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WD 2008/ 101137 PCT/ US2008/ 054042 SYSTEM AND PROCESS

FOR THE REMOVAL OF FLUOROCHEM CALS FROM WATER The
w@e@saoti3i nvention relates to a system and a neCTos2008054042

the renmoval of 5 fluorochem cals from water

Background Fl uorochem cals have been used in a w de

variety of a Ilcatlons i ncl udi ng the water- proofing
of mat eri SFESTEM AN EROGESSBOR S REMOKAL s, as

tiree, for CFLERmORHPRIEATS ERAMFPATAEZC o

Reasons for such w despread use of fluorochem cals

i nclude their favorable physical properties which
Thi pegserfdn caneam exites et Divtessand opcthod o1 the emayabef

ﬂupﬁmﬁ&hgﬁr||CI?J§¥/polarlzabllltles (i.e.,

or op Types of fluorochem cals include
perfluorinated surfactants, perfluorooctane sulfonate
(PFOS) and perfluorooctanoate (PFOA) 15 Wile
val uabl e as commerci al Eﬂﬂﬁﬂ&ﬂﬂ, f1 uorocheni cal s can

FIIR)?OCq’lIeInfléa atvls Qe 15 at H%Jl&]@}rarfe %}iﬂl&ﬂﬁ)ns n%cludlng the water-

envi ronmen rene ratron strate
prdofieg toffeniteriabs Bnploagties coatinps ot @Edﬁzﬁm a8 dirs-fightindfams for
renoved from water using an adsorbent nedja such as
ele@%ﬁkﬁn&rgre%éﬁir%fOéée@aﬁmcm@mg%@e@émmaﬂw Reasons for

t
sudt PRI of Rubith iR SRt TR A0 B bRbIE AR B B ERiES
whidheinpliués elidmitcaligditnesy) 1@y ovdftleisnts mﬁ ﬁ@ctﬁmeatﬁcslowrposar&rabmles
and nethods for the renpval . of fluorochemcals from

(i. %a@l@rmphﬂhmb’ﬁe Typgettifluoracaemicplsinglyde Ieﬁfﬂwra@éeda%@?g&a%
pelffﬁBrc}olaﬁng %l?@'&e@%d@f) ahd ?%QSQ%Waﬁ&lté (%B wat er,

conprising contai ning t n exchange
resin, the ion exchange resin conprising an insoluble

rix haV|ng func i 0 oups bonded thereto, the
Wl{rﬁ% HalS CORIRRIpiE Ie,reﬁwq“» 3{ UREP RS C@P%ﬁ HaTicwlt A irept using
co%&%@ﬁwr&%e\ﬁ!ﬁ &&n&héﬁbn@tﬁaf@%% e WS treatment technologies.
Fluorochemicals can be removed from water using an adsorbent media such as granular
activated carbon (GAC). However, improvements in systems and methods for the

removal of fluorochemicals from water are desired.

Summary

The present invention provides improvements in systems and methods for the removal
of fluorochemicals from water. In one aspect, the invention provides 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 amines of the formula:

- N(Ri1R3R3)
Where

N is nitrogen; and
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1 WD 2008/101137 PCT/ US2008/ 054042 R1, R2 and R3 are

hydr ocar bon groups and can be the sane or different,
woesabi13br anched and/ or partially or fully suPSL/US200&054042

(e.g., fluorinated) and having a carbon chain |ength

of G or greater, the hydrocarbon chain optionally

i ncludi ng polar groups (e.g., 0, N, S); 5 An inlet for

directi né Rfandklagire edreearbeit gfottheaI\ﬁié‘élﬁé’le tlnfbsamsfe?rébf,ferent

cont act

i rect | oA S GREJREEP LR Dor 1Y s(RuRN gy Rorinaced

anot her aspeting b b&LOMVIRIH |DBHAFTAY, cﬂ‘%Sea@erp!h@(h &ﬁaciu@bn chain
t he renoval of fluorochemcals fromwater, the
process epwtallyiinGudipy pelar argudatcet- @oNpPk si ng
fluorochemcals to an ion exchange resin, the resin
conprising an insoluble matri x havi ng functiona
Angirdetpor bdirndefg tah@obat of wate intaimiet vessal t@tipiagls) contact the ion
conprising amnes of the formula: 15 - N(RLR2R3)
exqfgBeeresiv; #id ni trogen; and R1, R2 and R3 are

