﬁ&em% beftfd GRS Huct

preci pi t at et sca surfaces o e sys system

Piﬁéﬁé”ﬁﬂﬁﬁw&ﬁw@ Bistion o5, Ao ik ity 4558 ersqt*t'f“&ﬂtﬁﬁlivé"
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pur {1 ed vt or  pOLGURDAEIEIEIR DR Beel %sa&vt?“*gt%a?g%g&aw&égﬁe?

met hods for ach| eving h| h recovery of silica-c <
purified pr¥@tFEYisggpr ok 2R KIRW P %Sﬂnsgltogﬁg °3W9‘deg3%

pr et reat nent proceSS| ng. of . feedwaters prior, to or,a terna1 | veI on t he
addi tion of selubility fg%mnsm Fﬁ@ﬁ?‘é‘e%e’f‘w i

met hods typically reqwrea usting the pH of the fee ter Oor
greater in mtslpngstam@ratwq, SPWFWHF‘E@EQ“F‘? sengthypie silica

in solution. Levels of hardness in such feedwaters nust |rst be reduced to
very | ow comnatan aracoreestrated emesns of gonyentionak rexerss ?W’éﬁt“; Wdﬁ‘?\?ﬁf silitae| y
deposition of mneral scale when the pH of the feedwaters is increased to
rel atively olybilifylinritisekeseded injthe ROJpieniplesilicrcan piecipiiaty and for, seals’9Bds t o
reduce the |l evel of dissolved carbon dioxide in the feedwaters to reduce
chni cal usagposedbaufades afithd systewa ROgystenepeormanse i thererepty,dogradedagad 85 £ | ue
work of Mavrov et al. (Desalination, 123 (1999) 33-43), and to U S. Pat. No.
5, 925, 255 eﬁp@mh&&@&ﬁbulitﬂﬂmkdv@mdﬁp&lypm formed. iF ot BepvrawralvaHIE i n by
reference, for further discussions of such former methods. The success_ of
addi ti on of withirativesilinatdonesnsratons of 30e 80 ppmsthe magimune praghgabresovesy ofpnefied | y
limted to applications producing RO retentates with not nore than about
200- 300 ppmweitdriby odventiornl BID is Bmitedtojabput 3§.— 7090% or greater) of feedwaters
containing significant concentrations of dissolved silica is generally not
possi bl e with si Formeramdthods far aghieving Bigh eecevery ofsiljcabcontainieg feodvinigrs an

(Desal i nation, 124 (1999) 33-4.1), which is incorporated herein by
reference. JuliéRrodict bylmeahb/Ei RO Ghverelimlonl extrnsive sl expensivel paetedinzgppar at us
for renoval of silica fromaqueous solutions is provided herein. In one
aspect of t hroqEfgedffeddmatié privt.to RO opiltepdatively or theadditind af expengivedhati-i on i s
adjusted to an acidic pli The acidified solution is them processed through
a reverse Ogalants clispicdlat Sikh formep preferrddantitinods typidalte regjnirel adjusting thel pi ofdbe has
pH between 1 and 6; preferably, the pHis between 2 and 5. The pHis

adj ust ed wi tfBedwratdieto 10 dr@feater & ordérgabstantiallyi 10 Soniy silfcarand therdbh maimtdinisilicn in
hydrochloric acid, sulfuric acid, gallic acid, ascorbic acid or

conbi nat i onssolufieh.€Dévels! oF hardabd3 o siRb Bedivaefs nlst first bo/rducedto very low
silica.-containing agueous solution is subjected to a pretreatnent process

prior to theonsinttbfidrshdviives tE€prevell @ diffednt SrabIFEI) harRelp depssitiva of mirerdl seale
conventional reverse osnbsis, softening, ion-exchange, flocculation,

precipitati When&ﬁ&?‘ll@fth@'ﬁedmﬁ is inlcfeabddQp relstive tlﬁgmbmleyss SltlsedeﬁfdblmhoahySI S
reversal, mcrofiltration (nmenbrane filtration el ectrodi aresi s,

el ectrodei oryugREdrMBy mbthbdrd réMich (! 1@&1 bEHisalvy®t btbori dibide 21 the edwalers to

conbi nati ons ther eof "0 ~ MAR 2004 4 In yet another aspect of this
I nvention, tjgid %@&eﬁe&%?ﬁﬁ dhte by bb RIHRY A hiORorKidfl Ca
from aqueous soI ut| ons process | ncI udegﬂphe st epgﬁgf (a) passing

silica- cont aug eb?@fﬁ%%@ 9@9 ),S@ttrt?tts HaR 3RS 8,008,285 oduce a

first treate sol J us the first treated sol ution
to an acidic pHto produce an aci d- treated solution; and (c) passing the
acid-treated solution through a reverse osnpsi s apparatus according to the
present invention. BRIEF DESCRI PTI ON OF THE DRAW NGS The various features
of invention may be nore fully understood fromthe follow ng description
when read together with the acconpanying drawings. FIG 1 shows a schematic
representation of a process according to this invention. FIG 2
schematically illustrates a sinplified reverse osnosis apparatus for use in
connection with this invention. DETAILED DESCRI PTI ON The present invention
permts high recovery of purified water from feedwaters which contain
significant concentrations of silica w thout deposition of
silica-containing scale or formation of colloidal silica by first adjusting
the pH of such feedmater |nto the aC|d|c range, and t hen operating the RO.
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0 ~ MAC zoo4 5 approxi mate pH range of 1-6), rates of pol ynﬁ}l.zfa’t\‘lzom%nd/ or
precipitation of silica fromsupersaturated solutions of silica (which are
produced during RO as the result of concentration of acidic feedwaters
which are not initially saturated in silica) are sufficiently slow so that
operation of an RO process at high recovery is practical and econom cal .
Former nmethods for achieving high recovery of silica-containing feedwaters
as purified product water without silizxa deposition utilized equilibrium
constraints inposed on polynerization and precipitation of silica at

al kal i ne ' 1 ne : {1 ﬁ?a { v L reAROf¥ furl® i t he

pr esent iwgd#%y%&ﬁe@f’d& Ll_&g | |téz%£gr%<l?§g?é|f% cohgo%lrm n{gﬁ‘i&dnsg%%ggbﬁ

pol ymeri zat i on g precipitation of silica by operation of an RO process at
acidic p .OHWIP%Q déc’f ore believe that the present invention is fundanentally

et hods. based T EORGLeGRHobPt (et Parisaiit rromnB e ROUPedinn " Thc

b o ar cosneruk By et Bitfvens 10 sy 00 S0F Man G 0007 C
Bl i o copeinslighs i hiaberoyey b e Plihansrmi) SigR s e ABFACRE snose.
& ovich anEonSPRRIDR Of dpolhe Rhchie STaUN APHESIDP BUBALER FPARSEaPR) ot or & | <

i nhi bi ted under acidic conditions, and, biofouling.cqncerns, are thereby
reduced. Refezancemsybe mad todlarton;(Resalinatiop; W,(l?%%ﬁﬁ}g Vﬁ%@b’éé‘ﬁ?rﬂo&}%‘fse
osgosi S process may be operated successfully on feedwaters which have
redei ved hemeityveletened. ni mal pretreatment(s) as conpared with conventional
met hods. This provides econom c advantages in terns of both | ower equi pment
costs and | ower operating costs. The present invention is applicable to
efficient purification of feedwaters which contain significant |evels of
nat ural sSUMMARYOF ERE BYVERRIION exanpl e, 0 4 MAR 2004 6 groundwaters
found in vol canic deposits. This invention is al so applicable to treatnent
of partial | y- pAmoféltboesstand eelated eppasatid for remeoval of siliceyfipw; aqziequs sRlyplong 15 f
silica, such as by way of exanple, fromwater softening, nanofiltration,
el ect r odi proyided hereih. di brer aspeve ofithie presentdrtvientionotie pHrofalsidicancontaming solufigrent i on
is also applicable to treatnent of wastewaters which contain significant
| evel s of issddjusted to sniadidie pHb Thevasidified solation is then prasassed theoyghra ravesse f r om
conventional RO and nanofiltration operations. Figure 1 is a bl ock diagram
r epr esent iosgosispperstusd imeretembodiment, dheaxidified sojution bas pH hetwesn 1 pad 6 esent
invention. In its sinplest enbodinment, the present invention nmay be
utilized tpeefarablgsthepH isftetwhen 2andd. Bhetpklis adjnstedwith pither minesalior ogggnicd i ncl ude
the foll owi ng sequence of unit operations: Feedwater 1 o

acids. Preferably the acid is hydrochloric acid, sulfuric acid, gallic acid, ascorbic acid or

) combinations thereof.

