SYSTEM AND PROCESS FOR THE REMOVAL OF FLUORCCHEM CALS FROM WATER The
present invention relates to a systemand a nethod for the renoval of

5f | uor ochwoizee/®1f3rom wat er. Background Fl uor ocheni cal s Phaus2msemoused in a
wi de variety of applications including the water- proofing of materials, as
protective coatings for netals, as fire-fighting foans for 10el ectrical and
grease fires, for sem -conductor etching, and as |ubricants. Reasons for

such w despread use JYSTENMANKERQGESSHQR JHEE RIEYIOYAlor abl e physi cal
properties which inclu | i icients of friction,
and | ow pol arizabiliti EF?T g“@?@@?@%ﬁ?’&%@ . #E%Iés of fluorochem cals

i ncl ude perfluorinated surfactants, perfluorooctane sulfonate (PFOS) and
perfl uorooctanoate (PFQA). IS Wile valuable as comerci al products,

f | uor ochebequessntc@nciswndriatas dup system epéametiyidifgr henvaavdlohal envi ronnment al
renedgatgfq)&ﬁkgﬁgggﬁ]nq&H&aste treatment technol ogi es. Fl uorochem cal s can
be renoved ¥ rom wat er usi ng an adsorbent nedia such as granul ar activated
carbon (GAC). However, inprovenents in systens and nethods for the
20renmoval of fluorochem cals fromwater are desired. Summary The present
i nvention provides inprovenments iBagkereund and net hods for the renoval of

fl uor ochagm T t.er . | t:] | i a system
for the Jaauiaoar i Sen ok R Ay B RSy LB B AL RE 58S

cont ai ni ngodfig éfanatexahanGeote@Bicoatinys forometakchaf@eidheiap o Mori Si ng an

i nsol uble matri x having_functional groups bonded thereto, the functional
groupd comgsiticnl agd enepsedtren ot W@lfcﬁflﬂg‘iﬂt%et@hm% RIR2RBIPrigTWh eReASRDS T nj t r ogen;
and R1, : 3Vl r - r. different,
nor mal , Sﬁ@%@ﬁ%ﬁﬁgﬁﬁﬁ§% pafﬁﬁgfﬁgﬁgghggpfgégggﬁﬁg@gﬁgﬁg%%igﬂgﬁg?uorinated)
and havi nghish rtldecheahhinkengt Ho@fcotlfictontQifeditedn, ahd&vpsaozailixs chai n
optionally including polar groups (e.g., 0, N, S); 5 An inlet for directing
a flow of(l-gmflEerophifisity)nd xpes efiluqrecherusabhinchighpadtuorinycd sifaskakange resin:
and An o etﬁ&or&&&a&'sﬁ%ﬁdt@ﬁ’ é)l QY gfﬂﬁ'(\s%cfclfanggtﬁ (PFO%E? vessel . 10In anot her
aspect, the i1nvention provides  ‘a process tor the renoval of fluorochem cals
fromsmater, the process conprising: Exposing water conprising

fluorochem cals to an ion exchange resin, the resin conprising an insol uble
mat ri x haVrigvaluskle posrmmgici prodystsdiberpehcrasals came diffirettite H5ft Widups

conpri si ) : roagl.ge .l Se - i tf.rogen; and
R Re and o e R T B O R RS Gl oot

nor mal , Hlamobledhiaaistar bp@ntovad frgmowatttiidig suddsbiticnt @ddie such as grinudari nat ed)
20and having a,carbon_ chain length of Cl or greater, thﬁ@ﬁy?rocarbon chain
opt i onal 13711¥4{eqd cIPeRy(Grot-ar HeWEYRsimpsoypmengs inNystays apmstherhfaidhs ne wat er in
contggt %ltﬂg 4G BRI cRerhRb1 ﬁ]orﬁ?()v!a%ga fdd fr%? and Sgapar ating t he vat er from
the resin. 25The terms useg erein sha ave their ordinary neaning as
known to a person of ordinary skill in the art. However, certain terns wll
be understood to have the nmeanings set forth herein "Fl uor ochem cal "
nmeans a hal ocarbon conpound in whi i ne repl aces sone or al

30hydr og : i Lt i ri bi ng
The embodt anE o o S L A e PR o s
dr awi ngs,of\luerashemicalsi fgum evaleri $n schapedt the afveatisy pioeides asydtére forthoval of
fluorochem cal s ccorggp to the invention; Figure 2 is an isothermfor the

ng
removal  JFMPEART{UBIACHRMIER!S Jlnh 2l f90BIE SN 8ads or bent s according to the

invention; 10 A yessel containing the ion exchange resin, the ion exchange resin comprising
an insoluble matrix having functional groups bonded thereto, the functional
groups comprising amines of the formula:
- N(RiRzR3)
30 Where

N is nitrogen; and



Figure 3 is an isothermfor the renoval of PFFI,S from water using

di fferent adsorbents according to the invention; Figure 4 is an

i sot her mWwonotsneirenoval of PFOA from water using differemtusaasosivent s
15according to the invention; Figure 5 is an isothermfor the renoval of
PFOS fromwater using different adsorbents according to the invention; and
20Figure 6 is an isothermfor the renoval of PFOS from water using

di ff erent adsor bentl:, Beawst i #1g hydrochdon giasis pathcartes the sede pedidferopt.i on 25The
present invention provi st nd. pr es facilitale the renova
of quorochcnicaIsl¥?oﬁ$§g g%ﬁiﬁﬁﬁg%ﬁgwgﬁgﬁﬁ?ﬁEWPéguFﬁgaghbgéﬁgg%ﬁprovides
adsorbent materi al sain('hadi®@raRamnod chainfeidieof Of 67 @tateR theAGABRDN GSINNS t hat
arc useful in the renmoval of fluorochemcals fromwater. |In other

enbodi nents, the i rApdARdbhnpludipgdeir grapps(em PoN, She treat nent of water,
the systemincluding incorporating the 30 af orenenti oned adsorbents
therein. In still other enbodi nents, nmethods are provided for the renoval
of fl uor aedhémict dbrs dire@imghatiRyw Wi Watzi igotthe kol asehticbnadnads eid it s and
system lon exchange is a process in which ions are exchanged between a
sol ut i on &AkRNEA r¢siik aBdchanger, typically an insoluble solid or gel which
may be real edyf 0, dREhUARAUDEHLANE L PSE 1Ak QR exchanger s arc used for
negatively charged ani ons. I'on 5exchangers are used for positively
charged cations. lon exchange can be a reversible process in that the ion
exchanger can be regenerated or | oaded by washi ng the ion exchange resin
wi t hl@n dressdheppspetie thegheentignguoddes ppsessfer gie reprrdraf dborehsmiqeb assi um
ions, et ' .of ‘the invention, one or nore ion exchange
resins aﬁgkﬂpég#ggggpgg%ﬁ%ﬁ{EmglChange resins include an insoluble matri x,
substrate or diyposihg walidrwoipriging lfosriemiadad hitoit chidye redippbe tessit ruct ur e
isinthe formof small spherical  beads having an average di aneter ranging
from about 1 rRPMPEISEBSGHN®IvRS Matrohaying iypeionehgioups brndsd Hisaete. ther ucture is
a polyneric s r.ic substrate 15i ncl udes
sites that trgEE%%%5§%PJ §g%#gﬁgggwﬁ£g%ﬂ§hgﬁg%llhents, the i on exchange
resi s useful in the prei®RiRwenti on nmay be based on one or nore
polymeric materials which may or nmay not be crosslinked. In sone

enbodi ments, tY8Substrates are based on styrene that has been crosslinked
with a cross-1inker : .divinyl benzene, for exanple. Crosslinked

pol yneric substratég%ﬁgeogﬁggh%e porous, and a crosslinked 20substrate wll
tend to be hard anRnB:ambR} @atlydrockbby gerips asdibst eathe sarhdat difficeennot
crosslinked can be softer and nore nal | eabl han a crosslinked substrate
and can have a gel -1"Ral Epmshedand ,Pa’alf?ﬁﬁﬁa'ﬁﬂg’ BhsHHEd fageliamngiedd. | n
some,gnbodi nents, t L, O T asl I I rial in
the 25 form of non- ey Ea  nanrar e B e R e R e | P
matri X can conpri sepsondtyeincialingpatarigsoups(egaMNoSaus or gel -1i ke such as
silica gel, diatomaceoys earth, clay,.or the |ike. | nts of the

H?Mmm

i nvention, i oV @REHHAGECEUPHE cQR@c Ny thefeuy rdRerio @F 485t Bbsses for the
renmoval of fIqg%%%gﬁghﬁgwgﬁgﬁ&ﬂymg&ghz Exenpl ary fluorochemni cals include
those that are fully or partially saturated with fluorine. Fluorochem cals
can vary in the length of their carbon backbone froma Cl backbone up to C8
and nger.. Some fluorochem cals that. are removabl e from water .include, for
exanpl e, rt?li%}ss%5?%%%1@@&‘(%%85&)0?515@?@%%% ReNdR PETAR 8T ( PFBS)

per f | uor qpgharadtiein((REGR) HoRRLE! UGLeNeXA0% i vk Lpnatsod RAtdSihe and
perfl uor ooct ane sul fonate (PFOSj. These fluorochemcals arc derived from
strong flmomogsest foeth hacinds (e.g. 5perfl uorobutanoate is derived from

per fl uorobut anoi ¢ acid) and exi st as anions in aqueous solution. in sone
enbodi ments, the systens and processes of the invention utilize ion
exchange “rggjrHchcrARADN a2 KRSV ohipdah@ ENCRICE MuSrihd RN MBS fIm@dr dievel s
ranging fromparts per billion (ppb) (e.g., ng/nL) to parts per mllion
(ppn}0 ( e.hydrogeg/moleculas. some enbodi nents, the systens and processes will
renove the 10fl uorochem cals at concentrations of |ess than about 1 ppb. It
wi |l be appreciated that exact limts will vary depending on the specific
chem cal identity of the fluorochem cal as well as the neasurenent

equi pnent bei ng used. I n enbodi ments of the invention, the ion exchange
resins conprise anion exchange 15resins having a matrix (either porous or

gel-like) with functional groups attached thereto. Suitable functional
groups include one or nore quaternaryz2am nes of Formula 1: - N(RI R2R1) 20
Where N is nitrogen; and R, R2 and R3 are hydrocarbon groups and

can be the sane or different, normal, branched and/or partially or fully
substituted (e.g., fluorinated) and 25having a carbon chain length of CL or

e



t hese functional groups are trinethylamne, triethylamne, tripropylam ne,
tributylam ne. Conbinations of the foregoing functional groups are al so
cont enpl avedosdwiB7’Ri, R2 and R, are G to C13 al kyl gr ®@apaiS2608/0Sone

enbodi mrents G to C4 al kyl groups, but the al kyl groups are sone

conbi nati on of nethyl, ethyl, propyl and butyl. In all enbodinents, a

hydr ocar bon chai n may optlonaIIy include polar groups (e.g., 0, N, S). 5 1In
sone enbodi ments of the |nEéﬂiﬂﬁﬂiﬂﬁmmﬂﬁﬂﬁéﬂtﬁﬂléﬁchange resins include
guat er nar r ol / r car bon
or oups haléld%mrf%%?ga}ﬂ% e}ntﬂg?il enps‘uot‘%hc{ W%l?[i(;o%tlﬁ%entl,%fe?é& %f mﬁe t% tfre \r{f%%&lg ment s
rangi ng hﬂ@ﬂh@@v&myﬁﬁ, wherei n the hydrocarbon gr oups can be i dentical as
wel | as where the hydrocarbon 10groups arc different from one another, and
any of the hydrocarbon groups may optionally i ncl ude polar groups (e.g., O,
N, S | I, , ude

qat & narty g e St e 8P RSV ES: G Kb L B i Gone BBl feBRR ol o pon
groups RiinvdRZioand R3 can be a G to C4 15al kyl group and another of Rl R2
and Rl is a hydrocarbon groups having a carbon chain | ength greater than
C4. Any of the hydrocarbon groups may optionally include polar groups
(e.g., O, ): I i t i of the
bresent | TeEsey 5ah Ptk fothp HimAEAEHFBR fom Wit ue BIEAANARBRC

di f f er entacoerdingrio@icyinaeitioa; gr oups. For exanpl e, a single ion exchange resin
may conprise the quaternary am ne groups +N(C2H5)3 and +N(C61-113)3. Any of
t he H@drocarbon groups nmay optionally include poIar groups (e.g., 0, N, 9.
25Sui t abl I of t he
205U b1 S RAARTESHOR Ay HPBTAS HIR S IR, ARG PLARGRSES