Py OIRARRPR SR AN SERRF O PRy i erent

(e.qg., fluorinated) 20 and having a carbon chain
length of Gi or greater, the hydrqcarbon chain
In Wtﬁgﬁ)&p?cﬁ the élp\ﬁ:ap% p&ypcgas ad}rgwg (zreth@ rern@val Nf ﬂg?rochermcals
[ [ in contact with the resin for a
ﬁog@?%%gt%#ﬂ?F%QEO%@%QE%eparat|ng the water fromthe
r esiErposzitg wheer t@npsings gdorbelicninals tradr iohaxdlatnge 'rersin the resin
ordi nary nmeani ng, as known to a person of _ordi
ski PPmpRisipgan gsplublagpaiighaviag Duiatiangldrapsionfedbereto, the

und (ffelalc] Bkl a ] ghuforth herein

" F ﬁ%%&gﬁ #%ggg%xngéﬁs a 5Eg§3%n %onpound i n which

fluorine repl ad¥R,B®ap or aII 30 hydrogen nol ecul es.
Where

N is nitrogen; and
Rj, 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 having a carbon chain length of C; or greater, the hydrocarbon chain
optionally including polar groups (e.g., O, N, S);

Maintaining the water in contact with the resin for a period of time; and

Separating the water from the resin.

The terms used herein shall have their ordinary meaning as known to a person of
ordinary skill in the art. However, certain terms will be understood to have the

meanings set forth herein

“Fluorochemical” means a halocarbon compound in which fluorine replaces some or all

hydrogen molecules.
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2 WD 2008/ 101137 PCT/ US2008/ 054042 Brief Description
of the Drawi ngs In describing the enbodi nents of the
WO p008Nn0i1dh herein, reference is made to the vaP@DUS2008/054042
drawi ngs, wherein: 5 Figure 1 is schematic of a system
for the renoval of fluorochem cals according to the
invention; Figure 2 is an isothermfor the renoval of
PFOA from wat er BrdefDesaription ohthePeayvinght s accordi ng
In 8950%19?#(; tllf'e;f We?&gf ﬁteqwe“:ﬁtlg% h%reﬁp e%f%%hpe f %af sor %ﬁftarlous
draadagy, dihe@id:o the invention; Figure 4 is an |sot her m
for the renoval of PFOA from water using different
adsorbents 15 according to the invention; Figure 5 is
. [ v P r
Figls | SOLER B S RIBNA L PSRRI 1%, e
inv20tidi;gure 6 is an isot hermfor the renoval of PFCS
fromwater using different adsorbents according to
the invention. Detail ed Description 25 The present
F R R R T P, B B E R i b Bl
accondiag torhe tisyentibe, | nvent| on provi des adsor bent
materials ("adsorbents") in the formof ion exchange
resins that are useful in the renoval of
FiddrdSTOSNETHCA Ror KA OAINRAETE PEH SHAHE e BOML B Sye alffbonts
nvention provi a system t he treat
aconadieg fo thhénwyisdbem i ncl udi ng i ncor porati ng the 30
af orenenti oned adsorbents therein. In still other
enbodi ments, methods are provided for the renoval of
Flgu%g%? E%ﬂ?%ﬁ%la %rfctjlgéjﬂo r@g%e v L&t P‘#OAA Eiég?‘g%%pgm%dlfferent adsorbents
acbdi8g 10tht 3nveR@din;US2008/ 054042

Figure 5 is an isotherm for the removal of PFOS from water using different adsorbents

according to the invention; and

Figure 6 is an isotherm for the removal of PFOS from water using different adsorbents

according to the invention.