In another aspect of this invention, silica-containing agueous solution is subjected to a
pretreatment process prior to the acidification step. The pretreatment process can include
conventional reverse osmosis, softening, ion-exchange, flocculation, precipitation,
absorption, nanofiltration, electrodialysis, electrodialysis reversal, microfiltration (membrane
filtration), electrodiaresis, electrodeionization, filled cell electrodialysis, irradiation and

combinations thereof.



"type 1 treatnent” 1 adjust pHto acid range as appropri at e'GI,h‘HNR‘ zopgovery
reverse osnosis In the foregoing sequence, the term"type 1 treatnent” is
understood to enconpass those standard RO pretreatnments prior to
conventional RO which woul d be deened appropriate and necessary for the
particul ar feedwater at hand by one skilled in the art. Such standard RO
pretreatnents are those that are ordi nady, and appropriate for feedwaters
for conventional RO processing. Such standard "type 1" pretreatnents m ght
i ncl ude, for ex i i b od Jol Bk i ! 4 bbgasdthsofor
mcrofiltrati on,ﬁ‘%ﬁ(’gﬁ%ﬁcﬁﬁkg‘g&t} oriﬁtre\g?ig]%rr??mﬂ?g}d%iég?iagn,ﬁ%nd the Iike.
The latter technigues .are_ bpri b )i i { ! ly do
23 ST adlob Aol i¥nd R iBlesd BellflsihCuerdRe (oY Bhsil

not subst aftPy e chem-cal conpositio e feedwater.

The nature gnd amount qf .acid t e ~ ~ . 200~ ~ eedwat er
to adjust FHE-FRRRUARNE s@‘“&%"s "é‘ﬁﬁ 8?’53538‘.9’%:"%%% F %Sﬁg%‘?‘ ¢ %@%ﬁ%&ﬁe&l%@u&ftﬁ be
determ ned the c itd on of C i cul ar anl ol al the
pr esent |n&€¥ﬂq“l§ﬁ"%§‘g&)’§f@§h a‘éﬁeﬁﬁm‘@g%e%‘ 4%%%%?%&%\3{%% allalr(li t edr ange
of fromabout 1 to out, 6,. and re,preferablw in about 2
to about 5.5011’%“4&‘@243@?“%?1?‘?‘%&8%%?%@@& %Bgé% reeaégﬁ?:%@s%%% Hﬁ‘g‘%s. ng both
m neral acids égg% hydroghl oric acid; sulfuric acid), and organic acids
(e.g., gal |aceor ) the preseIiinveBlion) o establ i sh the desired pH. The reverse
osnosi s portion of the apparatus used in connection with the present
invention is schematically illustrated in FIG 2. As seenin FIG 2, inits
sinplest form the reverse osnosis portion of the high recovery reverse
gsqosi s sy BRIBKDESCRIEEION OF FHEDRAWINGS ent rance conduit 12, a reverse
QsMosi s system 14 conprising reverse osnpsis el enents, ever se. 0snosi s
retentate exit aanaamwm,waﬁeﬁavqna%mb%m@yb%ﬁﬁ%&aﬂeé%& o fplloving ¢ 1s.
By selection of appropriate size_and/or nunber of stages for the reverse
osnosi s sysieseription athpw eead dogether with thesceqmpasying drawingsi ust ed f eedwater bei ng
processed, one of ordinary skill in this art would understand, how to
control the conddGt} showsa schematic rensessptationsof aRspesss aqearding 10 Lus IReNto8nt ent
and recovery of retentate and perneate fromthe reverse osnpsjs system as
desired. |n anotHi6: 2 echematicaliyillustrates asiwplifind revrrea psmosis ApRATHEs Bof M€§Bed to
process feedwater which has been previously treated by nethods which alter
t he chemi cagonhedtionswithithininvéntionedwat er, but whi ch do not substantially
reduce the anount of silica. In this enbodi nent, the present invention

i ncludes the follow ng sequence of unit operations: Feedwater "type 2
treatnment” 0 4 MAR Z004 s adjust pHto acid range as appropriate high
recovery repETAMLEDDESCRIPTION: f oregoi ng sequence, the term"type 2
treatnment” is intended to include those unit operations which would alter

t he nature and/ OThd presentinventien pérmits highireconpryof puriisdcwaigrdram fegdwatersehich

f eedwat er without otherw se substantially altering the amount of dissolved
silica in tbentdie eiguifitant corfbentratiohy efsilia withput depesitioni of isicavoontaining s¢aleier by way
of_)exarrpl e, softening (as by nmeans of zeolite softening; ion-exchange resin
sof t eni ng; Edrfalion GRYoLbIAA silicd by Rirsh adjgsting tHeopHE of sath feedwatersiotopthe sdidio range,
absorption, nanofiltration, electrodialysis, electrodialysis reversal, and
the like. Agdgd ther bpdratingithe ROPicIebsud acidie'ph Hiendidcavery ofthis dmeatiamis surpfising t he
feedwater will be apparent to one skilled in the art. It will be apparent,
for exanpl ein {ib#lof the prbRAr) Phiticlafly the publi@tidnsofdlepwhigh eeazh thatalloidal silwaid d be
used to pretreat a feedwater. Wth certain feedwaters, pretreatnent may be
desirabl e t gapidli; 6tine§ QA Silit4 aleGO fapifly deposittid)froraBilionte sslstions whn teqiLisat er
whi ch coul d otherw se adversely aftect performance of the high recovery
reverse 0sMisietedrEeRAS Bhy bdinsde 16\%€ K. Moy “THs/ChensitiPeN Silivas . G JolinOWiey, &by way
of exanple, salts which woul d thensel ves precipitate and scale the system
when concenighad qdv%g\eg 1) Witlofd Bhi ifhited by YRSbry) ol S7ould, 20hay & what one
conponents that can prondte or catal yze the precipitation of silica, such
as magnesi u ' 4’;5% j indd liel SondRLMS Wit ah ONS,
boric acid, %’r?ﬁﬂ%yﬁ%%@ coﬁmpg%gﬁfé’?%g?ﬁdggﬁa%gomt e precipitation of
polymeric silica such as particul ates, certain surfactants, polyners, and
the like. In yet a further enbodi nent, the present invention may be
utilized to process a




silica-containing wastewater. Such a wastewater may be proceﬁ?gdmﬂgrﬁ@%ly,
or may 0 ~ MAR Z004 9 optionally be first subjected to a "preéetreat t"
as descri bed above. In this enbodi nent the present invention would include
the foll owi ng sequence of unit operations: Wastewater 1 adjust pHto acid
range as appropriate high recovery reverse osnosis or, alternatively:
Wastewater 1 "type 1 and/or type 2 treatnent” 1 adjust pHto acid range as

appropri ate s r 0 ' ( n. EFlo..1l.. "F ter"

P oot bt Bprikifie GRS of P65, Bfes IRt MG nldr Blélipichrion SRS O
reverse OSnpPSi S proces 0,cpncent rat efentate from.a nofiltration
op\ér ation. o1 Hge Oéut}ogwrfal&lsgz‘wﬁg gre pra %‘i‘i’flé]mﬂlgng mthéé i onal

RO operation by first treating such retentate by means of el ectrodialysis
reversal (EomRcentmationoof acidis fegdwatersr which ergsnet witiadlynsaturdted ior sitica)t arst r eam
which is substantially depleted of electrolytes. This EDR product stream
whi ch may caufficient]ys slowcsd that epapativnl dfeincRO proeess ankigh 8RBy 8 praticdlsandhe
original ROretentate, can be subsequently processed by high recovery
reverse OSMB&NSmAGEOFBHME tnfethdiR %Ie%em%vihgvﬁ@a! Q&OV&yp'b?Véiﬂ&-@od%iﬂﬂ§
recovery of water w thout deposition of silica in the system Furthe
exanples in S . A o~ . ho, T . . iIs to
Fecover chonedufielo Briftiodu® il Sifidf sita EROUALY AR B6,iR5HEA

sem conduct or nuf act uring oper at.i ans, cpolin .ower st ewat.er.
constrainfs 1mpose<'*1 oql pglgmenzatxon ancP prect tailon of silica at aikaime pH.