Chem cal aCosmdanmyto tidiaveritioa; t r ade desi gnati ons DONEX 1, DOVEX | x8, DQ/\EX
NSR-1, DOWNEX PSR-2, and DONEX PSR-3. A suitable difunctional (N C2H5)3 and
N(C61-113)3) ion exchange resin is conmercially avaiIabIe fromPurolite
Conpany il r P A530
E " Anotﬁﬂgﬁg§&§g§§?g1?9ﬁ§ﬁggpg§§WﬁQ ﬁgéjﬁgge ﬁ?gﬁﬂ fgﬁgéﬂgﬁg%%ge i's
avai labl ecterdimgSo theciiedreionf Quebec, Canada under the trade deS|gnat|on
"Silicycle TBA Chloride."” In some enbodi nents, the ion exchange resins
useful in the system and process include quaternary am ne functional groups

sel ected

+N( CHB) 2(ﬁc%8@f 13%1 96IE’N( o %:?Lézrh Py ¢ 6 PF?&C% hlzgv%:t%%’m%% @%Q?%[éﬁm 2( Cl 8H37)
+N(CHS)Z(HdQ@Hiﬁ@aEtﬂe&nveﬂ(tﬁHSagcQCI—IZCI—IZN(CI—B)S 0 2C4F9, +N(C4H9) 3, +N(C2H5) 3,
+N(CH3) 3, and conbi nations of two or nore of the foregoing. Suitable ion
exchange resins may be prepared by the chem cal nodification of any of a
vari &y Gfigh®%!i0n isbMoRRTS: BERGHDVIPE PrOS it hakl Guihe i RYa@eRfepar ed by
synt hesi s %0u3|ng a known resin materi as a react one enbodi nent,
a suit ablaecordmgan thrangentroesi n i s prepared by the reaction of a

chl oronet hyl ated styrene bead (or other el ectrophilic group-containing
resin) with a tertiary am ne such as, for exanple, trimethyl am ne,
triethylamne, tri-n- butylanlnqa?ﬁﬁaiﬁeggﬁﬁhﬁptne tri-n-octyl amne, and
CAF9S02- N( CH3) - CH2CH2- N( CH3) 2, ar aprotic solvent such as
N, N- 15di net hyl f or mam de. The reacti on of the tertlary anlne and t he

chl ot pret iyl at ed st rene bead is repr sented b actlon ction A
V\heré? ﬁgpr?@m RY %ﬂ"é‘ Péi%“ﬁ?SeWtSH’éla? qETEYD ac ifptg e %‘Pr%ad& nents, a

sui tabl e f@3hdhcARNAIPERERET 8 sBi¥e SHBONBRKR, he %We%ﬁ&ﬁ'ngﬁo%[d%h 3a8lrpeof a
tertiary am ne based ion exchange resins. The same enbodi ments, Ion
exchange mgsiials (‘aderperganetheliyrn htioneachangn rasinsahaterd issful imtlicne functi onal

resin with an eI ctrophil e such as o Ilde bronDhexane
ol or ooy O FRo R By Sls iy e LB e e, e NP eR et ane, and
1-br OWDOCat@gf%ﬁﬁﬂ&?)hleea%é}ﬁrof Lesithe ﬁt&tﬂﬁﬁ’g ﬁ%oﬂﬁ%ﬁaﬁﬁhgtﬂﬁ‘& and tosyl ates

Ndie
of al cohol s, such as CBF13CH2CH2CSC)2y , often in a polar aprotic solvent
such3@s Mmemmeadsqr’amtslétereTmelw gilathorenddanengs, megrods am pTQVlfdadlCt i onal

resin wt n raphile is resente t on B: jon B:
NRIRoRS 05008 it pb fifcrogferpBals BBRER &L Sttt 6 s S Bine B i x o
hal ogen. ah)y ggheg0|ng reactions are |IIustrated on a styrene matrix and
are prOV|ded sol ely as 15exanples in the preparation of ion exchange resins
for use in the present invention. Those skilled in the art will appreciate
that resins within the scope of the invention can conprise matrix materials
ot her than styrene. Suitable matrix materials include without [imtation
pol ymers, gels, clays, diatomaceous earth and conbi nations of two or nore
of the foregoing. In some enbodi nents, a suitable polymer matrix is

pol ystyrene. In



20sone enbodi nents, a suitable gel matrix is silica gel. The invention
provides for the renoval of fluorochemicals fromwater utilizing ion
exchange wo0ss10hs7i ng an adsorpti on capacity surpri si ng@Cy/use@ansto42 han
tradi tional adsorbents such as granul ar activated carbon. 25 Referring now
to the Figures, Figure 1 schematically illustrates an ion exchange system
10 for the renoval of fluorochemcals fromwater, according to the present
invention. The system 10 includes a flowthrough vessel 12 which can be
provi ded i ..a vari f.oeconfigurations.. . |n t [ . errbodi nent ,
Phe  vessdPfs5hend s Bt el s SRR b AR Dot Qe BB R I Compr s
of ion exxbrager, t@sidllycanhlutedsodd &gl Wkhtessed rdded tdhacliden exchange
resins within the bed 14 arc those described 5herein. An inlet 16 at a
first endusgtionpesroersehnion cxghppgys psrusehiorinpgatyglictheesdgnionnt Fatieted wat er
into {he | T t | ed..l nt h I h the

i et 16 SEE STt RO shERHTR AN, Job BRUFSSRL AR ne,
cont am nagitb&ess ih thixehwiinedx chdngeatandieareg @ &lor [badadttyew swhingrthdiont he i on
exchange mechani sm provided by the resins in the ion exchange bed 14.

Treat ed WAERANEE e5i} WER 2B @xenst Obthedens ta e exdwnzad(cigrdliicdiout | et val ve 18
at the ogg&&%hgngﬁgeai)the vessel fromthe inlet 16. In all enbodi nents,
untreated wat er cornprising fluorochemcals is exposed to an i on exchange
resin for a sufficient period of time to have the fluorochemcals within
the untreated water be adsorbed onto the resins in an ion_exchange process
t hat [ ubdpicibodiunens; ofdhe [nyspiipment eamererign cxtivpgercsanpisitdizeh Aechchl ori de,

for examgle ex@éﬁ%egllegl%s R iR NS s{ltﬁt&i%%rrs@&oﬁ?stﬁﬁﬂlr@eln%ﬁ%”p' | shed
i n any nanner. a process i ncorporating e 1 on change system 10 of

Fi gur e 1,ensbodiraentexichaipgert bedctu® ipimotic dach off dnfllnsphcives beddsthhaingiancl udes i n
inlet valve and an outlet valve. Untreated water is directed into the
vessel t HAVEI3gH dtamstsraprging HPRaLangl PEE BihRut HEn- ol RSP BRHS-Witer e

20f l uoro 1 h ' a | owered
Cevel of P0G QCTARE B IRHEH: b AR LR MDA ERTNIERS, vl ve. - The
f | owlsray ihaudidsrsétes thdt frappamd dekaguibhet Insaheentbo danettd) elic foneatimrpt restrat i on f or

further red t“gn of fLuochheni%gls or for renoval or treatnent o renove
or neut r 5P THRBFCSPRHPLYINIPR §12Y 25|35t MM CATHRATF RRITICTIC AR e HIcHf

unt r eat eqniR aha CAN RErLAAGA. 1h SO cAbYSRRAL, @k iraRagenuat e amount
of ion exchiange Tesin. ﬁe anount of resin within the vessel i1s typically
sel ect ed styrerpr thet lhs backecposdlmkedwithxchemdmkeapabias yiviny| ddsent fan expect ed

| oadi ng of fluorochenjcal. The vessel can be shaken or, the contents stirred
or agi tatEPl sfgﬁéﬁlﬁéﬁﬁ%?ly%ﬂ‘f ﬁﬁ{strftﬁ%w aBpSERBHag aa?reSSEzaQﬁﬁ atel y
adsosped QBLied HAl éﬁﬂ%b@ﬁarﬁ'&ﬂdh%nhl%?%%%ﬂﬂ&iﬂu@&%ﬁ?s ths £ORY eted. The
wat er ang resin may then be separated (e.g.,” by centrifuging, filtering
and/ or deresstinkug)cah depofidrdind nwot uraicdfle tiraeatoeabshsitedrsubdtise afd dandhave
aforenentionﬁgiion.exchaqgg resins in s%sfe and processes for the renova
of fl uor GCHATHRE SPLIHERCY pRrRdiag Opthempistal Y6dsessi ng an adsorption capacity
at | east equivalent to, and often greater than, granul ated carbon. In sone

enbodi ments, 5the exhibited adsorption capacity is greater than granul ated
car bon bynaofaembodipientsp thegombouan@; rebin ;e wemprmzodingent rsatapaltio tlebout 5, and

ins enbodi.nents up to about 35 As co red to traditional granul ated
car boh, TRER PE RO &ﬁ@}@aﬁﬁ?snina&lﬂ PInZBEM PRI NG SX FHVEHERTBA dar e

esti mat ednferiflthAW fdfe AndBRARTorREL-iIRIsiRh a8TfiBE bilv 8RR accd USRI 19 NG a

| onger operating time by a factor of up to at |east about 3 (i.e.,” treat 3
times 10mortlke Mt er) I n any ion exchange columm, reasonable care should be
taken to deal with the precipitation of carbonate mnerals as well as iron
oxi des. lon exchange resins can alter the ionic conposition of the water

Wi th i onsinSHHRdGhen® of MY invBREACE AR d e redtiBe usdM3ysi@ndaNO present in
the untreated water. Using systens and processes according to the present

i nvedl i omrodedssesfocthe néroenas otBwmorbehenspaly &dmbyateh eExeomlargdlotmhgmicabssi ns even

after breakthrough of alkalinit nd, sul f at ram t i on _exchange col um,
M cat i A bRGor et o Beordiar b endited BF B0 RBel e r B RS axchange
bi ndi ng  Sjateh 86 KRt tREIDBarBlbl bRKkBHEESomR ¢ MRckiBIRID t8iC,ahkalrgai. ty and
sulfate (ppmlevels) as conpared to the fluorochen cals fppb | evel s). 20In
sonme enbodi nents, performance may al so be a function of the degree to which
the matrix material is crosslinked. As the degree of crosslinking

i ncreases, the performance of the ion4exchange resin also increases. For a
gi ven type of functional group (i.e. a tri-nethyl quaternary am ne) the
greater the degree of crosslinking, the higher the adsorption capacity.
Therefore resin structure does have an effect on resin 25adsorption.