Detailed Description

The present invention provides systems and processes to facilitate the removal of
fluorochemicals from water. In some embodiments, the invention provides adsorbent
materials (“adsorbents”) in the form of ion exchange resins that are useful in the
removal of fluorochemicals from water. In other embodiments, the invention provides
a system for the treatment of water, the system including incorporating the
aforementioned adsorbents therein. In still other embodiments, methods are provided
for the removal of fluorochemicals from water utilizing the aforementioned adsorbents

and system.
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I on exchange is a process in which ions are exchanged
between a solution and an ion exchanger, typically an
wo p@slietiBe solid or gel which may be treated tRCT/H81008i€54042
functional groups. Anion exchangers are used for
negatively charged anions. Cation 5 exchangers are
used for positively charged cations. |on exchange can
be a reversible process in that the ion exchanger can
tor? GhERFISR PLRaTh BAER, Y ORNPEbe 08 £ty B AR A on
exdtanggr, typlthy kel@sblibf, solid @k gelswhioh haRDe tehed ko nﬂzﬁldlen
enbodi nents of the invention, one or nore ion exchan
funcaignyl groyms. dnjqn GeBangsifce umrfoe&%g@&ﬁ@l@ ch@grhanippt| @n
M
extﬁﬁ g%ﬁgiqu%%gdgi%tﬁ%l‘rtﬁelyscygébﬁ @Jit?oélrg i s %&l%,escgﬁ Y Elﬂé\%ﬁsmle
pnﬁennhmmuﬂﬁﬂbhes@hﬁgmaahbbea&ambaMkmgxaedbﬁvebmggﬂm1on

di anet er rangi ng from about nmmto about 2 nm

In
cx@ghec @mﬂh@h@@%& ¢fdhe wopp &b‘?q exoppged e &- icBlogide ions,
bstrate. The surface of the polyneric

pOQg %ﬁ?%#édﬁ includes sites that trap and rel ease
ions. In sone enbodi nents, the ion exchange resins

u in the present invention may be based on one or
In %P@i@spsmémednﬁ%@n %I}esormre Fon %25&1%%3 TRYYs Heutihged. Such

: C t

o S B U PR IR, St P UBBA SRR B some
embodigsentsi ﬁieenplmrt:shmmrel lsvmmlyd fobarnd emell splmncabbeadphazmg an

Cros%jlnked poly rlc substrates may al so be p us,
AVRZF HARFISE BB 6D d STmdp abQWt) Mine 1B Sprge H nts, the

¢ Rkt i QI YRRE | ‘P SURBLE 8F R &8k

s OSS|IRE§% ggﬁ} %130 ter an nor e naﬁ%e%gﬁﬁm.han a ©

inotudes sitésrth@drapuind treladse iansd Ioaombambodiancgss| ‘ehlelnktﬁexchange resing
consi st enc dependi ng e materi al In so

t
f‘écﬁlbléiéli‘%%rﬁf tinvg U%na}élz% H%ﬁg@nroee theaqqp@zsnﬁlﬁ? gategals which
; ia§7 N Eﬂo@éhrﬂk@ onf er@dml&{ts QR@S&)EE(%& £@lbased on

I'n stil odi ment s e matrix can
stymmphatshes heenmnd)&shnledd Wlltiaa CerSS-thtH sacioaqcthimsl loanzene, for

el -like C silic ceous earth, clay
%?PIF hgnsrsﬁ%\@g pﬁ?ymwoﬁiuﬁ% = ra%y weﬁwaﬁ a Cr%ﬁhnked
sul?sﬁ%fé%ﬂ%ﬂ@t%‘ HeShafd EndHSR GadlRaSY S PSl%neﬁB duRPrals FCR SREO
for the renoval of fluorochem cal$ from water.

croExlerket] antybd $afer enhewicahleablontbhmg erosélogked stlstrawragad can have

ful. arti II .saturated with fluorine.
o eef b s E ORI e d%bngth of t hei r
car bon backbone froma C backbone up to Cg and

| onger. 4
In some embodiments, the ion exchange resin can comprise a matrix material in the

form of non-spherical particles. In still other embodiments, the matrix can comprise a
material that is more amorphous or gel-like such as silica gel, diatomaceous earth, clay,

or the like.