Again, without being limited by theory, we believe that the present invention instead
utilizes kinetic constraints imposed on polymerization and precipitation of silica by
operation of an RO process at acidic pH. We therefore believe that the present
invention is fundamentally distinct from and operates on different chemical principles
than former methods based on comparison of their respective modes of operation.

The present invention does not consume relatively large quantities of base
which are necessary to adjust and maintain feedwater at a strongly alkaline pH in
former methods. Moreover, since the present invention operates under acidic
conditions, extensive pretreatment of feedwater to remove hardness, carbon dioxide,
and alkalinity to very low levels is also unnecessary. Growth and viability of many
microorganisms present in natural waters is inhibited under acidic conditions, and
biofouling concerns are thereby reduced. In an embodiment of this invention, the high
recovery reverse osmosis process may be operated successfully on feedwaters which
have received relatively minimal pretreatment(s) as compared with conventional
methods. This provides economic advantages in terms of both lower equipment costs
and lower operating costs.

The present invention is applicable to efficient purification of feedwaters

which contain significant levels of natural silica, such as by way of example,



(bl owdown), and wastewaters to be further processed to conpglyy MARt hymer o

| i qui d di scharge requirenents. Additional exanples of this enbodi nent wll
be apparent to those skilled in the art. Again, without being limted by
theory, we believe that the present invention utilizes kinetic constraints
i nposed on pol ynerization and precipitatjon of silica at acidic pHto
facilitate efficient and stabl e operation of the high recovery reverse

oSS! = b oBR kTG AR B e RSO PR
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. reverse 0sSnosis fprocess is periodically interrupted, and the high recovery
reverse osn¥8ysolsygxaraple; dropurwyater safleninganandfiltratioing cdectrotlialysiso and miher
potential silica nucleation sites which nmay be present. Such potenti al

nucl eati on epdrationsayelb&nowy inetlie aft. Thisniavention israisc applivablal tosttdatfiént of
particles, and other silica-containing particulates and deposits. A

particul arl wagbkatets WRick! dOnlhiP SRAM@n! Rivels T 1li&D sh@f Qv ?&Xmﬁye(‘ﬂeé SNoSi S
process includes the follow ng sequence of operafions: 1 swtch the

feed to th ' ' . i gi nal
foodnater « S arapLERRY ot BYRanoRT ReTad BEBARARA) pBHlolRec oo of i1 ca

d el ectrolyt | at ed ti f the. high
everse osmoui o BEBtHt St BRSSP G, SPERERAE Aot IFribodietinof fopEer | or

a sufficient tine to reduce the concentrations of silica and el ectrol ytes

i.n, the ret eftcqrding i the prpnbinvertion. yn itp simplest embodineens the presentiovention
f.e)edwat er; (2) add a sufficient amount of a base (such as sodi um hydroxi de,
pot assi um hydy beiwidized th prosessna feedwated dirbetlyl Ik 8is instanbe it wowdd rificlidetheat er
to raise the pHto 9-11, and soak, circulate, or recirculate this

basi c- adj usfitidwihessaaene ofahtbpérationsgh t he hi gh recovery reverse osnosis
systemfor a sufficient tinme to achieve equilibriumdissolution of any
insoluble silica; (3) flush the syst g4 i, t he sane basi c-adj ust ed
cleansing water used in step 2 above toreduce the concentration of silica
inthe retentate belowits saturation |igmt at the operational, acidic pH;
(4) add a sufficient amount of aci he "c|,ean" feedwater to reduce the
pH back into the desired acidic pH¥Rel Je#M§ange p 4 MAR 2004 n for the
hi gh recovery reverse osnosis process; @nd, (5) resune high recovery
reverse osnosis operation with the original silica-containing feedwater.
During recircul ati on of the adjust pH @ #id tinge asapriroptiatep (2) above, silica
concentration in the retentate stream mpy beneficially be nonitored. If
silica concentration in this recircul atfon stream exceeds the rel evant
silica solubility limt in "nahighatcowedyaeeerseosinogiscal |y about |25 ppm at
anbi ent conditions - then a portion of this retentate stream should be

di Xerted, and this diverted volune replaced with "clean" feedwater. In this
ma

rafiner Si11ca SRIORTHLBAR e 1REIERLARL Y SARRAT Tn RGP 0 O
S o2, oS0 EEANCRY SRR R SRS ETAL b, OGNSR T3

above. EXAMPLES Exanple 1 In a | aboratory hatch experinment using a
feedwat er wiFSEHIAPBFYia ?“Egn?cﬁﬁaﬁ’oﬁ?ﬁ&q partieples fe‘FRg‘@@iWa%te}}anéthéWeR@qﬁeﬁci lity
in Cape May, N. J. (approx. 60-70 ppmsilica; Table 1 below), we perforned
a 7-fol d cobcthparaducdirstimiend REOqeissajmenss afecthosethatare axdinasy,iand appropristewi t h
4300 ppmagal lic acid, and obtained a clear perneate and a clear, stable
retentate sfopdeginatersfadconverdtional ROaproddssingBuzh staidardoaypett prefreaimentsent at e
was 3.9. The retentate contained 445 ppmsilica as determ ned by the
phosphorol yhglaite ingbdd fétaGampss, | @inpl@Othedid | fRrafBR! ﬂﬁgqed%h' flecitida, Ca
concentration remai ned unchangéd after 18 hours, thereby denonstrating the
surprising stabkd ity 0 } p d.sol. ution, t er.. 186, hqurs under
anbi ent | ab%?%?{gf# ftﬁc‘%ng}t{a‘l%l(l)tg%@ﬂt ﬁée&zéﬂagé&c brg%é#{opataingﬁ{hienfﬂf%e%%ﬁ@tﬁetrat e
was still a i.gh as 420 m, and. t he retentate emined, cl ear.. 0.4 MAR
2004 12 Tab eéﬁ'i‘g“?écﬂ%BEFPHB’nP*MSI°a‘e‘£t‘@F“TEf%‘BéYNﬁ%ﬁY f@pot syhstantiplly alter thg7