Y Y 1 o o S o M




20vol unme of water treated) for a given mass of resin. EXAMPLES

Details of additional enbodi nents of the invention are provided in the

f ol | ow ngwoanes2blii3m ti ng exanpl es. PCT/US2008/8%0mDp| es 1-5
Procedure 1: Batch Isotherm Method 30 For each adsorbent |listed in Table 1,
solutions of the given adsorbents in test water were prepared in 60 nL
plastic centrifuge tubes. Solutions were prepared at four to five different
adsor bentSasmideaioeheniens thahargagraevabivysora yypéeti inelnda forgzedples anpl es wer e

pr epar ed +ar t e le 2 d ' f er'. sanple
(rabi e ayrercpoithelft, e &R BRiok bRk st AR B R AR e o B
obt ai ned (PFOm) \WiRludéBéxakb esltd@iate (PAHxTHandipytfliotooefandalilfdnalgPe@sy. wat er or
surface vvater%| and 5adsor bent was prepared and pl aced on a shaker and

equi | i br akhege flsproguenpigals arerisiived fromptrong fiyerosherpicakacidsr(e gt hen centri f uged
and sa e at ' f.or l vsi.s using
s ool et 4P AR SRR FREF A o AIRR T 1P o

capaci t y aghicdligonitibh e resimaesbodianits, the sy stehedndl prectsssiofighc iRecnmieasur ed
10adsor bent dosages and the difference between the initial and equilibrium
measur ed Wiie & xghangsdcons qapakle o€ Fravavang Bugrpcheauipnls amexdpa¥devdtesi n dose.

The cal c | L | OMS{ VAL Al T L0 Nt tial
concentrg%ﬁ%{ﬁgﬁﬁg}aﬂr%s%gﬁgugq%tﬁ? (cei%h’pn(%%)%r%aggﬁfr?l%ﬁlgﬁ@mn/g{(g}g”l S5prior to
t he adsorpgiLoniesopey dniydimeregheseamd dnldrproveseomd mémedd tha (ng/ L) of a

gi ven conpound present in supernatant after exposure of the water to the
adsotbentiluogocheipigalgt copgentrafongaf dgss thpnsbontyepirte i Ml hgarrreyatcd gt n = mass
(gm of ] i ri . = .

t Plor ochans oGk SR AC ke orgiital iR BlerBlhemical ) - o5
= t he adssmadichsahnmemuranéndBqfipgegteinf udele gi ven conpound. Where, Cs
(ng/gm = An isothermplot of the formlog Cs versus | og Ceq can be
prepared fromthese data. The slope of this plot has an equation of the
form |o = s 3 : : = 14k d rption
coet i ci aneingrR@hie HheRif il YRR LRE B oS AR

1/ n Bt hecsholpeinf a thagixplether pfolhauslod gel-like) twieh fuactidrat proups stedctled 0 be | i near.
101 ndi vi dﬁal i sot her? plots were prepared for the adsorption of PFHxS,
PFOA,  and"®ries Sugaklswrcionagiepnsdntlude engfiranore gurigriag) aningxahiasla - 5) | s
Adsor benty. Functional ity Matrix Dowex 1 Quaternary amne (trinethylan ne)
Gel Dowex NSR1L Quat ernary am ne

- N(RiR3R3) I
20
Where
N is nitrogen; and
Ri, Ry and Rj3 are hydrocarbon groups and can be the same or different,
normal, branched and/or partially or fully substituted (e.g., fluorinated) and
25 having a carbon chain length of C; or greater, the hydrocarbon chain optionally

including polar groups (e.g., O, N, S).

In some embodiments, suitable functional groups include quaternary amines of the
Formula I where R;, R, and/or Rj are C, to C;5 alkyl groups, in some embodiments C,

30  to C4 alkyl groups. In some embodiments, the alkyl groups are the same. Exemplary of
these functional groups are trimethylamine, tricthylamine, tripropylamine,

tributylamine. Combinations of the foregoing functional groups are also contemplated



(triethylam ne) Macroporous Dowex PSR2 Quaternary amne (tri-n- butyl am ne)
Cel Dowex PSR3 Quaternary amne (tri-n-butyl am ne) Macroporous Dowex M3
Terti ary w@i2ne/asropor ous Dowex Monosphere 77 Terti aryPamiuseoosas40apor ous
XUS- 43594 n- net hyl - D- gl ucam ne Macr opor ous XUS- 43600 t hi ouroni um

macr opor ous Cal gon F600 Virgin granular activated carbon NV A Norit 830 RS
Regenerated granul ar activated carbon VA Table 2 Initial concentrations

of {1 uor oetrepRedigind Ravier €r to( G elkibigipapse i) saanpobedimayy C1edkehot at i on
(ng/mt) ReSiAUal 12t ARYALINRVE-ELR0 SifiRhidn dhetRBANIE H: i BifRug® 5% PFOA
In all embodiments, a hydrocarbon chain may optionally include polar groups (e.g., O,

N, S).

In some embodiments of the invention, suitable ion exchange resins include quaternary
amines of the Formula I where R;, R; and/or R3 are hydrocarbon groups having a
carbon chain length greater than Cs, in some embodiments ranging from Cs to Cis,
wherein the hydrocarbon groups can be identical as well as where the hydrocarbon

10 groups are different from one another, and any of the hydrocarbon groups may

optionally include polar groups (¢.g., O, N, S).

In still other embodiments, suitable functional groups include quaternary amines of the
Formula I where at least one of the hydrocarbon groups R;, R, and R; can be a C; to Cy4

15 alkyl group and another of R; Ry and R3 is a hydrocarbon groups having a carbon chain
length greater than C4. Any of the hydrocarbon groups may optionally include polar
groups (e.g., O, N, S).

In still other embodiments, the ion exchange resin of the present invention is a

20 ‘difunctional’ resin comprising two or more different quaternary amine groups. For
example, a single ion exchange resin may comprise the quaternary amine groups
+N(C;Hs); and +N(CgHi3)s. Any of the hydrocarbon groups may optionally include
polar groups (e.g., O, N, S).

25 Suitable ion exchange resins for use in the systems and processes of the invention are
available commercially such as those available from Dow Chemical Company under
the trade designations DOWEX 1, DOWEX 1x8, DOWEX NSR-1, DOWEX PSR-2,
and DOWEX PSR-3. A suitable difunctional (N(C;Hs)s; and N(CsHj3)3) ion exchange
resin is commercially available from Purolite Company of Philadelphia, PA under the

30  trade designation “Purolite A530 E.” Another commercially available silica based ion
exchange adsorbent is available from Silicycle of Quebec, Canada under the trade

designation “Silicycle TBA Chloride.”



103 6% PFCS 16 10% Table 3 Initial concentrations of fluorochemcals in

wat er (surface water) Average Concentration (ng/nL) Aver age RSD PFHxS
318 6% PPB 20087105136% Exanple 1. Sol utions of adsorbent #Critst@d/os4v4Xabl e |
were prepared and tested according to Procedure | using water fornul ated as
in Table 2. The concentrations of the 15adsorbents were as recited in Table
4. The Cal gon F600 adsorbent (activated carbon) was included as a
conparative. Table 4 Vial preparation 20 Vial Nom nal Dry Adsorbent Mass

(mg) wat grgfgl%le %ﬁ%oé%‘re)ntsl,\lﬁ@ 181?'6)(6%%35& I%glrﬂg u%%ﬁ'lolﬁ Bd s%fts{.eﬁ{]an(drﬁjoé‘e)ss %hc?u%e?’o 667 2

50 30 1,
quaternary amine functional groups selected from the group consisting of: +N(CgHj7)s,

+N(CsHi3)3, +N(CH3)2(CsHi3), +N(CH3),(Ci2Hzs), +N(CHz)2(CisHas),
5 +N(CH3)2(C18H37), +N(CH3)2CH2CH2C6F13, +N(CH3)2CH2CH2N(CH3)SOQC4F9,
+N(C4Hy)s, +N(C;Hs)s, +N(CH3)s3, and combinations of two or more of the foregoing.

Suitable ion exchange resins may be prepared by the chemical modification of any of a

variety of resins. In some embodiments, a suitable resin may be prepared by synthesis
10 using a known resin material as a reactant. In one embodiment, a suitable ion exchange

resin is prepared by the reaction of a chloromethylated styrene bead (or other

electrophilic group-containing resin) with a tertiary amine such as, for example,

trimethyl amine, tricthylamine, tri-n-butylamine, tri-n-hexylamine, tri-n-octyl amine,

and C4FSO,-N(CH3)-CH,CH,-N(CH3),, often in a polar aprotic solvent such as N,N-
15 dimethylformamide. The reaction of the tertiary amine and the chloromethylated

styrene bead is represented by reaction A:

Reaction A:
* n ) * n
+ NR,R,R;, —
Cl NR1R2R3 + CI-
20
Wherein:

R, Ry, Rj are as previously described.

In some embodiments, a suitable resin may be prepared by synthesis from
25 quaternization of a tertiary amine based ion exchange resins. The same embodiments,
ion exchange resins are prepared by the reaction of a tertiary amine functional resin

with an electrophile such as organic halide (1-bromohexane, 1-chlorohexane, 1-



3,333 4 1000 30 33,333 | sothernms for PFOA and PFCS are set forth in
Figures 2 and 5. Exanple 2: Solutions of each of the adsorbents Dow NSR-1,
Dow PSR- 2v0Doss/BBR73, and t he Cal gon F600 acti vat ed car lpom/usesos/oprogpar ed
and tested according to Procedure 1 using the water formul ated as in Table
2. The concentrations of the adsorbents were as 5recited in Table 5. The
Cal gon F600 adsor bent cijactl vat ed carbon) was included as a conparative.

Tabl e 5 \Aremogpdsgeicat icoloradpdopase, Nehorrticxmiopansdgest bdrmmogesaiceang) onat er

Vol urme ( cent 0 133 2 30 30 1000
3 150 30%%%% g‘ rgg%beA gﬁaﬁ%ég%%%%sg@ t&S'tla{t Of(a%@& }ucﬁ FOS are set forth
in Fi gur@FZ;C}EC&Q@S@QCHgajmhenapo%s@oubls@lﬂént@ﬁclﬁ@mwf the adsorbents Dow
NSR- 1, Dow PSR-2, Dow PSR-3, and the Cal gon F600 were prepared and tested
accor di nglimethpHoreside Therdagdon el igetiesy amunei fanctighplresin Wilearc oncent r at i ons
of t a r i Table 6. The Cal gon F600 adsor bent

(act |h§\3at ezgn%?@tlesl)swv%&e%%dbS’ng%&gIslBg conparative. 20lsotherns for PFQOA and
PFCS are set forth in Figures 2, 4 and 5. Table 6

Reaction B:
* - *
+ XR,
NR,R, NR,R,R, + X-
10 Wherein:

Ri, Ry, Rj are as previously described; and

X is halogen.