In embodiments of the invention, ion exchange resins are used in systems and
processes for the removal of fluorochemicals from water. Exemplary fluorochemicals
include those that are fully or partially saturated with fluorine. Fluorochemicals can

vary in the length of their carbon backbone from a C; backbone up to Cs and longer.
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WO 2008/ 101137 PCT/ US2008/ 054042 Sone fl uorochem cal s

that are renovable fromwater include, for exanple,
w@eoslieasbbut anoat e, (PFBA), perfl uorobut ane seCT/ORADE054042

(PFBS), perfluorooctanoate (PFOA), perfluorohexane

sul fonate (PFHxS), and perfl uorooctane sul fonate

( PEQS) These fluorochem cals are derived from strong

Some dlyorchemicak th%t@ir@@n@éfa@le fonpwater instustsufos ssaorlci s

re AR TR B ORI AR SRSk le et BB SRy

(PBRYAJ, @Bﬁlme@ﬁmmae QPFH{J@) Hﬁd/ﬁeﬁrﬂh@ﬁocthlﬁé édlﬂ)ﬁaﬁeQBFOS).
exchange resins capabl e of renpving fl uor ochem cal s

Thesedofpghsmicals arederieed frofpgirprg fvaathsarea apigs (bg1 | i on

perffBbulsfioes ATk hoh SR AGha Tabid) SR CART shBndin,
aqdolub saletien eIntsbﬁlekaltfoHumms; Itl&ngy@ahs adll preBsendf @t iivration
of | ess than about 1 o lt.owill be apprem ated t hat

utifizejien GF?WB%TWHSI%W%/O%@B@N@@#@O&P PécalspfEQm pager at levels

Ot
rof G b R S BRI A R e
mggdit). tThgoind eaibbilioments, He dystomexad pﬂ;@esseemlhﬁ:memie se
ani on exchange 15 resipns havi (eith

fluggpeheraicals agenepntdiong ot lsss thag @'P% alpp png r é‘uﬁél g %paafr%aaed that
eercl? B Wil %Hh?}?%g%ﬁ% Bft Eﬂe %leﬁg r F&Hﬁﬁl‘ 1@?&&8 %ﬁg%@;?chenﬂcal

nore quater es of Fornu

as 2011 Wb dreemddsinenent cquienent doaghicd. R2 and R3 are
hydr ocar bon groups and can be the sane or different,
normal , branched and/or partially or fully substituted

In $b&di eH %@Eﬂ&ﬁ{f&ﬁ@onaﬂﬂg AP AR G € e%ﬂﬁ)‘n%xchange
fipeti oG e ARl

engt or greater, rocar chai n
resapthiaomglal iyatrik rieikhed pogup of gtl-ltked with f(ue:tlgnal douply, attsahedl n
some eﬁ;&ﬁ rrents swtablle functi onal groups |ncI
thegigiar SFHRRIS funstioned sprpe Hislude NRQF 107 GEsTRARAMIRSS ot Formula
[ and/ or RS are G to G s alkyl groups, in sone
enbodinents G 30 to C4 al kyl groups. In sone
enbodi ments, the al kyl groups are the sanme. Exenplary

of these funct &\ﬁ]?\a%f&glr)oups are trinmethylam rfe

triethyl am ne, yl am ne,

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
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,
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
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tributyl am ne. Conbinations of the foregoing

functional groups are also contenplated 5 WO
WwWQe®81a037137 PCT/ US2008/ 054042 where R1, R2 apdI/B32088/¢54042