Cal ci um 18. 9\vagnesi um 6. 17Pot assi um 13. 6 Chl ori de: 438 Bi carbonate: 286 _D
- Sul fate: Sdulp|chemicaboompgsitionzofithedeagiatars The nqtus) and) anzams ofreidpd de2 (a)
The sane sinul ated "Cape May, NJ" feedwater used in Exanple 1 above was
first treated with a weak acid canon exchange resin, and then sparged with
nitrogen to displace carbon dioxide. This treated water, with a pH of 2.7,
was then concentrated 15-fold (94%recovery) by RO The perneate had a pH
of 2.6 and a silica concentration of 1.2 ppm The clear retentate had a pH
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bel ow. p ~ MAR 2004 Table 2 Ex. Feed [Si 02] 0¢ '3’%”? 0
(ppm 2a69. 02b75. 22c71. 32d*71. 32e*75. 2 approx. recovery (% 94 94 92£ @2
13 retentate pH 3.4 3.3 5.0 7.7 10.8 retentate [Si02] (ppn) 1084 1122 845
278** 960 perneate [Si02] (ppm 1.2 2.2 1.7 2.4 1.1 *Exanples 2d and 2e are
consi dered outside the scope of the pr es_}ent i nvention based s --~ on pH and
are presented here for conparative purposes only. **Exanple 2d retentate

cont ai ned vi si Al | ] 110 . et entgate from .
convent i ona%l&isgtg H?ét fe\%\dﬁiga tﬁé@#ﬁ@#ﬁlﬁ‘%i’&ﬁ%@%@%@% Kﬁf Bﬁtfﬁ%ﬁ @?@&cgu?@ver sal
(EDR) to giv brine.waste and a producf stream wt he cqnpositjon

i ndi cat ed iwmiﬁl tw\é\ﬂ%ow theeo S&O%?fga%rmlﬂsgﬁé\&m geasrakthed t o
3.4 with HC, and it was concentrated to approx. 95% recovery by high
recovery repmserd ineension pperatasesucagssfuilyomhenhteedivatier pHcisviarthe ranger ofeframnosi s
was clear and stable, had a pH of 4.5, and contained 786 ppmsilica. The

per neat e wasbat dato abwait 6pandinieel pleferablyninsthé irargze(fdth 3b3Yt 2 to @bdut ARHR004 | 4
Table 3 - Conposition of an RO retentate after treatnent by

EDRI onsLCal piegérf? SinvdRAChas B8¢h 3pardied "RidcaRRlIIFS Sdikd hoRPinGiatRAP MRS (e.q.,
184. 7Sul fat e61. OChl ori del24. OFl uori de0. 4Nitrate3.5Silicad4l. 6 TDS (( r%g/ 1)

444. 8 Condugtd. i . C, pHAS ’ esent: L nvaent | . e
embodi ed i nﬁ%‘{rﬁéeﬁrl&é‘ég%i*r %I%ﬁ‘ g%ﬁ@)wﬂtdh"ég?mgg%%? f‘?‘%‘ggéur‘% ﬁm&?haegcg‘[&‘“{r?‘%{d)gﬁp
essential ch rqcﬁglii(fti C‘S lt_lher eof The present enbodi ments are therefore to
be consi der BT P JG JesIPd B and not restrictive, the scope of the invention
bei ng described by L the appended clainms rather than by the foregoing
description, andTB§ |reYaeng¥BoskhPeRiononk the epnarates, asede it connegtien vathgtheof

equi val ency of the clains are therefore intended to be enbraced therein.

0 ~ MAR 200presént invention is schematically illustrated in FIG. 2. As seen in FIG. 2, in its

simplest form, the reverse osmosis portion of the high recovery reverse osmosis
system comprises a reverse osmosis entrance conduit 12, a reverse osmosis system 14
comprising reverse osmosis elements, a reverse osmosis retentate exit conduit 16, and
a reverse osmosis permeate exit conduit 18. By selection of appropriate size and/or
number of stages for the reverse osmosis system relative to the volume of acidic pH-
adjusted feedwater being processed, one of ordinary skill in this art would understand
how to control the concentration of the retentate thereby to adjust the content and
recovery of retentate and permeate from the reverse osmosis system as desired.

In another embodiment, the present invention may be utilized to process
feedwater which has been previously treated by methods which alter the chemical
cdmposition of feedwater, but which do not substantially reduce the amount of silica.
In this embodiment, the present invention includes the following sequence of unit
operations:

Feedwater

“type 2 treatment”

+



S 1. A process for producing a clear reverse osnosis retentat 4h@y’&nﬂma
supersaturated silica concentration substantially greater th a tUil25
mlligranms per liter in a reverse osnosis apparatus froma feedwater having
a silica concentration, w thout substantial formation of alkali-soluble
silica-containing scale in said apparatus, said process conprising at |east
the followi ng steps: (i) adjusting the 35—1 of said feedwater to an acidic pH
range to forman acidic pH adjusted feedqwater; (ii) providing a reverse
osnosi s apparatus having a reverse osno¥ s feed entrance conduit, a reverse
osSnosSi s retentate exit conduhjustﬁm%gciawgeagamg@ﬂtg perneate exit
conduit; (iii) passing at |east a portign of said acidic pH adjusted
feedwater into said feed entrance conduit to produce: (a) a reverse 0osSnpDsi s
ermeate from said perneate exj; It id reverse osnosis perneate
IElavi ng a silica. coﬁcent rati Onﬁl@%&&&#}ﬁtﬁﬁ%qsggoglst han the sili (F:)a
concentration of said feedwater; and (b) a clear reverse osnpsis retentate
fromsaid retentate exit conduit, said retentate having a silica,
concentration substhgrferegring sgaeencerthe term “ypei2 tueatment? IS igtended peincludeer and
substantially greater than said silica. concentration of said feedwater;
and, (iv) rtoseanitnepepationsarkic momld alter theveatere asbiorsthe grourgsioé certain
conduit and retentate fiomsaid reverse osnosis retentate exit conduit 2.
In a procesdisidivedcatiporicnts i theVieédeataswithowt sthéridcafubstaatialng aRering the
supersaturated silica concentration greater than about 125 mlligrans per

liter in a AYSKSES REBIPESsi a b : 21
C_ogcentrati on ar$d a?ﬁa pﬁ%?ﬁ??ﬁyﬁ%e?%{r?ra%&%gi cépﬁlﬁgﬁg@?e‘m%o%ﬁ%m
Za

4 16 sai I t [ | kali-sol pbl e scal e. havin
subst ant i al ﬂlg Hd?%?%}?}n&e%%?& glr?’ g%fliegur{agp@falrs A f1fens Sﬁzﬁoﬁ{ﬁ% THENG lqnbg“’ﬁange
subst anti al IE% reﬁ()zllélce formation of al kﬁl i -sqg] ubl e scal e .having a substanti al
silica contBiiR & %{ggapaéflﬁls lon-gxchangs, floselation; geiptatings aksgrolieonng t he
pH of said feedwater to an acidic pHrange to forman acidic pH adjusted
f eedwat er; pangdiltrajion; elestiadialysipoelestendialysis agversabi atidc theHikedjAdditienal ewitwat er
into a feed entrance conduit of said reverse osnpsis apparatus to produce:
(a) a rever speratioms svkiclp simibatyeprocemn aad péfenethic feedv dtercwiil bé appdrerttato cone
apparatus, said perneate having a silica concexriration substantially |ess

than said sikillehince agnl fixll beAppiremafod ek ARFATE! a caifibingtion ¥ £iyBan ahgyer se
osnosis retentate froma retentate exit conduit of said apparatus, said

retentate h%'gagre% édtkgﬁd%gggﬁgggpﬁé&&p ?éég%égti ally greater than about

125 mlligr per liter an antrally greater than said silica.

concentration of id feedwater; and, recoverin e[ neat e om sai

permeat e exit co?@& tc%{ﬁ‘ff] \rlvg?egﬁfta&efse iSRSy r‘ﬂ?’gn{’?it ge%‘fﬁfb[e gl?nd Jpst 3.
The process of clajm?2 ereby the pH of said feedwater is adjusted such
that there PYICERERIORS 9ty CEYAIR ocqmBpoRsnisoAt Jhe aferdivates gyhigh ecoélklal%h%‘é(ﬁeng a
substantial silica content in said apparatus. 4. A process according to any
of 'cl ai ns 1adverssly affect nerfosnandseot; theeltigle recoiver rvetse psimosisrpetse df shish t hat
said clear reverse osnbsis retentate has a silica. concentration greater

t han about ¥8ntinn. | Suphanemparentsi teuld be,Sby Avayr of esxamplx; osatts nghich woyldof
claims 1, 2 or 3 in which the reverse osnpbsis step is operated such that

sai d per neaftemiéedprtipite Mmdnesloithébystih Hen Sofchihtel RBOvAR @Bkair 1iit,
mlligranms per liter. 0 ~ MAR 2004 'm 6. A process according to either

claim?2 or i k L I ' ' erat. ch t hat
sai d per rn::atgdé:‘ﬁ rdgccg{/cgir?régm}f@%réogﬁ?h@gg}%gg eB}(:ab)?(’l5 ({Qte ?%ﬁ%ﬁfr"?e ?{s% Jﬁg‘%lg ]?aégog r}han
about 85 per.gent vol une .of sqi ﬁpﬁgﬁltion of. said aﬁi di, pE adj ust ed
feedwat er pHYSLFUPHED TABNEIP R 62'E RIS, Jofy 2106, g\oxb(femp Q3PIACI9RYi ng t o
a~ of claing 1, 2 or 3 wherein the pH of said feedwater is adjusted to an
aci di ¢ pH r bereasdt anddhe likeandicompengns that gan gromotp prreinitatiae o palymsrico
claim?7 wherein the pH of said feedwater is adjusted to an acidic pH range
bet ween abosilic2suchas pantigulates, @rtai surfactests, potymerd) ang tholikey of clains 1, 2
or 3 further conprising a periodic reverse osnosis apparatus cl eansing
treatment conpri ki g afeithéteniBolligert! the predént invention may be utilized to process a

silica-containing wastewater. Such a wastewater may be processed directly, or may