The foregoing reactions are illustrated on a styrene matrix and are provided solely as

15 examples in the preparation of ion exchange resins for use in the present invention.
Those skilled in the art will appreciate that resins within the scope of the invention can
comprise matrix materials other than styrene. Suitable matrix materials include without
limitation polymers, gels, clays, diatomaceous earth and combinations of two or more
of the foregoing. In some embodiments, a suitable polymer matrix is polystyrene. In

20  some embodiments, a suitable gel matrix is silica gel.

The invention provides for the removal of fluorochemicals from water utilizing ion
exchange resins having an adsorption capacity surprisingly greater than traditional
adsorbents such as granular activated carbon.

25
Referring now to the Figures, Figure 1 schematically illustrates an ion exchange system

10 for the removal of fluorochemicals from water, according to the present invention.



Vial preparation Vial Nom nal Dry Adsorbent Mass (ng) Water Vol une ()
Nom nal Adsorbent Concentration (ng/L) 1 1 30 33 2 10 30 333 3 50 30 1, 667
4 1000 30WwB2p@3M11325 WD 2008/ 101137PCT/ US2008/ 054042 Erampise00s/0548a2 ut i ons
of each of the adsorbents Dowex PSR 2, Cal gon F600 and Norit 830RS were
prepared and tested according to Procedure 1 using the water fornul ated as
in Table 3. The concentrations of the adsorbents were as recited in Table

7. The cCallyowstreold iaplgdsthBowdhiopglssomeg 1Rdslieb et be pravided &t &ty ofdr bon) were

i ncl uded as. comaratives. Lsather f or, PEH nd PF are,.set forth in
o oo o el IR ARt Sts, 8 Me Rp MRl Mool APV rieoR Bisf1idGleel ot v me o

(ng/ L) AdsamdehdvilBssionGkcaige bbe nd cdbpsscdradlonv@lcHimcqbsiN\db@hintdl) 0 0 0 0
30 1 200 within the vessel 12. The ion exchange resins within the bed 14 are those described
5 herein. An inlet 16 at a first end of the vessel 12 allows for the introduction of
untreated water into the vessel 12. The water is pumped into the vessel 12 through the
inlet 16 and through the ion exchange bed 14. Fluorochemicals and other contaminants
in the water stream are removed from the water by the ion exchange mechanism

provided by the resins in the ion exchange bed 14. Treated water is directed out of the

10 wvessel 12 through an outlet valve 18 at the opposite end of the vessel from the inlet 16.

In all embodiments, untreated water comprising fluorochemicals is exposed to an ion
exchange resin for a sufficient period of time to have the fluorochemicals within the
untreated water be adsorbed onto the resins in an ion exchange process that substitutes
15 the fluorochemicals for another anion such as chloride, for example. Exposing the
untreated water to the resins can be accomplished in any manner. In a process
incorporating the ion exchange system 10 of Figure 1, an ion exchange bed is provided
within a vessel that includes in inlet valve and an outlet valve. Untreated water is
directed into the vessel through the inlet valve and through the ion exchange bed where
20 fluorochemicals are removed. The thus treated water comprises a lowered level of
fluorochemicals and exits the vessel through the outlet valve. The flow may be
directed from the outlet valve to another treatment station for further reduction of

fluorochemicals or for removal or treatment to remove or neutralize other impurities.

25 In other embodiments, an amount of untreated water can be placed within a vessel
along with an adequate amount of ion exchange resin. The amount of resin within the
vessel is typically selected to provide adequate ion exchange capacity to adsorb an
expected loading of fluorochemical. The vessel can be shaken or the contents stirred or
agitated in some manner so that the fluorochemicals are adequately adsorbed onto the

30  resins and the ion exchange process is completed. The water and resin may then be
separated (e.g., by centrifuging, filtering and/or decanting) to yield a volume of treated

water.



0.006 6 30 2 2,000 0.06 60 30 3 10,000 0.3 300 30 4 200,000 3 3000 IS5
400, 000 6 6000 15 Exanple 5: 15Three ion exchange resins or adsorbents
wer e usedwoDRows01B7 Dow NSR-1, and Dow PSR-2. Three i onPexaisang®s4me? umms
wer e prepared, each having a series of sanpling ports A through Nwith a

di stance of 5 cm between each sanpling port. The length of the packed bed

i nsi de each colum was 71 cm and the dianeter of each colum was 3.2 cm
The enpty volunme of each colum was 571 nL. 20 Columm tests were conducted
by first i usi ng
treated V\[g%/edOf%ér%g%ern% h}(ﬁe%ﬂ%h ngé%gﬁg%sys‘%ﬁ%q%dcp é‘f%%esggs% gm obt ai ned
fromM I lreipova ommpﬁfcaémtwlsmhs Etdv[d%ﬁhﬂe&en%ﬁ@s@@é@ﬂ@&ihtaﬂsorﬁﬁ@thcap@ﬂlt}eéétC hange
resin was placed in a clean 2L bottle with approxinmately I.2L of the

puri fi ed lowst equivalenite. and &iftcp Breaisr s Siagrlated; crbog. by SEUARMBRAIBGREST | ed wat er
in angup e the top
of 1o cortanyoRaGibrafon R MR8 G BanbRaTs Ty e bRbAUP 1, |
purified abati€, i Sorhdembodimehtstupeo abcbmrmandl“lﬂesoﬁietehfbybdgﬁaﬁd ¥ ®eibblezb.t o the
bottom of the colum and care was taken to allow the bed to pack
homogenoubt Pared forfeadiianal srpaviated igaipen dhe i exbangs pess lttﬂhzeii #hthexchange
resin be ottom of the
col um ugjr%%nﬁgk?rn,&?%%gﬁg%é%g@%@? &e&é%gﬁgg\?ﬁeﬁ%% ﬁreét%% %hhﬁtg Port A was
filled wdlbwang®mgenv@erapokyeidiyt €fetoplodap tcatioat avai er(r al tréan 3pingsent t he
top of the bed fromdeform ng due to 5the energy of the influent water. The

wat etl us BT IYateThdn @BY mﬂf‘@hwy BT, FRasQRADET cas§ shpal] lee takenriedcalwigh i ment
tart, i cal t: Il
Grom to (HonRUpRAR S dAAEM R w OO B BOE LB RiBR B2 T e

Syosset NYer théldlﬁpoompmml@foﬁthew\amranthtlbmsm'ihdilrtﬁrtOIﬁl mpldciireoDQH,t he col um
was al l owed to over-flow the colum head and fl ow back into the 55 gallon

drum to gl dPa BEMPaRICSerIin ki Hiisated Meddysngmystems 3id PERCESSSF wat er
through ta!&@orﬁﬁ{g%%e se'ﬁ?ﬁ?v hdoy 7800 g&érﬂilfpagﬁﬁﬂ?{eﬂ%vgg%g%@%nremved from

the systemat tthe colum In uent an ocations as well as at the
sanplj ng quolidnge Aesihs cion Ther tﬁ@dhﬂhifbugxoﬁa'lkmmy and sulfata frovethe donlé clangeper i od.
Wthin one day .of star S not ed that the colums becane discol ored

with a brioWhd @aémgdﬁ%frthe ﬁor Hedls BGERN I CoMmCts fgr Ya6hd8Fon was due
primari| u&cﬁng BiesRic ’ce%r\t%td B Rles ﬁ@fhgrweis Aanal @/%{t@gﬁ aééd gni nfl uent

wat er an e’ non- mat er i at the top o d 20i ndi cate
t he presdocds)ak cemgaictl ite tetfluanehomscabf(pflalevEls). and Mh. The PFBA travel ed
through the colum at the greatest velocity. The ability of the different
i on exchange resins (as conpared to granul ated carbon) to renove this

conpgynd fh?oﬁl@ AL H ARG, er-ftﬂmaﬁc rna%_ BRo Y)@ et dtofdr e H@%&&hco thecPiheakt hrough

curve 25 of PFBA travel é roug e colum are presented in Table 8 and
wer e cal ovatakechtdyal assosslinged his ‘dwehegtge oficissdimkmgtihatasehghbr eakt hr ough
curve has tﬁroavel ed .i.s the di stance %001 whi ch t e concentrati.on of PFBA is

50% of t HETORPFES L ﬂl’?dﬁ’&éﬁ‘f g5 o chr?%ﬂﬁﬁe ar @ gyen B OpERcHond est i mat ed
to all ow f 3 times
gr)&‘i ) ﬁa 261- ﬁfe&@tl q§at§nﬁmg%wggfea%? @Head%% c(f'cr(%shﬂlﬁﬁgattheg

nore wat er | gon F6 ed carbo i ncluded as a

higher the adsorptlon capacity. Therefore resin structure does have an effect on resin

25 adsorption. Improved performance of the ion exchange resins has also been seen as the
number of carbons on the quaternary amine group increased. In some embodiments,
the adsorption capacity of the resins in units of mass of fluorochemical adsorbed per
mass of adsorbent are a factor 2 to 4 times higher than commonly used granular
activated carbon. In some embodiments, the adsorption capacity of the resins in units

30 of mass of fluorochemical adsorbed per mass of adsorbent are a factor of more than 4

times higher than commonly used granular activated carbon. In some embodiments

(e.g., tri-hexyl quaternary amine based resin for PFOA) the resins in units of mass of

10



30conparative. WD 2008/ 101137PCT/ US2008/ 054042 Table 8 Esti mated renoval

time for PFBA in groundwater Adsorbent Velocity of PFBA MIz (ft/clay)

Est i mat eawDayes/wi13Qper ati on at Full Scale F600 0.11 90hPdays2008mes044 0. 16
42 Dow NSR 1 0.059 116 Dow PSR 2 0.033 208 " Assume adsorbent used in
a single. Calgon Mddel 10 adsorbcr having 6.82 It bed depth and operated

5until 50% breakt hrough. Could run up to 90 days based on another nethod to
esti mat e fheedicmigs! adseebedmenmabeel alsorientonme Ectagiod 30 iapsiesratarieanghepar at i on

of lon exgh resins j | - re, for i e 9. Table 9
Vet er al Sopenanph BRLET ot AR SokeameE: SnBRioh St s BRaColsi i nyi
benzene an@gsidlikesof wstchusihPicshieflcgelangdtadingnethdd thim ganulabDoneXtc6

N, N- di met hyl am no net hyl ated styrenedivinyl benzene crosslinked resin, Dow
Cheni cal ,caMo8} and M chi gan Tri-n-hexylam ne Alfa Aesar, Ward Hll, MA

Tri -nsoctyl amne Alfa Aesar, Ward HIl, MA Disopropylethylamne ("Dl PEA")
Si gma- Al drich, MIwaukee, W 1-bronohexane, 1-chl oroltexane, 1-

br onododav@nte, thd highérardestpees asacitl of thbliet obxgdacdncas @nthatedtoonooct adecane
Sigma-Aldrich M| waukee, W. N, N-di methyl fornmam de (DWVF) EMD Chem cal s
G bbst owgrangargcyaedearhon, facavater Heatmpigyptem having a given amount of

adsorbent, the effective treatment time or volume of water treated by the system will be
greater when operated using ion exchange resins rather than granular activated carbon
10 alone. This was true only for resins having quaternary amine functional groups and
macroporous, or highly cross-linked resin bead substrates (e.g., Dow NSR-1 and PSR-3
resins). Gel-type resins, and/or resins without quaternary amine functionalities, and/or
quaternary amine functionalities with fewer than two carbon alkyl groups perform
adequately but not excessively better than granular activated carbon.
15
Additionally, the ion exchange resins of the present invention can be more effective
than granular activated carbon due, in part, to the more uniform size distribution of the
ion exchange resins as compared to the actived carbon. This results in a steeper break-
though curve for the given compound of interest and may extend the operating time (or

20 volume of water treated) for a given mass of resin.
EXAMPLES

Details of additional embodiments of the invention are provided in the following non-

25 limiting examples.