Cl to C18 al kyl groups, in sone enbodinents G to 4

al kyl groups, but the alkyl groups are sone

conbi nati on of netEg ethyl, propyl and butyl. In al

I,
whereRyd Reried B: atg (hytelCoettkpaiowtainsommgyendiodinaeigs Cyto Cq alkyl
i ncl . 0. 5
S R AR b i Peicn e ity o DA g b

In l€8mbsdihiealsygl By droedrBsméetiayn mayopesnalily itideddswlapraugs (c.g., O,
where R1, R2 and/or R3 are hydrocarbon groups having a
N, &&r bon chai n | ength greater than C4, in sone
enbodi nents ranging fromCs5 to CI'S, wherein the
hydr ocar bon groups can be identical as well as where
In §diee Enibsdimant o thkngendivpssuitbielc dorf &xahaiiie resingrinolde quaternary
anot her, and any of the hydrocarbon groups may .
amse ob Higl Fogmukch Werse Bor Barangios i grq ey dgocarkpn goups)having a
corbh PR ARl STRGIEIE B Sl LB G h R oL OLRT
whkeeas thedydroghrbbhgrdupd cac be kientigy aupsll B whR2 tanhlyd3cabon
be a Cl to C4 15 al kyl group and anpther of Rl R2 and
graups ke AffeReat Kemons Anefher pad Hetibe Aydrasrasben arupmay

. . f the hydrocarbon groups
°p%§§@%g?§§§§ﬁﬁg&%ﬁ%ﬁ%égé”éﬁﬁgﬁs'groups (e.g., 0, N, 9S).

In still other enbodi nents, the ion exchange resin of
th resent .invention i.s a 20 "difunctional' resin
In %tgﬁat?%?rﬂlgodemen%rsuﬁﬁﬁé fignctippal grpung @é@%ﬁwr%ﬁw peines of the
C
roBBOUES AR, Bt AR AL LA SKE RGN B TR
alkyNeiGGp1aR] Snotheryof &f; R, hrd Ry ds @bpdrbcarb@r gropss Ivayng a carbon chain

optional |y include | ar groups (e.g., O, S). .25
lengfh #ra#rehPB e R8N LA &E@q}ygw%gb%&rowpé@%ym&tlﬁeybwf@% polar
oge of the invention are available
gﬂ%@ﬁ#ﬁ%é?éﬁ?gﬁsuch as those avail abl e from Dow Chemi cal
Conmpany under the trade designati ons DONEX 1, DOVEX
1x8, NSR- 1, DOWNEX PSR-2, . a DOVEX .PSR-3. A
m & peae f‘én%(qdfuﬁ}ﬁ@ﬁ’@ Brion FReEzesyH aﬁfg‘? R{CBHIBYBYIOP i
‘diﬁﬁl%ﬂ@t?ﬂeresih%h@rikﬁgwm%ﬁr@aﬂfﬁér&y i di@h& dnhiR8%roups. For
Purolite Conpany of Phil adel phia, PA undér the
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).

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
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.”
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comercially available silica based ion exchange
wW@eomsnasr i s available from Silicycle of QuebRCT/US2008/054042

Canada under the trade designation "Silicycle TBA

Chloride." 6 WD 2008/ 101137 PCT/ US2008/ 054042 In sone

enbodi nents, the ion exchange resins useful in the

system and process include quaternary am ne

In wﬁe‘:&‘&?@%ﬂi% Rl %’on@é%%&ﬁ&ﬁg% %fgg%i@%ﬂﬁ pRdce¥include

umﬁ?&%%l?gf%gﬁal gf(?‘\ld(p@@)sgt(é:%rﬁchl_g&)j ér(ﬁlp consisting of: +N(CsH;7)3,
+ +
TNERgHDES ﬁ%@é@)*&@h@clzﬂméczﬁ@%k@lﬂ{‘@%) 3,