(a) stopping said passing of at |least a portion of said acidi c0 fﬂ-“éaj W ed
feedwater into said entrance conduit; (b) passing cleansing water having a
substantially depleted silica concentration into said entrance conduit

t hereby producing retentate fromsaid retentate exit condo it for a period
until silica in said retentate has a congentrati on substantially equal to

said silica concentration in said cleansing water, (c) subsequently passing

bast &~ adj Ushatbali 20 | i Wab R 0 BroiEathill %" A0GRNAT 600 APME © 1O

about 11 into sait entrance conduit "at a tenperature and for

sufficient to,effect substantial renmpval, of kal i 50l ubl e scal e having a
subst anti al %P?élg‘gnégfﬁ BFﬁsqurW’géﬂndwngaFrﬁ%; the f?ﬁgwms%’ﬁﬁcq 8P(“(5‘jt ]

t hereafter passing cleansing water having a substantially depleted silica
concer nt r at PBAFMUSO sai d entrance conduit thereby producing retentate from
said retentate ea-it conduit for a period until silica in said retentate
has a concentration substantially eqMdstewaterai d silica concentration in
said cleansing water; (e) passing at Iegst a portion of said acidic

pH adj usted feedwater into said entranc® conduit to produce: (i) a reverse
osnosi s perneate froma per %ﬁ{sﬁ;ﬁ)&; Lcig iak a@ﬁm\'ﬁ?ﬁtg apparatus, said
pernmeate having a silica concentration gubstantially |less than said silica
<~ ~ concentration of said feedwater; agd (ii) a clear reverse osnosis
retentate froma retentate exi%i onduit, said retentate having a silica
concentration substantially gr ﬁé?coyﬁla’r{e‘éeﬁ%%?snﬁg mlligrams per liter and
substantially greater than said silica concentration of said feed water;
antd, (f) recovering perneate frorp said perneate exit conduit and retentate
fromsaid retentate exit conduit. X0 all€matiyelyss according to any of clains
1, 2, or 3 further conprising the st as?enav lieqcycl ing at |east a portion of
said retentate recovered fromsaid retentate exit conduit to said feedwater
or to said acidic pH adjusted feedvvater$ 11. Reverse osnpbsis apparatus for
producing a clear reverse osnpsis retentate having a supersaturated silica
concentration substantially gr B@Féra“fyr?&ﬁyp&b’d{ﬁa@?% mlligrams per liter
froma feedwater having a silica concenir ation, wthout substanti al
formati on of al kali-soluble scale conprising substantially silica in said

appar atus, sai d apparat us cadjust sl hgacid ringess appropriate

high recovery reverse osmosis

(where in Fig. 1, “Feedwater” is wastewater.)

One example of this embodiment is use of the high recovery reverse osmosis
process to concentrate retentate from a nanofiltration operation. A second example is
processing of retentate from a conventional RO operation by first treating such
retentate by means of electrodialysis reversal (EDR) to provide a concentrated waste
stream and a product stream which is substantially depleted of electrolytes. This EDR
product stream, which may contain silica in approximately the same concentration as
the original RO retentate, can be subsequently processed by high recovery reverse
osmosis according to the present invention to provide a high recovery of water

without deposition of silica in the system. Further examples include use of high



-0 4 MAR p04 19 a reverse osnosis portion conprising a r ever se Jols TH&} 2004
entrance conduit, a reverse 0osSnpsis system a reverse osnpsis retetrtate
exit conduit and a reverse osnpsis perneate exit conduit; a feedwater pH
control systemfor adjusting the pH of at |east a portion of said feedwater
to an acidic pHrange; a conduit for pag&i ng at least a portion of the
acidic pH adjusted feedwater into said reverse osnpbsis entrance conduit and

through sal fhob "8l Phdsts BY PGV Chelill U8 mé iRl Baf i AROR SLRIP)

perneate from sa perneate eX| condw ving a SI concen
substantlal“%/l | ess t han sal silica goncentration of said feedwater, and

by 5 e ar WhISEREE 1 AREeondp o e BOR T GA, GRHoNs, s@%em@ssr SRR

havi ng a supersaturated silica concentration greater than about 125
mlligrans dewdewn)s anddwastayeaternitp dhe furthee pregessedate eamply swith ggro liquid
concentration of said feadwater; and, a recovery systemto recover perneate
fromsaid péisdmgerequiremmnmdﬂdditimuﬂ examplms af ¢hif embodinieiit will dotapparestxiot
conduit. 12. Apparatus according to claim 1l wherein said recovery system

i ncl udes a #RsyYsdiBedANBehAk. fOor recycling at |east a portion of said
retentate recovered from said retentate exit conduit to said acidic pH

adj ust ed 1 eodvat gosinl dic SRR it @8 $9°0h0. 40 bRl nINSLENRBlIn

reverse osnosis s pI’OpI’I
relative t oumlhrmsx.lomtwecom&traatsoﬁnnmsded om polymmdum phih precipietion e;efcbﬂ@daeat to

enabl e per neat,. covery. from. sai d ate exjt condujt. of not |ess than
about 82 pefd tp )fov%f’%‘#’é #ﬁgfg}t nﬁﬁrf’ﬂ?fat’é’&l %‘ogf’ f@fﬂb rﬁF‘P"&H’I ISeES
: ﬁdvvat er. ososts MifBcal0wmi Jeﬁntlrfﬁbﬂé‘l?atlﬁ‘cﬁnt% iy 4 nﬁbt%{?a ‘ﬁ‘hefse' n

d reverse osnosis systemis of appfopriate size an ers o st ages
relative tosunmamtadmﬁbfremctdopdtcm Additibnal high recquerprtvase esimbsepraesr t o

bl t t t ent at t duit h 1
Concent rat | BAPERToA T ABOLECREY pbl 1 gt g SRR rolgse ABpRRRt us

accor di ng t gpehtadn)may He%anﬁea iCRERighSebd erypreverRe varh6dis Pfdélé‘ésCiQﬁéﬂidﬁlca‘f]X'St em
for stopping and subseguently restarting the passing o | east a portion

of said aci Hiterrypteds apd $he higharseqyery Feverse PsEWIiS Sé’httemaﬁdélfg‘ishmﬁ eleanedviat er
| 1o o1t b, oL SO Sl B Ag SmS
pH- adj ust edpéte&ttthhmhe]reaﬁ(m fites dniebe, & evdyaifextunple ﬁﬁd:td dbﬁbﬁlﬁt giliea pattitles,
condui t, angnd other silica-containing particulates and deposits. A particularly effective CIP
procedure for the high recovery reverse osmosis process includes the following
sequence of operations: (1) switch the feed to the high recovery reverse osmosis
process from the original feedwater to a cleansing water which is substantially
) depleted of silica and electrolytes (such as an accumulated portion of the high
recovery reverse osmosis product water), and operate with this “clean” feedwater for a
sufficient time to reduce the concentrations of silica and electrolytes in the retentate to
be approximately the same as those in the “clean” feedwater; (2) add a sufficient
amount of a base (such as sodium hydroxide, potassium hydroxide, ethanolamine, and
the like) to the “clean” feedwater to raise the pH to 9-11, and soak, circulate, or
recirculate this basic-adjusted cleansing water through the high recovery reverse
osmosis system for a sufficient time to achieve equilibrium dissolution of any
insoluble silica; (3) flush the system with the same basic-adjusted cleansing water
used in step 2 above to reduce the concentration of silica in the retentate below its
saturation limit at the operational, acidic pH; (4) add a sufficient amount of acid to the