Examples 1-5

Procedure 1: Batch Isotherm Method
30

For each adsorbent listed in Table 1, solutions of the given adsorbents in test water were

prepared in 60 mL plastic centrifuge tubes. Solutions were prepared at four to five

11



EMD Chem cal s G bbstown, NJ | sopropanol EMD Chem cal s G bbstown, NJ

Di chl or omet hane EMD Chem cal s G bbstown, NJ Methyl-t-butyl ether EMD

Chem cal swQi2bisgtoowsn, NJ. C6F13CL12C1120H C ari ant Cor p. pCitiusedaosiosioly, NC
Perfl orobutyl sul fonic acid fluoride (PBSF) 3M Conpany, St Paul. M HEE-7100
Hydr of | uor oet her (C4F90CH3), 3M Conpany, St Paul. MN C4F9S02N(Cl13)H
Prepared according to Exanple 1 of U S. Patent 2,809, 990, using nethylam ne
and PBSF diffsgpigideorbent ppncicptiations Hawger r Eyp expagngidperterdamplessome r ound

bot t om equj i net | ti r c e L-th R chl or onmet hyl
styrene 3%@@%&9%3%é%“¥%%fﬁgé&PEé&§a§§&%@f?f%?%&%@g%%f?g%?ﬁg€¥%§534g ( 66
meg) , andrhkaRnds vaficiNohiditeBrBy|, PBBBAPFUA, arthl PIFOS plagtR@bidined fRgat i ng bat h at
90C, with stirrin under nitrogen for 48 hours. The resin was isol ated

fromthe Y&&etW @ﬁ%hps&@rur%-byhef Mgt of gy agFr( giomad w@foy ensurfase mgte) and  porosity
flitted Buchn ' - [ jvely with
about 100 oLy ey DB LESREEY RSB oplch gy RS SaEE R3S

met hyl - t -JpaCy IThetshaples aaek ey bégrifuped hebd Sarfie oo WlptRatiihtiioRitiod 2E.
Starting materials and reaction 10conditions arc sumarized in Table 10.
Exanpl es savedipr anadysiekdhahged chpinmmogienty /gnasp apestrosesipsigle/MPbcedure simil ar
to that described in Exanple 6. Starting nmaterials and reaction conditions
are given in Table 10. IS Exanple 17: lon exchange resin was prepared in a
two step THearleshdtien tapabitdbNe differbhtadSysthResds HeRimmell Wbk e @basgf@up
intermediate and (ii) its subsequent reaction with the resin to forma

quat & naragdserheralosaags and shedyiierness betweenfthe griidnal caribbpumnmcaswedi at e

N- 2- Di net ] t - er.fl yor abu |.f onam de -
104ngoz-%i{%%gaﬂ%%oﬂﬁ%%%“&% 1??3?‘%&%?@%?{“6%%?0. 163n01)

N- net hyl per f | uor obut anesul f onam de, 28.8g (0.2 nol) 2- di net hyl am noet hyl
chl oride hydrochloride (Al drich Chemcal), and 100 nL 25t etrahydrofuran was
treat ed wWherrakolptions emsif9lloygs sodi um hydroxi de in water and heated to
reflux. After 2.5_hr..an I.S: by iequi.d. chr conpl ete
conver si on andéf“h‘e hua ﬁ(?dec\éaté%m\%a@slge )vafg%“\%a Cgrm %@é@ﬁ%@?@? %Q&%%et hyl ene
chl orj de. The o @slthelagestpon @perimeas concentrated and one-plate distilled
to 45.0g (0.1 19nol, 59% of a pale yellow solid, bp 120C/ 0.2 mrHg. 30

(ii) Synthesi sCeof cquiibaRgopceiaian (mbt eha Atysn ce@peund presegdiny  r ound

bottom f | ask ' i & ' (0 efl ux condenser and N2
inlet and wasW% gﬁ%%gﬁﬂﬁfF%ﬁ%§%ﬁ?§%@?§g%fﬁ”%éé&gﬁy??' nol es),

CAF9S02- N( CH3) ¥ ERGIRe MICHR) wAtdr) in (03 tH8AcegtriflgOthbapl es), 25 g of dry DWF and
Dl PEA (1.2925g, 0.01 noles). The reaction m xture was heated at 90C for 48
hours. The furlui oHERS E8Y A edsadbepdn scredifvgaHbHEE- 7100, i sopr opanol

met hyd ene chl oy, de 4 I | in an 5air oven at
80C %%r 48 hoggg{ E@gf?ﬁﬁgﬁﬂ%lgg?% gﬁgﬁggﬁgggﬁﬂgﬁﬂ%g% ?tions are summari zed
in Table 10. Exanple 18: | on exchange resin was prepared in a two step
procedure including (i) the synthesis of a 10functional group internediate
and (ii) its §UB@@quent reaction with the resin to forma quaternary am ne.
(1) Synthesis tgmgggonachrPup i nternedi ate: C6F13CH2CH20S2Ct h
(C6F13CH2CH2QVB)“- ‘A 508“hl "3+neck round bottom flask was fitted with a
15nmechani cal %&hrrer and a nitrogen inlet tube connected to a bubbler. The
flask was charged with C6F1 | CH2CH2OH (72.86 g), triethylamne (23.27 g),
and 22rt - but ylCrethbylls@bétbdoncdiddatidQ (g9/gmY betht loak coppoabl ed in an ice bath
with the contents under a nitrogen atnosphere. The flask was fitted with an
addition funnel, and then nethanesul fonyl chloride (25.20 g) was added via
the funnel ovegpgpproximtely a tinme period of 120 20m nutes. The m xture
was allowed to warimto roomtenperature overnight. The m xture was then
washed with aqueous INMHG1 (120 g) and then with 2 wei ght percent aqueous
sodi um car bona€'dng/za0 )—E%Be m xture was dried over anhydrous nagnesi um
sul fate. The m xture tden filtered. Sol vent renoval was acconplished
using a rotary evaporator to provide an internmedi ate product as a solid. 25

12



(ii1) The internedi ate product was reacted to provide a quaternary am ne ion
exchange resin. The synthesis was simlar to that described in Exanple 17,
and the sweanvisngirsat eri al s and reaction conditions are @®CYArs2608/03@bt e 10.
30Exanpl e 19: lon exchange resin was prepared in two separate steps, (i)
the synthesis of the functional group internediate and (ii) its subsequent
reaction with the resin to formthe quaternary am ne. The procedure was
simlar tAn isaterd ek of Bedorm laghes yrewdemEiiran bf prparedlfeom gessdadpt i ng

mat eri al Srl%”s(flo reeoq’?ﬁiisﬁ[btﬁﬁ’f%{ écLugggn g(t%eg(%%en in Tabl e 10. Exanple 20: 5lon
exchange resin was prepared as I n anple 6. Starting materials and
reaction conditions are given_in Table 10. Exanple 21.: Exanple 21 was a
Dowex PSR3 ads@ggemIngfo*gi‘%ﬁ%e 22: Exanmple 22 was a Purolite A530E

adsor bent obtained from Purolite Conpany of Phil adel phia, PA 15Exanpl e 23:
Exanple 23 was a Silicycle TBA chloride adsorbent obtained fromSilicycle
of Quebec, Canada. 20 (C) 06 06 06 06 06 06 06 06 06 06 QZ | (9)
oC | &ct oc IWbge09 09 06 09 09

K = the equilibrium adsorption coefficient and is determined from the Y-intercept

of the plot,

1/n = the slope of the plot. Should #» =1 the isotherm is said to be linear.

10 Individual isotherm plots were prepared for the adsorption of PFHxS, PFOA, and

PFOS to several adsorbents.

Table 1
Materials (Examples 1-5)
15
Adsorbent Functionality Matrix
Dowex 1 Quaternary amine Gel
(trimethylamine)
Dowex NSR1 Quaternary amine Macroporous
(triethylamine)
Dowex PSR2 Quaternary amine (tri-n- Gel
butylaming)
Dowex PSR3 Quaternary amine (tri-n-butyl Macroporous
amine)
Dowex M43 Tertiary amine Macroporous
Dowex Monosphere 77 Tertiary amine Macroporous
XUS-43594 n-methyl-D-glucamine Macroporous
XUS-43600 thiouronium macroporous
Calgon F600 Virgin granular activated N/A
carbon
Norit 830 RS Regenerated granular N/A
activated carbon

13
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Table 2
Initial concentrations of
fluorochemicals in water (ground water)

Compound | Avg. Residual
Concentration | StandardDeviation
(ng/mL) (RSD) (%)
PFBA 114 6%
PFBS 18 5%
PFOA 103 6%
PFOS 16 10%
5
Table 3
Initial concentrations of
fluorochemicals in water (surface water)
10
Average
Concentration
(ng/mL)
Average RSD
PFHxS 318 6%
PFOS 1,705 6%

Example 1:
Solutions of adsorbents listed in Table 1 were prepared and tested according to
Procedure 1 using water formulated as in Table 2. The concentrations of the

15 adsorbents were as recited in Table 4. The Calgon F600 adsorbent (activated carbon)

was included as a comparative.

Table 4
Vial preparation
20
Nominal Dry Water Volume Nominal Adsorbent
Vial Adsorbent Mass (mg) (mL) Concentration (mg/L)
1 20 30 667
2 50 30 1,667
3 100 30 3,333
4 1000 30 33,333

Isotherms for PFOA and PFOS are set forth in Figures 2 and 5.
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Example 2:

Solutions of cach of the adsorbents Dow NSR-1, Dow PSR-2, Dow PSR-3, and the
Calgon F600 activated carbon were prepared and tested according to Procedure 1 using
the water formulated as in Table 2. The concentrations of the adsorbents were as

5 recited in Table 5. The Calgon F600 adsorbent (activated carbon) was included as a

comparative.
Table 5
Vial preparation
10
Vial | Nominal Dry Water Volume Nominal Adsorbent
Adsorbent Mass (mg) (mL) Concentration (mg/L)
1 4 30 133
2 30 30 1000
3 150 30 5000
4 3000 30 100000

Isotherms for PFOA and PFOS are set forth in Figures 2, 4 and 5.