+NI§§*§§§?%9%753%4??%%@3??"@%8&5* POEREANHR8.CF

+TNOC Ay, eeN (G Hs R eS¢ EH) G ahd rmdblfnamtsl ofwo br aldye off tha foregoing.
variety of resins. In sone enbodi nents, a suitable
resin may be prepared by synthesis 10 using a known

Suft@rﬁ% % tcfi{ ex an%); ﬁeaﬁlregiﬂrﬁd Ibg B LR B qg)ldma(%{lon 8f any of a

sul 56 |o prepared
varig@aof te3ins0fin sorehtrabadtimichiy) afugdbletrydie nayllﬁqﬂel(aﬁ&’d 9t dy@thesis
electrophilic grou p- cont ai ni_ng resra%mnth a t rtrar
usigERION] ErPinEatorigh aSARAGPY, In ORF ARPPRIMCHT ﬁ%ltab ¢ ion exchange

I R

eleofrdblﬁnhct groap-mohtarnnag)reem) ) ovithal teeiaty sumb sach &, N>r2b5ample

di met hyl f or The reaction of the tertiary a e.
tringeffyk fﬁ%me Hrlg?hsﬂrerlﬁ@ |t%tnelalty1§mee HEndexylamdng dhrise ey aéame

Y SOERRFCITRREA N5y TR G T

dirdﬁh}dfdl‘bﬂidlldd Al iearect entod diatertiasy a@inguintl alid thlasremethytﬂgd
repared by synthesis from 25 quaternization of a
SUT%Pte% { TEPRCHR I UHYEGAT R xchange resins. The sane
enbodi nents, ion exchange resins are prepared by the
reaction of a tertiary am ne functional resin
Reaction A:

* n
+ NR,R,R;, —

Cl NR,R,R, + ClI-

Wherein:

R, Ry, Rj are as previously described.

In some embodiments, a suitable resin may be prepared by synthesis from
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-
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with an el ectrophile such as organic halide

(1- bronohexane, 1-chl orohexane, 1 7 WD 2008/101137
weE@NsWEA008/ 054042 bronpdodecane, 1-chl or ododeCEOB2008/054042

1- chl or ohexadecane, and 1-bronooctadecane) or ot her

el ectrophiles such as nesyl ates and tosyl ates of

al cohol's, such as C6FL3CH2CH2OSO2CH3, often in
brosendedecane.ok-Fldoegpdesanc. daethorgiendeang; %@tlhwomormﬁw@e) or

oth-g'fI glgét?(?p%le? i fa]s ?netsgla{es ahy to%gfta[kg %HRSMIQ rh@l!:h Esgs' n wth

trop repre eactl on
CJ%@GEIE(EHEO&D&‘H;, Bftén tha foolhr dprotic @6-1&31‘[ NRERZ N\\R1IR2R3 + X-
0 Werein: are as previously descrlbed

dlra%ylfqtmagnqiﬁm H&‘efﬁathPﬁ@f RAPEYOT WY Exrctipp sesi with an
matri x and are provided

elec {)Iﬂﬁfe 1%6%961?%&6&%21) acﬁ&?lg the preparati og of ion
exchange resins for use in the present invention.
Those skilled in the art will appreciate that resins

ReggtioniBy t he scope of the invention can conprise matrix
materials other than styrene. Suitable rix
mat erj_a acl ude without limtatign yners, gel s,
cl ayS|, difat'omaceous earth and conbfn of two or

nore of fhe foregoing. In sone enbodi , a
suitabw- poy ymer matrix is polystyreng 20 sone
enbodi ne akuiX-Byl e ger—marrix is a gel. The
i nvent ioxprovi des for the renoval of agor ochem cal s

fromwatefr utilizing ion exchange resi

adsor pti oR capaC|ty surprisingly greater @ :

traditionalNRgdsor bents such as granul ar a %ﬂ%ﬁ%@ﬁ X

carbon. 25 Referring nowto the Figures, Figure 1

schematically illustrates an i on exchange system
Wherein:

s having an

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
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

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.