“clean” feedwater to reduce the pH back into the desired acidic pH-operating range



a scal e-renoval system for passing cleansing water having a BM M‘PR( @Q“"r ange
of fromabout 9 to about 11 into said entrance conduit at a tenperature and
for atine sufficient to effect substantial renoval of alkali-soluble scale
having a substantial silica content fromsaid apparatus. 16. Apparatus

according to claim11l wherein said reverﬁe osnosi s systemis of appropriate
si ze and nunbers of stages relative to the volune of said portion of acidic

per mont o hal A0E Heb tpechnCHiRRsR ob B Bioksie: 4R 38 FesBl T By sS0Rd™

mlligrans g@fosis d@rauoiahtme@f@nass1ﬁ6zceds:dhxnﬂlgtfeedwaa¢'rm 11 wherein said
feedwat er pH contraol system operates to adjust the pH of said portion of
sai d feedwat er tQuﬂn&HePlﬁ‘ﬂ’é@%‘ePﬁéhﬁ besisuCIR sehionpsustep. (2) abayensiticro04 21

18. Appar at i
syst em oper gk?lgg&t%c?){ogdjﬂg the 1% e%ag% lsf:lrresal é’ﬁﬁ’gr"?i@é&fﬁ‘% X\B%%lt&ghwa? h@o a pH
range bet weeonceteationdn almsl ra:limulatl&l sﬁ:&m £xqredethe selevan silich olubility Hinio ih0

conprising gseriatim-~e recycling substantjally all of said
retentate r Z‘@&V 86“’4’3?(51’?\ 'é’ﬁicaﬁY é'?‘é’rﬁtlgﬁé’l’ék?tt arpbjgpt gonditions - dherea BoRioRr or

to said aci o fiP Fréiflhed SheRhin’ SOHCOS bivehibd | ardinfh GiLA Hin33RpRced wi
predet er m ned supersaturate I ca concéntr I1on greater th 125
mlligrans ﬁécmﬂ’|fe®twamrdhmhmwer,eshliop ayneantmation irhthe re:arcdlaﬂng |straam may
concentratl n of wat er, ) er.eafter c at nmost, a rg nor
port1 on of - Sa Pt B he Zelpeat erke stoliGEHT sl ety BreBRioh ctunt 1
said retent s";ih@a Bithinothp hafheleBsvay R estt bimasis Wﬂma% 9&@9@%&&@5@' ly
great er than said silica concentration of said feedwater;

théreaft er ekipesscinenlatingpalutien isdowiered ps inesternt4) aboveo. A pr ocess accor ding to
claim19 in which said rete~ntate is operated on a batch basis, each batch
term nated when said retentate has a predetermned silica concentrati on
greater than about 125 milligrams pEXAMBIESNd substantially greater than
said silica_concentration of said feedwater. 21. Apparatus according to
clai m 12 whExampledsi g recovery systemconprises a flow control and
nmonitoring system (a) to recycle substantially all of said retentate
recovered fromsaid retentate exit conduit to said feedwater or to said

aci di ¢ pH adj ust bda flabedatatyebatcin RO expdrdnemmsmlgaet feeliwsten whiddapproxinaed

Subst ant 1 ai 1 <GmptipH o e Sualer b ROdacibfice aps Misn o Gearer: Gkafabs:

silica; Table 1 below), we performed a 7-fold concentration (85% recovery) of feed

after adjusting the pH with 4300 ppm gallic acid, and obtained a clear permeate and a
clear, stable retentate supersaturated with silica. The pH of both permeate and
retentate was 3.9. The retentate contained 445 ppm silica as determined by the
phosphomolybdate method (Hach Series 5000 Silica Analyzer). This silica
concentration remained unchanged after 18 hours, thereby demonstrating the
surprising stability of this supersaturated solution. After 186 hours under ambient
laboratory conditions, the silica concentration in the retentate was still as high as 420

ppm, and the retentate remained clear.



0 ~ r~~a~ Q04 22 (b) after said retentate has said predeterm ”‘Bdﬁ MAR SR04
concentration, to recycle at nost a mnor portion of said retenfate
recovered fromsaid retentate exit conduit until said retentate has a
predeterm ned silica concentration not substantially Beater than said
silica, concentration of said feedwater; and, (c) thereafter to alternate
steps (a) and (b) seriatin) . 22. Apparktus according to claim21 in which
said flow control and nonitoring systemregul ates the recycle of said

retentate gppai 3B a well vAter £CHe Ma: A3. AnFR A AH. A. A. . AaY A AlY
Ar. AU . AnCA

. A A3. Al) Bﬁ%" >0{"tc*~r}xsnid alcalcalcalc(a]cTa] ca]ca]ca]ca]ca]ca]ca]ca
] ca] ca] ca] caJca] ca] ca] ca] ca] caJca] ca] ca]ca]calca]ca]calcTa! _dHh}&}!!"o""
#:J]yt Oji e ][ Vlsfiﬁh a] ]ca] ]ca] (L:J]a] cial] g]gf} cial] cial] cl( a] caV] ca] ca] ca] cal] ca] ca] ca]ca] ca]c
aU] ca] ca] caJ caJ ca] ca] caU] ca] ca] ca] ca] ca!

#} ###P$$$K(@§/d§ﬁ§§&&&( )))))) **, *18(g) - ?/ ) 2x233} xsni d_Z] ca] ca] ca] ca] ca] ca] ca] c
ajc

a] ca] ca] CGM c6a] ca] c<a] ca] cgj pal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]c
a] ca! 33394 607h777G8/ . :: 71, ;<

<]G<I <g<}xsri,j ésglg,a] caj c. a] ca] G ca] c. a] ca] ca] c4a]l ca] ca] calca]ca] ca]caJca]c
a] ca] ca] ca] o ‘Lﬁ"ca] ca] ca] ca] café:a] ca] ca] ca] cal g<<6===1>>>&?z7?7??) @ QOOABFb
ol gl NLLLL) QL PYP\ PPPP| wr mhb] é a] ca] c™a] ca] ca] ca] ca] c™a] ca] ca] ca] ca] ca] ca]
ca] cal ca] cé‘fg@iﬁ&'a] cal ca] ca] c?ﬂa g] ca] ca] ca] ca] ca] ca] ca] ca! PPPPP Q Q6QRSSSST
TDTLTthTT‘Edl'TTU YWY XmXXXz upj g [ V] ca] ca] c$a] ca] cMa] ca] ca] ca]c™a] ca]ca]calc
Q}ja] ca] cal %Fftlf’é‘f a] ca] ca] c"a]2 g] ca] ca] ca] cMa] ca] ca] ca] cOa] ca] ca! XYYzzzz\]!
A_J" CaPaSaq;-eBf ggggChhhi giij 2] d +kBk{vqgl gb] X] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ] ca] ca] ca] ca] ca% c(a] ca] ca] ca]ca] ca] caU] ca] ca] ca] cal] ca] cal Bk
Kk] 1 vl nnnBooo o] rorrsssG {vqgl gb] X] ] ca] ca] ca] ca] ca] ca] ca] ca
] c}a] ca] 2:a] %"E:a] ca] ca] ca] Eg?cg%’g] cal ca] ca{U] ga]gc!'ﬁ)L(]J] ]ca] ]ca] ]ca] ]ca] ]ca] ]ca] ]ca] ]ca]
calGttt