Example 3:

15 Solutions of cach of the adsorbents Dow NSR-1, Dow PSR-2, Dow PSR-3, and the
Calgon F600 were prepared and tested according to Procedure 1 using the water as in
Table 2. The concentrations of the adsorbents were as recited in Table 6. The Calgon

F600 adsorbent (activated carbon) was included as a comparative.

20 Isotherms for PFOA and PFOS are set forth in Figures 2, 4 and 5.

Table 6
Vial preparation
Vial | Nominal Dry Water Volume Nominal Adsorbent
Adsorbent Mass (mg) (mL) Concentration (mg/L)
1 1 30 33
2 10 30 333
3 50 30 1,667
4 1000 30 33,333

25

15
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Example 4:

Solutions of each of the adsorbents Dowex PSR 2, Calgon F600 and Norit 830RS were
prepared and tested according to Procedure 1 using the water formulated as in Table 3.
The concentrations of the adsorbents were as recited in Table 7. The Calgon F600 and

5 the Norit 830RS adsorbents (activated carbon) were included as comparatives.

Isotherms for PFH,S and PFOS are set forth in Figures 3 and 6.

Table 7
10 Vial preparation
Vial | Adsorbent Adsorbent Adsorbent Volume of Water
Concentration (mg/L) Mass (g) Mass (mg) (mL)
0 0 0 0 30
1 200 0.006 6 30
2 2,000 0.06 60 30
3 10,000 0.3 300 30
4 200,000 3 3000 15
5 400,000 6 6000 15

Example 5:

15 Three ion exchange resins or adsorbents were used: Dowex 1, Dow NSR-1, and Dow
PSR-2. Three ion exchange columns were prepared, each having a series of sampling
ports A through N with a distance of 5 cm between each sampling port. The length of
the packed bed inside each column was 71 cm and the diameter of each column was 3.2
cm. The empty volume of each column was 571 mL.

20
Column tests were conducted by first hydrating individual ion exchange resins for 72
hours using treated water prepared from a Milli-Q water purification system obtained
from Millipore Corporation of Billerica, Massachusetts. Each ion exchange resin was
placed in a clean 2L bottle with approximately 1.2L of the purified water. Individual

25 columns were filled by pumping purified water in an up-flow mode (i.e. from the
bottom of the column out through the top of the column) and adding a slurry of the
hydrated ion exchange resin in purified water to the top of the column. The slurry

gently settled to the bottom of the column and care was taken to allow the bed to pack

16
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Exanpl es 6- 23 were prepared. Adsorbent and water 5were placed in plastic
centrifuge tubes to provide a range of adsorbent concentrations in water.
Al'l tubes contained the sane initial concentration of fluorochemcals in
wat er . TH@magseeusboiththe wgcnlenshkeptaboge thedor pf Bidomersdprgaresinded pl aced on
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equi | i br doberthgilens rlgsic anobpsastal tomieeat gerdop pf thgded divasdefarmaing idpe éu Wi th
the sanme jniti | utd cont ai ned no adsorbent. These sanples were
used to &%?%@%gkgﬁﬁﬁghyﬁg¥?§%tconcentration. From these data the nmass of a
gi ven fluorochem cal adsorbed to the adsorbent was determ ned and the val ue
normal i zed to the mass of dry 15adsorbent added to the centrifuge tube.
These datkhometter upseforithe ednan sty vers thawetsephd gilog. dhe ererigipanias y

(adsor be g . . o4d L f r.ochem cal
concentrg¥#%ﬂiﬁﬁﬁ%ﬁﬁgfg%rg@%@%gﬁgéﬁaﬁgggggépgégﬁgﬁ%%%géze f%H$§§§e 11.
20Tabl e 1of aNotinmalisidgls atddein® DI bp@sp {KluidBdteling $af I830meBNYYi s Adsor bent
Dose 6ng/L)_Adsorbent Dose. (g) Adsorbent Dose (nmg) 0 O 0 100 Q.003 3 1,000
1 portion of the water that did not flow through the column was allowed to over-flow the
column head and flow back into the 55 gallon drum to provide a constant column head
pressure. The flow rate of water through the column was nominally 40 mL/min.
Samples could be removed from the system at the column influent and effluent
locations as well as at the sampling ports A-N.
15
The column experiment was run over a 10 day period. Within one day of start-up it
was noted that the columns became discolored with a brown-orange color. It was
believed that this discoloration was due primarily to the precipitation of Fe(OH)s. An

analysis of the influent water and the non-woven wool material at the top of the bed did

20 indicate the presence of significant amounts of Ca, Fe, and Mn.

The PFBA traveled through the column at the greatest velocity. The ability of the
different ion exchange resins (as compared to granulated carbon) to remove this
compound is summarized in Table 8. The velocities at which the breakthrough curve

25 of PFBA traveled through the column are presented in Table 8 and were calculated by
assuming the average distance that the breakthrough curve has traveled is the distance
at which the concentration of PFBA is 50% of the influent concentration. From Table
8, the Dow PSR-2 is estimated to allow for a factor of 3.3 times longer operation (i.e.
treat 3.3 times more water) than the Calgon F600 activated carbon, included as a

30 comparative.

17



0.03 30 5,000 0.3 300 100,000 3 3000 Initial water volunme 30 nL

Sanpl es were anal yzed by LC/ M5 using el ectrospray ionization and operating
i n negat iwe 20a3nom3de. The mass to charge ratio (mlz) usedTius2gpaantosiy t he
concentration of 25an individual fluorochemcal in water is sunmarized in
Tabl e 12. For each batch of isotherm experinents, calibration curves were
prepared in water such that the concentration range woul d bracket the range
of fluorochemnical concentrations exgd®le¥i in the gi ven experinent. Over the
five batches of isotRetinatedoemavahtime fohBFBaA inlgranndwatenr ves ranged bet ween
0.01 ng/nL to500 ng,/nlL for each target fluorochemeal i.e. PFBA, PFQA,
PFBS, PFl-1,S of ARbBont et d.vel&ityabPEBA2 Mashndtdd Rab0@peiaiohoy for conmpounds
in water Conpound m 7 PFBAM13({REES 299 PHOAI4EdPFOS 499 1QFor each
sanpl e a | ab mafrdon spi ke [(I.NB) was prepap@iaby taking a secgnd aliquot of
sanpl e and spi kipgvdd1 €. flartg fying) 1t ywih known anount of |a given

fl uorochem cal .| phenspike [Teysel was el thefj@a Tow or high spiKe. For sanples
that were expecffggl, PSrPave J @y anounts of ,4d uor ochem cals; the LMS sanple

was spi kedshd fsFRhatdMes Hngl QWb MBhP 1 @aﬁso&ﬂe%@ﬁqg@m 6Rldspth ahll sRigke anount

r epr esentgiltshe bexR@6Ied concentration that 15results from spiking of a
gi ven masg ol ruhp @90 ehie Biseddn ahdikc®mbth@ @ésvaie SRAMnol ume. For exanpl e a
| ow spi ke of 3 ppb indicates that in the absence of any given endogenous
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Table 9
Materials (Examples 6-20)
15

Dow XVR chloromethylated styrene- divinyl benzene
crosslinked resin, Dow Chemical, Midland
Michigan.

Dowex 66 N,N-dimethylamino methylated styrene-
divinyl benzene crosslinked resin, Dow
Chemical, Midland Michigan

Tri-n-hexylamine Alfa Aesar, Ward Hill, MA
Tri-n-octylamine Alfa Aesar, Ward Hill, MA
Diisopropylethylamine (“DIPEA”) Sigma-Aldrich, Milwaukee, W1
1-bromohexane, 1-chlorohexane, 1- Sigma-Aldrich Milwaukee, WI.

bromododecane, 1-chlorododecane, 1-
chlorohexadecane, and 1-bromooctadecane

N,N-dimethyl formamide (DMF) EMD Chemicals Gibbstown, NJ

N,N-dimethyl acetamide (DMAc) EMD Chemicals Gibbstown, NJ

Isopropanol EMD Chemicals Gibbstown, NJ

Dichloromethane EMD Chemicals Gibbstown, NJ

Methyl-t-butyl ether EMD Chemicals Gibbstown, NJ.

C¢F1:CH,CH,0OH Clariant Corp., Mount Holly, NC

Perflorobutylsulfonic acid fluoride (PBSF) | 3M Company, St Paul. MN

HFE-7100 Hydrofluoroether (C4FsOCHj3), 3M Company,
St Paul. MN

C4FoSO,N(CH;)H Prepared according to Example 1 of U.S.
Patent 2,809,990, using methylamine and
PBSF
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15
Example 17:
Ion exchange resin was prepared in a two step procedure including (i) the synthesis of a
functional group intermediate and (ii) its subsequent reaction with the resin to form a
quaternary amine.

20

(i) Synthesis of functional group intermediate N-2-Dimethylaminoethyl-N-
methylperfluorobutanesulfonamide - {C4FoSO,-N(CH3)-CH,CH,-N(CH3),}- A mixture
of 62.6g (0.163mol) N-methylperfluorobutanesulfonamide, 28.8g (0.2 mol) 2-
dimethylaminoethyl chloride hydrochloride (Aldrich Chemical), and 100 mL

25  tetrahydrofuran was treated with 40g (0.5 mol) 50% sodium hydroxide in water and
heated to reflux. After 2.5 hr, analysis by gas/liquid chromatography showed complete
conversion and the mixture was washed with water, extracted with methylene chloride.
The dried organic layer was concentrated and one-plate distilled to 45.0g (0.119mol,
59%) of a pale yellow solid, bp 120°C/0.2 mmHg.

30
(i) Synthesis of quaternary amine ion exchange resin - A 250 mL round bottom flask

was equipped with magnetic stir bar, reflux condenser and N, inlet and was charged

19
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Conpar at iwe 20@alogsn F600) 97 100% 100% 100% 21 OPOG/URQEdSA8MGIA 9% 29%
21 0.19

with DOW-XVR resin (5g, 0.01 moles), C4F9SO,-N(CH3)-CH,CH,-N(CH3), (1) (3.84

g, 0.01 moles), 25 g of dry DMF and DIPEA (1.2925g, 0.01 moles). The reaction

mixture was heated at 90°C for 48 hours. The functionalized solid was washed with

HFE-7100, isopropanol, methylene chloride and water (50g x 2 times) and dried in an
5 air oven at 80°C for 48 hours. Starting materials and reaction conditions are

summarized in Table 10.

Example 18:
Ion exchange resin was prepared in a two step procedure including (i) the synthesis of a
10 functional group intermediate and (ii) its subsequent reaction with the resin to form a

quaternary amine.

(i) Synthesis of functional group intermediate: C¢F;3CH,CH,OSO,CH3
(C¢F13CH,CH,OMs) - A 500 mL 3-neck round bottom flask was fitted with a

15  mechanical stirrer and a nitrogen inlet tube connected to a bubbler. The flask was
charged with C¢F,3CH,CH,OH (72.86 g), tricthylamine (23.27 g), and tert-butyl methyl
ether (121.29 g). The flask was cooled in an ice bath with the contents under a nitrogen
atmosphere. The flask was fitted with an addition funnel, and then methanesulfonyl
chloride (25.20 g) was added via the funnel over approximately a time period of 120

20  minutes. The mixture was allowed to warm to room temperature overnight. The
mixture was then washed with aqueous 1N HCI (120 g) and then with 2 weight percent
aqueous sodium carbonate (120 g). The mixture was dried over anhydrous magnesium
sulfate. The mixture was then filtered. Solvent removal was accomplished using a
rotary evaporator to provide an intermediate product as a solid.