uwd' vbwwwsxxxyyz"z%szz) {k{{{Q | }9}}} K~V~~~}xsnid_Z]]] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] cal ca] ca] ca] ca] ca] ca] ca].ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
cal ~ZKV\dg_d;ﬂ§bX} xsni }xsnid_Z]]] Zé] ca] ca] ca] ca] ca]ca]ca] c*a] ca]ca]ca] ca]ca]c
a] ca] ca] ca] ca] ca] calca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caBYKi K- 10% h&' () -
10% h& () - Gapdy }HS/OIE)m% h&P48) - 810% h& ()-#10% h& ()-A 10%

h& ()-KI">i K- 10% h& ()- 10% h& ()-SY10% h& ()-Y10% h& ()-3s10% h& ()-f 10%
h& ()- 9 10% h& ()-0{"tfH- 10% h& ()-* 10% h& ()- (90%h>h& ()-& 10%

h& ()-% 10% h& ()-1" 10% h& ()-@ 10% h& ()-c*~i K-<10% h& ()-: 10% h& ()-7

10% h&' () - '()-3 10% h& ()-Y1L 10% h& ()- @ 10%h& ()-Rr ~A<10%
T110% U8 ()- ! 4y&LOYAUAUS ()-2Z!1°110% U_U& (d)-‘l 11006 U () - #1006 Ug ()-10
h10 h10 h (a) The same simuilated “Cape May, NJ” feedwater used in Example 1 above was

treated with a weak acid cation exchange resin, and then sparged with nitrogen to displace
carbon dioxide. This treated water, with a pH of 2.7, was then concentrated 15-fold (94%
recovery) by RO. The permeate had a pH of 2.6 and a silica concentration of 1.2 ppm. The
clear retentate hgd a pH of 3.4 and a silica concentration of 1084 ppm.

(b-e) The procedure of Example 2a was.repeated, except that the silica concentration
of the feed, the % recovery, and the pH of the treated feedwater immediately prior to
concentration by RO were varied. Results for Examples 2a — 2¢ are reported in Table 2

below.
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10sUsU! f! &109%UsU& ()- ! 1109 ()- zXJ<4 10 UU 10 U U +110% U

U& ()-!)9%0%UsU& ()- )%d0%&6& ()-! ~- &10%U& ()-. ~-&LOY& ()-.

_duT24! ~y&10%JUE ()- y&10% & ()-F 110% U& ()-° @10% U& ()- F&L0% U&' () - #
10% U& ()-3 10 U UdHh} dE24! ~y&10% &109%3& () - 4$ 10% U& ()- 10% U& () -

Table 2
Ex. Feed [SiO;] approx. retentate  retentate [SiO;]  permeate [SiO;]
(ppm)  recovery (%) pH (ppm) (ppm)

2a 69.0 94 3.4 1084 1.2

2b 75.2 94 33 1122 22

2c 71.3 92 5.0 845 1.7

24* 71.3 92 7.7 278** 24

2e* 75.2 92 10.8 960 1.1

*Examples 2d and 2e are considered outside the scope of the present invention based
£ ) on pH and are presented here for comparative purposes only.

**Example 2d retentate contained visible silica precipitate.

Example 3

Retentate from a conventional RO unit was demineralized by means of
electrodialysis reversal (EDR) to give a brine waste and a product stream with the
composition indicated in Table 3 below. The pH of this product stream was adjusted
to 3.4 with HC, and it was concentrated to approx. 95% recovery by high recovery
reverse osmosis. Retentate from the high recovery reverse osmosis was clear and
stable, had a pH of 4.5, and contained 786 ppm silica. The permeate was clear and

contained 1.3 ppm silica (pH 3.3).
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Table 3 — Composition of an RO retentate after treatment by EDR

Tons me/L

Calcium 252

Magnesium 14.3

Sodium 83.2

Potassium 6.9

L Bicarbonate 84.7
) Sulfate 61.0
Chloride 124.0

Fluoride 0.4

Nitrate 3.5

Silica 41.6

TDS (mg/l) 444.8

Conductivity (uS/cm) 683.8

) pH 5.6

The present invention may be embodied in other specific forms without departing
from the spirit or essential characteristics thereof. The present embodiments are therefore to
be coﬁéidered illustrau'\:e and not restrictive, the scope of the invention being described by
the appended claims rather than by the foregoing description, and all changes which come

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

embraced therein.
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CLAIMS

1. A process for producing a clear reverse osmosis retentate having a
supersaturated silica concentration substantially greater than about 125 milligrams per liter in
a reverse osmosis apparatus from a feedwater having a silica concentration, without
substantial formation of alkali-soluble silica-containing scale in said apparatus, said process
comprising at least the following steps:

(i) adjusting the pH of said feedwater to an acidic pH range to form an acidic pH-

) adjusted feedwater;

(ii) providing a reverse osmosis apparatus having a reverse osmosis feed entrance
conduit, a reverse osmosis retentate exit conduit, and a reverse osmosis permeate exit
conduit;

(iii) passing at least a portion of said acidic pH-adjusted feedwater into said feed
entrance conduit to produce: (a) a reverse 0smosis permeate from said permeate exit conduit,
said reverse osmosis permeate having a silica concentration substantially less than the silica
concentration of said feedwater; and (b) a clear reverse osmosis retentate from said retentate
exit conduit, said retentate having a silica concentration substantially greater than about 125

- ) milligrams per l_iter and substantially greater than said silica concentration of said feedwater;
and,

(iv) recovering penﬁeate from said reverse osmosis permeate exit conduit and

retentate from said reverse osmosis retentate exit conduit.

2, In a process for producing a reverse osmosis retentate having a supersaturated
silica concentration greater than about 125 milligrans per liter in a reverse osmosis apparatus

from a feedwater having a silica concentration and at a pH which is not in an acidic pH range,
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sai(i process tending to form alkali-soluble scale having a substantial silica content in said
apparatus, an improvement to substantially reduce formation of alkali-soluble scale having a
substantial silica content in said apparatus, the improvement comprising: adjusting the pH of
said feedwater to an acidic pH range to form an acidic pH-adjusted feedwater; passing at least
a portion of said acidic pH-adjusted feedwater into a feed entrance conduit of said reverse
osmosis apparatus to produce: (a) a reverse osmosis permeate from a permeate exit conduit
of said apparatus, said permeate having a silica concentration substantially less than said
silica concentration of said feedwater; and (b) a clear reverse osmosis retentate from a
retentate exit conduit of said apparatus, said retentate having a silica concentration
substantially greater than about 125 milligrams per liter and substantially greater than said
silica concentration of said feedwater; and, recovering permeate from said permeate exit

conduit and retentate from said retentate exit conduit.

3. The process of claim 2 whereby the pH of said feedwater is adjusted such that
there is substantially no formation of alkali-soluble scale having a substantial silica content in

said apparatus.

4, A process according to any of claims 1, 2 or 3 in which the reverse osmosis
step is operated such that said clear reverse osmosis retentate has a silica concentration

greater than about 27 § milligrams per liter.

5. A process according to any of claims 1, 2 or 3 in which the reverse osmosis

step is operated such that said permeate has a silica concentration not greater than about 2.4

milligrams per liter.

10%
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6. A process according to either claim 2 or claim 3 in which the reverse osmosis
step is operated such that said permeate recovered from such permeate exit conduit is not less
than about 85 percent by volume of said portion of said acidic pH-adjusted feedwater passed

into said feed entrance conduit.

7. A process according to any of claims 1, 2 or 3 wherein the pH of said

N ) feedwater is adjusted to an acidic pH range between about 1 and about 6.

8. A process according to claim 7 wherein the pH of said feedwater is adjusted to

an acidic pH range between about 2 and about 5.