25
(i1) The intermediate product was reacted to provide a quaternary amine ion exchange
resin. The synthesis was similar to that described in Example 17, and the starting

materials and reaction conditions are given in Table 10.
30 Example 19:

Ion exchange resin was prepared in two separate steps, (i) the synthesis of the

functional group intermediate and (ii) its subsequent reaction with the resin to form the

20
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quaternary amine. The procedure was similar to that described in the preparation of

Example 18. Starting materials and reaction conditions are given in Table 10.

Example 20:
5 Ion exchange resin was prepared as in Example 6. Starting materials and reaction

conditions are given in Table 10.

Example 21:
Example 21 was a Dowex PSR3 adsorbent.
10
Example 22:
Example 22 was a Purolite A5S30E adsorbent obtained from Purolite Company of
Philadelphia, PA.

15 Example 23:
Example 23 was a Silicycle TBA chloride adsorbent obtained from Silicycle of
Quebec, Canada.

20
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Characterization of Resins (Examples 6 — 23)

Procedure 2: Adsorption Capacities
Solutions of the adsorbents of Examples 6 — 23 were prepared. Adsorbent and water
5 were placed in plastic centrifuge tubes to provide a range of adsorbent concentrations

in water. All tubes contained the same initial concentration of fluorochemicals in
water. The tubes containing a mixture of water and adsorbent were placed on an orbital
shaker and shaken for at least 44 to 48 hours at 20°C. Thereafter, the adsorbent
samples were centrifuged. A sample of the supernatant solution was taken and

10 analyzed by LC/MS to determine the concentration of the individual fluorochemicals in
water nominally equilibrated with the adsorbent. Three centrifuge tubes were filled
with the same initial solution but contained no adsorbent. These samples were used to
determine the initial concentration. From these data the mass of a given fluorochemical
adsorbed to the adsorbent was determined and the value normalized to the mass of dry

15 adsorbent added to the centrifuge tube. These data were used to construct an isotherm
plot of the quantity (adsorbed mass/adsorbent mass) versus apparent equilibrium

fluorochemical concentration. The target adsorbent dosages are summarized in Table

11.
20 Table 11
Nominal Adsorbent Dosages for Batch Isotherm Studies
Adsorbent Dose Adsorbent Dose Adsorbent Dose
(mg/L) (2 (mg)
0 0 0
100 0.003 3
1,000 0.03 30
5,000 0.3 300
100,000 3 3000
Initial water volume 30 mL

Samples were analyzed by LC/MS using electrospray ionization and operating in
negative ion mode. The mass to charge ratio (m/z) used to quantify the concentration of
25 an individual fluorochemical in water is summarized in Table 12. For each batch of

isotherm experiments, calibration curves were prepared in water such that the

24
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concentration range would bracket the range of fluorochemical concentrations expected
in the given experiment. Over the five batches of isotherm experiments, the calibration
curves ranged between 0.01 ng/mL to500 ng/mL for each target fluorochemical i.e.

PFBA, PFOA, PFBS, PFH,S or PFOS, etc..

Table 12
Mass to charge ratios for compounds in water

Compound | m/z
PFBA 213
PFBS 299
PFOA 413
PFOS 499

10 For each sample a lab matrix spike (LMS) was prepared by taking a second aliquot of
sample and spiking (i.e. fortifying) it with known amount of a given fluorochemical.
The spike level was either a low or high spike. For samples that were expected to have
low amounts of fluorochemicals; the LMS sample was spiked with relatively low levels
of fluorochemicals. The spike amount represents the expected concentration that

15 results from spiking of a given mass of fluorochemical into the given sample volume.
For example a low spike of 3 ppb indicates that in the absence of any given endogenous
fluorochemical, the concentration of the given fluorochemical in the LMS will be 3
ppb. Should endogenous levels of fluorochemical exist, the expected concentration
would be the endogenous concentration plus that spiked concentration. For example

20 should the endogenous level be 2 ppb and the spike level be 3 ppb, the concentration of
the LMS would be 2 ppb + 3 ppb = 5 ppb.

The recovery of fluorochemical in an LMS was calculated as follows:

CLMS
+C

25 Recovery(%) = (

c )XIOO

spike endogeneous

Where,

CrLms = the concentration (ng/mL) of a given chemical observed in the analysis of the

LMS sample.

25
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Cypike = the spike level (ng/mL) that results from spiking a sample solution with a known
amount of a given chemical.
Cendogenous = the endogenous concentration (ng/mL) of fluorochemical as determined

from the un-spiked sample.

In this study if the recovery of a LMS was outside the range of 70 to 130%, the sample
data were rejected. The adsorption capacity of the different adsorbents was determined
using the measured adsorbent dosages and the difference between the initial and
equilibrium measured concentrations of fluorochemicals at each adsorbent dose. The
10 calculations are as follows:
Cintial = Initial concentration (ng/mL) of a given compound present in the water prior to
the adsorption experiment/
Ceq = equilibrium concentration (ng/mL) of a given compound present in supernatant
after exposure of the water to the adsorbent.
15 V' = volume (mL) of water in the centrifuge tube.
M,4s = mass (gm) of adsorbent in the centrifuge tube.
Mrc = mass (ng) of fluorochemical adsorbed to the adsorbent.
Where,
My =V x (Cinitial - Ceq)
20 and,
Cs = the adsorbed concentration (ng/gm) of the given compound.

Where,

C — M FC
) M ads
A Freundlich plot of the form log C; versus log C.q can be prepared from these data. The
25 slope of this plot has an equation of the form:

logC =logK + llog C.,
n

Where
K = the equilibrium adsorption coefficient and is determined from the Y-intercept of the

plot,
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1/n = the slope of the plot. Should #» =1 the isotherm is said to be linear.

The removal efficiencies at a given adsorbent concentration are set forth in Table 13 for
target fluorochemicals from the groundwater samples described in Table 2, for the

5 adsorbents of Examples 6-16, 18, 19 and those used for Examples 21-23. The Calgon
F600 adsorbent (activated carbon) was included as a comparative. Multiple

determinations were made for each of the samples.

Table 13
% REMOVAL
Example Adsorbent PFBA PFBS | PFOA PFOS
(Adsorbent) concentration
in ground
water (gm/L)
Comparative 0.16 25% 39% 36% 28%
(Calgon F600)
Comparative 1.0 71% 92% 94% 97%
(Calgon F600)
Comparative 11 98% 100% 99% -—-
(Calgon F600)
Comparative 97 100% 100% - 100%
(Calgon F600)
21 0.06 20% 20% 19% 29%
21 0.19 54% 62% 59% 69%
21 2.9 98% 99% 98% -
21 30 100% --- 100% -
6 0.08 27% 56% 56% 70%
6 0.42 82% 98% 97% 98%
6 4.5 99% 100% 100% -
6 47 100% - - -
7 0.04 35% 75% 70% 81%
7 0.36 87% --- 97% 99%
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15 44 100% 100% 100% 16 0.08 48% 93% 91% 94% 16 0. 33 87% 98% 98% 98%

16 3.6 99% 100% 100% 16 37 100% 100% 99% 86% 18
WO 2008/101137 PCT/US2008/054042
7 4.1 100% 100%
7 45 100% 100%
8 0.07 60% N% | 88% 93%
8 031 93% 99% 99%
8 41 100% 100% | 100% | 100%
8 40 100% 100%
9 0.08 8% 16% 16% 17%
9 0.27 57% 68% | 62% 73%
9 3.4 98% 100% | 99%
9 34 100% 100% | 100%
10 0.08 22% 31% | 31% 30%
10 0.33 50% 64% | 60% 69%
10 3.6 99% 100% | 100%
10 38 100% 100% | 100% | 98%
11 0.06 22% 40% | 38% 53%
11 0.33 57% 9% | 67% 81%
11 3.8 99% 100%
11 37 100% 100%
12 0.13 29% 50% | 44% 54%
12 0.40 85% 93% | 90% 90%
12 4.6 98% 99% | 98% | 100%
12 46 100%
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0.04 17% 32% 26% 38% 18 0. 13 40% 56% 53% 62% 18 3.3 94% 99% 98% 18 36 95%

100%

19 0.05 6% 14% 15% 19% 19 0. 25 59% 72% 70% 19 3.3 98%
WO 2008/101137 PCT/US2008/054042
13 0.11 7% 17% 12% 20%
13 0.34 55% 66% 63% 70%
13 39 97% 100% 99% 100%
13 40 99% 100% 99% -
14 0.13 2% 4% 3% 30%
14 0.24 54% 70% 91% -
14 4.0 98% 100% 99% 97%
14 41 100% 100% --- -
15 0.07 14% 62% 62% 67%
15 0.44 74% --- 99% 100%
15 4.4 96% 100% 100% -
15 44 100% 100% 100% -
16 0.08 48% 93% 91% 94%
16 0.33 87% 98% 98% 98%
16 3.6 99% 100% 100% -
16 37 100% 100% 99% 86%
18 0.04 17% 32% 26% 38%
18 0.13 40% 56% 53% 62%
18 33 94% 99% 98% -
18 36 95% 100% --- -
19 0.05 6% 14% 15% 19%
19 0.25 59% 72% 70% -
19 3.3 98% 100% 99% --—-
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100% 99% 19 19 35 98% 100% Conpar ati ve (Cal gon F600) 0.0064
37% 74% 68% Conparative (Cal gon F600) 0.0298 94% 100% 100% Conparative

(Cal gon RSO@posOLOBMB39 100% 100% 100% PCT/US2008/054042
19
19 35 98% 100% --- ---
Comparative 0.0064 37% 74% 68% -
(Calgon F600)
Comparative 0.0298 94% 100% 100% -—-
(Calgon F600)
Comparative 0.3159 100% 100% 100% -—-
(Calgon F600)
Comparative 3.1 99% 100% 100% -—-
(Calgon F600)
21 0.0021 22% 43% 19% ---
PSR 3
21 0.0155 97% 99% 97% ---
PSR 3
21 0.106 100% 100% 100% ---
PSR 3
21 1.0048 100% 100% 100% ---
PSR 3
6 0.0018 27% 70% 60% ---
6 0.0126 92% 99% 99% ---
6 0.1499 100% 100% 100% ---
6 1.5047 100% 100% 100% ---
8 0.0039 83% 100% 98% ---
8 0.0151 99% 100% 100% ---
8 0.1247 100% 100% 100% ---
8 1.1749 100% 100% 100% ---
22 0.0029 40% 72% 52% ---
22 0.0152 91% 99% 97% ---
22 0.1448 100% 100% 100% ---
22 1.0145 100% 100% 100% ---
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Conparative (Cal gon F600) 3.1 99% 100% 100% 21 PSR 3 0.0021 22% 43%
19% 21 PSR 3 0.0155 97% 99% 97% 21 PSR 3 0. 106 100% 100% 100% 21 PSR 3

1. 0048 1002065004 B00% PCT/US2008/054042
23 0.0029 0% 0% | 0%
23 0.0297 4% 5% | 19% | -—
23 0.3046 100% | 56% | 73% | —
23 3 100% | 97% | 99% | —

Various embodiments of the invention have been described in detail herein. Those
skilled in the art will appreciate that changes may be made to the described

embodiments without limiting or departing from the true scope of the invention.
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6 0.0018 27% 70% 60% 6 0.0126 92% 99% 99% 6 0.1499 100% 100% 100%
6 1.5047 100% 100% 100% 8 0.0039 83% 100% 98% 8 0. 0151 99%
100% 100%

" CLAIMS

1. A system for the removal of fluorochemicals from water, comprising:

a vessel containing the ion exchange resin, the ion exchange resin comprising an
insoluble matrix having functional groups bonded thereto, the functional groups
comprising quatermary amines of the formula:

-N(R|R2R3)
where
N is nitrogen; and
Ri, Rz and Rj are hydrocarbon groups and can be the same or different,
normal, branched and/or partially or fully substituted and having a carbon
chain length of C; or greater, the hydrocarbon chain optionally including
polar groups;

an inlet for directing a flow of water comprising fluorochemicals into the vessel to
thereby contact the ion exchange resin; and

an outlet for directing a flow of water out of the vessel, wherein the

fluorochemicals are adsorbed onto the ion exchange resin.

2. The system as defined in claim 1, wherein Ry, R and R; are the same.

3. The system as defined in claim 1, wherein at least one of R;, Ry or Rj further

includes a polar group selected from O, N and S.

4. The system as defined in claim 1, wherein R, R; and R; are hydrocarbon groups

having a carbon chain length ranging from C; to Cys.

5. The system as defined in claim 4, wherein R, R; and R; are the same.
6. The system as defined in claim 1, wherein at least one of Ry, Ry or Rz is
fluorinated.
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8 0.1247 100% 100% 100% 8 1.1749 100% 100% 100% 22 0.0029 40%
72% 52% 22 0.0152 91% 99% 97% 22 0. 1448 100% 100% 100% 22 1.0145
100% 100% 100%

7. The system as defined in claim 1, wherein the quaternary amines are selected
from the group consisting of +N(CgHy7)s, +N(C¢His);, FN(CH;)2(CeHys),
+N(CH3)2(Ci2Has),  +N(CH3)2(Ci6Hsz), +N(CH3)(CisHaz),  +N(CHs)2CHaCHaCoF 3,
+N(CH3),CH,CHaN(CH3)SO,C4Fs, +N(C4Hy)s, +IN(C5H7)3, +N(C;zHs)s and combinations

of two or more of the foregoing.

8. The system as defined in claim 1 wherein ion exchange resin comprises a

difunctional resin consisting of a first quaternary amine and a second quaternary amine.

9. The system as defined in claim 8 wherein the matrix comprises polystyrene and
wherein the first quaternary amine is triethyl quaternary amine and the second quaternary

amine is trihexyl quaternary amine.

10.  The system as defined in claim 1, wherein the matrix is selected from the group
consisting of polymers, gels, clays, diatomaceous earth and combinations of two or more

of the foregoing.
11.  The system as defined in claim 10, wherein the polymer is polystyrene.
12.  The system as defined in claim 10, wherein the gel is silica gel.

13.  The system as defined in claim 1, wherein the quaternary amines have an

adsorption capacity greater than granulated carbon by a factor of up to about 35.

14. A process for the removal of fluorochemicals from water, the process comprising:
exposing water comprising fluorochemicals to an ion exchange resin, the resin
comprising an insoluble matrix having functional groups bonded thereto, the functional
groups comprising quaternary amines of the formula:
-N(RiRzR3)
where

N is nitrogen; and
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23 0.0029 0% 0% 0% 23 0.0297 4% 15% 19% 23 0. 3046 100% 56% 73% 23
3 100% 97% 99% Vari ous enbodi nents of the invention have been
described in detail herein. Those skilled in the art will appreciate
t hat changes may be made to the described enbodi nents w t hout
limting or departing fromthe true scope of the invention. CLAI M
1. Asystemfor the renmoval of fluorochem cals fromwater,

conpri si ng: a vessel containing the ion exchange resin, the ion
exchange resin conpri Bi,Ryaat R Ia&ﬂ‘iydbrlc&rbbntgrdups hlai/dam@efthmsatﬁmalifferent

groups bonded thereto th funct ro Si t er nar
am nes of the formul a™ aﬁ(%ﬁ%?é‘}“%é’%ﬁ“ﬁiogﬁﬁ tSP%ﬁ'@Hgd aping 21095
and R3 are hydrocar bOBheﬁh[ RHPS AT of gRafee tﬁé’lﬂrdﬁ%@ﬂaoﬁrchﬁhfoﬁﬁérﬁmancludmg
normal , branched and/or partially or fuIIy substituted and having a

carbon chain | ength opolapgieepsgr eat er, the hydrocarbon chain

t |1 I
Fow of water conpanng g §hPHRiomact it MRres €L bRy FESHRE, 2,

contact the ion eepatmingeheesemfroramtt resin, wheaein thet flierodhemicdisraee idsntbed
fl ow of water Ohlt of the vessel, wherein the fluorochem cals are

adsor bed onPBARINSHRARERE e resin. 2. The systemas defined in
claiml, wherein R, 12.2 and R3 are the sane.

15. The process as defined in claim 14, wherein R, Ry and Rj are the same.

16. The process as defined in claim 14, wherein at least one of Ry, R, or R; further

includes a polar group selected from O, N and S.

17. The process as defined in claim 14, wherein R, R; and R3 are hydrocarbon groups

having a carbon chain length ranging from C, to Cig.

18. The process as defined in claim 17, wherein R, R; and Rj are the same.
19. The process as defined in claim 14, wherein at least one of R, Ry or Rj is
fluorinated.

20.  The process as defined in claim 14, wherein the quaternary amines are selected
from the group consisting of +N(CgH;7)s, +N(CgHiz)s, +N(CH3)(CsHs),
+N(CH;3)2(CiaHzs), +N(CHs)a(CieHas), +N(CH3)a(CigHiz), +N(CHs3)CHyCHoCoFis,
+N(CH3),CH,CH,N(CH3)SO4C4Fg, +N(C4Ho)s, +N(C3H7)s, +N(C,Hs)s and combinations

of two or more of the foregoing.

21.  The process as defined in claim 14 wherein ion exchange resin comprises a

difunctional resin consisting of a first quaternary amine and a second quaternary amine.
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3. The systemas defined in claim1, wherein at |east one of R, R2

or R3 further includes a polar group selected fromO, N and S. 4.

The system as defined in claiml1l, wherein R, R2 and R3 are

hydr ocar bon groups having a carbon chain I ength ranging fromC2 to C.
5. The systemas defined in claim4, wherein R, 12.2 and R3 are the
sanme. 6. The systemas defined in claim1l1l, wherein at |east one of
RI, R2 or R3 is fluorinated. 7. The system as defined in claiml,
wher ei n t he2guat ghaprogesans delSnedrie chéh @d tvddbrdin dm hdtax gomppses pobisgtdnagnd

of +N(C8H17) 3, +N 113) 3, +N(CH3) 2(.C6}-113 +N( CH3) 2(,C12H25

+1\ 1( CH3) 2( é’%@?lﬁ%g??&ﬂ%ﬁf%?}ﬁ”&fé B3P Yl-lr‘ﬂ&t ‘% S\?F"‘zd quaternary
+N( CH3) 2CH2 6219 4fheDP2fudfethary MafmdH9) 3, +N( C3H7) 3, +N(C2H5) 3 and

conbi nati ons of two or nore of the foregoing. 8. The system as
defined in claim1 wherein ion exchange resin conprises a

di functi onahk,r esi ISt L f. [.ngt - am o
second quatgﬁhargﬂzﬁgﬁéﬁ%&g. héngyé?éﬁiggag%ﬁﬁﬂgﬁ%wﬁggﬁgﬁﬁy Oﬁﬁgigfﬁp
the matri x compting e pplyingst gelsrdayandatnmacem edritearfdi costbimtiateofitaioyor more
amne is trif%@ﬁl' uat ernary am ne and the second quaternary amne is
trihexyl qud %Fé”ﬁ%ine. 10. The systemas defined in claim1,
wherein the matrix is selected fromthe group consisting of polyners,
gels, clays, diatonmaceous earth and conbinati ons of two or nore of

the foregoi Rfy.  The sypisan asdefispd Hsclaiar33n sdcic e BplIEDIs PREWEINS- t he

pol ymer is polystyrene. 12. The system as defined in claim10,
wherein the gel is silica gel. 13. The systemas defined in claim1,
wher ei n t he2fguat #hasysiennad defisehanvadaiar23addercpt thegeldaphca go). gr eat er

t han granul ated carbon by a factor of up to about 35. 14. A process
for the renoval of fluorochem cals fromwater, the process

conprising: 26, TheyfAsdsng deficlin CRRmAri4s vRAgrein tHO FQ6HEMENESALS cdBpid dnedr
exchange resin, the resin conprising an insoluble matrix having
functional §%8upsoihomgiporerstaeate, ¢ ReriupieytaKal Suliels cBFHRPOPFHanoate,
quat er nary 3ergRhefant SRS PperfludibR (iR Rakoaere N i s nitrogen;

and RI, R2"and R3 are hydrocarbon groups and can be the sane or
different, normal, branched and/or partially or fully substituted and
having a carbon chain |length of C2 or greater, the hydrocarbon chain
optionally including polar groups; nmaintaining the water in contact
with the resin for a period of tine; and separating the water from
the resin, wherein the fluorochem cals are adsorbed onto the ion
exchange resin. 15. The process as defined in claim 14, wherein Rl

R2 and R3 are the sane. 16. The process as defined in claim 14,
wherein at | east one of RI, R2 or R3 further includes a polar group
selected from0O, Nand S. 17. The process as defined in claim 14,
wherein RI, R2 and R3 are hydrocarbon groups having a carbon chain

|l ength ranging fromC2 to C. 18. The process as defined in claim17,
wherein RI, R2 and R3 are the sane. 19. The process as defined in
claim 14, wherein at least one of Rl, R2 or R3 is fluorinated. 20.
The process as defined in claim 14, wherein the quaternary am nes are
selected fromthe group consisting of +N(C81-117)3, +N(C6H13) 3,

+N( CH3) 2( C6H13), +N(CH3)2(Cl12H25), +N(CH3)2(C 0433), +N(CH3)2(C

sH37), +N(CH3) 2CH2CH2C6F 13, +N( CH3) 2CH2CH2N( CH3) S02CAF9,

+1\ 1(C41-19) 3, +N(C31-17)3/ +N(C21-15)3 and conbi nati ons of two or
nore of the foregoing. 21. The process as defined in claim14
wherein ion exchange resin conprises a difunctional resin consisting
of a first quaternary am ne and a second quaternary am ne. 22. The
process as defined in claim2l1 wherein the matrix conprises

pol ystyrene and wherein the first quaternary amne is triethyl
quaternary am ne and the second quaternary amne is trihexyl
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