9. A process according to any of claims 1, 2 or 3 further comprising a periodic
reverse osmosis apparatus cleansing treatment comprising seriatim the steps of:

() stopping said passing of at least a portion of said acidic pH-adjusted feedwater into
said entrance conduit;

(b) passing cleansing water having a substantially depleted silica concentration into
said entrance conduit thereby producing retentate from said retentate exit conduit for a period
until silica in said retentate has a concentration substantially equal to said silica concentration
in said cleansing water;

(c) subsequently passing basic-adjusted cleansing water having a pH in the range of
from about 9 to about 11 into said entrance conduit at a temperature and for a time sufficient
to effect substantial removal of alkali-soluble scale having a substantial silica content from

said apparatus;
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(d) thereafter passing cleansing water having a substantially depleted silica
concentration into said entrance conduit thereby producing retentate from said retentate exit
conduit for a period until silica in said retentate has a concentration substantially equal to said
silica concentration in said cleansing water;

(e) passing at least a portion of said acidic pH-adjusted feedwater into said entrance
conduit to produce: (i) a reverse osmosis permeate from a permeate exit conduit of said
apparatus, said permeate having a silica concentration substantially less than said silica

- ) concentration of said feedwater; and (ii) a clear reverse osmosis retentate from a retentate exit
‘ conduit, said retentate having a silica concentration substantially greater than about 125
milligrams per liter and substantially greater than said silica concentration of said feed water;
and,
(F) recovering permeate from said permeate exit conduit and retentate from said

retentate exit conduit.

10. A process according to any of claims 1, 2, or 3 further comprising the step of
recycling at least a portion of said retentate recovered from said retentate exit conduit to said

) ' ) feedwater or to said acidic pH-adjusted feedwater.

11.  Reverse osmosis apparatus for producing a clear reverse osmosis retentate
having a supersaturated silica concentration substantially greater than about 125 milligrams
per liter from a feedwater having a silica concentration, without substantial formation of
alkali-soluble scale comprising substantially silica in said apparatus, said apparatus

comprising at least:
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a reverse osmosis portion comprising a reverse osmosis entrance conduit, a reverse
0Smosis system, a Teverse 0smosis retefitate exit conduit and a reverse osmosis permeate exit
conduit;

“ a feedwater pH control system for adjusting the pH of at least a portion of said
feedwater to an acidic pH range;

a conduit for passing at least a portion of the abidic pH-adjusted feedwater into said
reverse osmosis entrance conduit and through said reverse osmosis system to produce:

(2) reverse osmosis permeate from said permeate exit conduit having a silica concentration
substantially less than said silica concentration of said feedwater, and (b) a clear reverse
osmosis retentate from said retentate exit conduit having a supersaturated silica concentration
greater than about 125 mxlhgrams per liter and substantially greater than said silica
concentration of said feedwater; and,

a recovery system to recover permeate from said permeate exit conduit and retentate

from said retentate exit conduit.

) 12.  Apparatus according to claim 11 wherein said recovery system includes a
recycle conduit for recycling at least a portion of said retentate recovered from said retentate

exit conduit to said acidic pH-adjusted feedwater.

13.  Apparatus according to claim 11 wherein said reverse osmosis system is of
appropriate size and numbers of stages relative to the volume of said portion of acidic pH-
adjusted feedwater to enable permeate recovery from said permeate exit conduit of not less

than about 85 percent by volume of said portion of said acidic pH-adjusted feedwater.
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appropriate size and numbers of stages relative to the volume of said portion of acidic pH-
adjusted feedwater to enable retentate recovery from said retentate exit conduit having a

silica concentration greater than about 278 milligrams per liter.

15.  Apparatus according to claim 11 further comprising:
a feedwater flow control system for stopping and subsequently restarting the passing
( ) of at least a portion of said acidic pH-adjusted feedwater into said entrance conduit,
| a water rinse system for passing cleansing water having a substantially depleted silica

concentration into said entrance conduit instead of said acidic pH-adjusted feedwater to
produce retentate from said retentéte exit conduit, and,

a scale-removal system for passing cleansing water having a pH in the range of from
about 9 to about 11 into said entrance conduit at a temperature and for a time sufficient to
effect substantial removal of alkali-soluble scale having a substantial silica content from said

apparatus.

—

16.  Apparatus according to claim 11 wherein said reverse osmosis system is of
appropriate size and numbers of stages relative to the volume of said portion of acidic pH-
adjusted feedwater to enable recovery from said permeate exit conduit of permeate having a

silica concentration not greater than about 2.4 milligrams per liter.

17.  Apparatus according to claim 11 wherein said feedwater pH control system
operates to adjust the pH of said portion of said feedwater toa pH range between about 1 and

about 6.



210% (& ()-yF z10% (& ()-F z10% (& ()-yF z10% (& ()-F
210% ( & () - XXXXXXXXsX74  $10% & ()-F z10% ( & E)§)F 210% ( & (?-‘l'FMAR 2004
210% (& ()-yF z10% (& () - XYYZZZZZZvU4 10% & ()- &$10% & ()- 10&10&10&
y,M10%& ()- Oy, MI0NME& ()- y, M10%& ()- Z[W\o]]!"zY8vU4
1110% & ()- Y 10% & ()- Y 10% & ()- 9&10%&& ()-M 9&10% & ()- M ! 9810986 %
& ()-M"_/" @AaBaCaPaSavU4 10% & ()- y#10% & ()- 10'10'' 10" L3'110% & ()-
L-10% & ()- @#940% & () - Sad~eBf gggg| [ -410'° “3110% & ()- *y 10%& () -
109% & ()- @ 110% & ()- & 10% & ()- 2110%' p& ()-' gggggChhhbA410’

SLI0%& ()- 110%&() £10% & ()-3 F10% & ()- L$L10% & ()-
0111 2i4d aidOPp S0y oS
10% & () - ?@Qmmﬁé%ﬁﬂ"d M%*&sayg‘ﬁé‘ DpH oSl S&‘()“) m

0S, ) Yod.0%
11Vl m%%ﬁéf%miﬁ%‘%% %‘a‘@g’@gﬁ/& f)ﬁ‘“? foddpi 4 %’ Ok RN E 7 3“‘1
110% & () - 3u§§510%& ()- mmmmnn [ NA41010 10% & ()- !10% & ()- 3
M 10% & ( 10% & ()- 10% & () #10% & () - 3nBooopqq| [ : NA41010
10% & () M10% & ()- e 10% & ()-& F10% & ()-3 10% & ()-3 F 10% & () -

qoqqq<rorr| [: NA41010 -f10% & () - @10%& ()-m&L'10% & () - %610% & () -
&110% & ()- | 10% & ()- rssssssqt 3 M 10% % & () -
10% & () - L$l 15% & §’°°T6ai‘19f t°/"\f"H§‘0 "“P%fe‘"%\l}\’ﬁdh‘g\?%‘f °U410
gé%hoé’ O o ol Os{%ﬁp%?ﬁm%%%f%ﬂweéog eeqshpied S5 s e
210% & ()~ | * 10% M 10% oz vUA10.,10% %

. 10' 10" %@1‘1 5323“’&*99/ fIQ)%‘%P‘(‘é’)CP 1‘%@&2 “(‘{z\‘{‘tei/&‘%"}ﬁ‘f{ﬁ%f‘ﬁ'%‘fhéiﬁ()/ «0-

£10% & () -

predetermined supersaturated silica concentration greater than about 125 milligrams per liter
and substantially greater. than said silica concentration of said feedwater;

(b) thereafier recycling at most a minor portion of said retentate recovered from said
retentate exit conduit until said retentate has a predetermined silica concentration not
substantially greater than said silica concentration of said feedwater; and,

(c) thereafter repeating steps (a) and (b) seriatim.

20. A process according to claim 19 in which said retentate is operated on a batch
) basis, each batch terminated when said retentate has a predetermined silica concentration
greater than about 125 milligrams per liter and substantially greater than said silica

concentration of said feedwater.

21.  Apparatus according to claim 12 wherein said recovery system compﬁées a
flow control and monitoring system: (a) to recycle substantially all of said retentate
recovered from said retentate exit conduit to said feedwater or to said acidic pH-adjusted
feedwater until said retentate has a predetermined silica concentration greater than about 125

milligrams per liter and substantially greater than said silica concentration of said feedwater;
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22.  Apparatus according to claim 21 in which said flow control and monitoring

system regulates the recycle of said retentate on a batch basis.