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.
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10 for the renoval of fluorochem cals fromwater

according to the present invention. 8 WO 2008/ 101137
WERMBWBAGD8/ 054042 The system 10 includes a PCT/US2008/054042

fl owthrough vessel 12 which can be provided in any of

a variety of configurations. In the depicted

enbodi nent, the vessel 12 is cglindrical col umm

Thy é)ﬁt% 18rngledes extlomatiyendhesssed 18 rhirh @@d)ecﬁfo‘fié?fi in any of a
Var?ex% o?n&ﬁi u?afchons Cﬂl t‘ﬁgld gted e{nfg)odltr)netgp %21 \gess§eei 1 1s glllnlz'i%cal

resins w are t

colﬂﬁﬁl(lfakiﬁ@dm501|ﬂ exdhiafige WY 14 doripribed af iod ckilidhize @d‘sﬁl &@ntdineg
vessel 12 allows for the introduction of untreated

with e vessebl 2. hEhajies seghange rephis mﬁmetheul@d dé predosdascribrs
herbs Ssﬁn 1n}ezt lt() %Z}%}ﬁ%d of th'er{llegsel 1‘? 2 ows 1gl}oauc%on o

exchan e be F ochemca and

unﬁéuﬁécﬁﬂhteﬁﬂﬁt&thelvﬁssfehﬁz Wl aet Isqampat ﬁ:‘ntb em%@@blfm Arolifiethe
wat er g t he i on exchange nechani sm provi ded by the

inleteld and thiguglh dhejion e@b@h%m@@ He& 140:(0011!5\“@941& gndyether congaminants

n ﬁile Legd g OUtafehoremoved fro t\flles Tby € 105%%&'11 a %lélltlal%ngstm
val've PpPOSI vesse rom

prdv‘iﬂe@tby]tﬁe resimd i@tte 1615"@)@611'&1{1@6115&1, 14 ”Ir%ﬁ@@. Qdtena @fected out of the
|S|ng fluorochem cals is exposed to an ion

Veféi(]c thepaighasiontletorale Bt theomesitpend ddhoyessélfeon thetalge16.
the fluorochem cals within the untreated water be
adsorbed onto the resins in an ion exchange process

In ti@ibsdibrhist witesitcliavdteco @R hdhscal Ok cRARIENES an ion
ani on such as chloride, for exanple. Exposing the

cxghengemsadonapeiicicnt pawdodsimesio bare the fh@whﬁmi@Héfdlthlﬁ the
unt%]a)f% B f)e an{so%%g% oftﬁg%esms 1 %r h R eatcha ¢ )pc?? es? ﬂlahsué)stltutes

exchange s an
themwmaﬁmcaw fol hﬁbtﬁeﬂfa@a&ﬁﬁduch Bathlbnéd, lﬂ@i&ﬁ(ahiplel rﬁ@bsmg ltivee
and an outlet valve. Untreated water is directed Into
unfrepsed watseto tharesingiear he agqemptished panymanper Jogredsss i on
c r h S. ar ed.
1nc%ﬁ30@9t{11%e[h$ f“o% e\l\@ﬁa{n e%g r‘%%r!rn Lig eog% %\ ?a?lrnelag leg%l{gﬁg% ¥G£IS pl@v?ded
withinl@t esélenatqadisdangl irtet vasvctdng av@sged val W, aligieatddevater is
outl et valve. The flow may be directed fromthe

dirggied wto thg|vgaset @r%rg@tth@rnléftrVéb/@r@@ﬁ threpght the ot eychpngeredrwvhere
ﬂu{)rr%gg%&r}g%[g ai‘)ef renIoIVgc? r ?ﬁ@%ﬁh ?étg Wateﬁr gﬁﬁéﬁgg‘g\ﬁgwg&d level %%

renove or neu Ize O I'mpuritres.

ﬂubf(bcbérhﬁﬁls ant edity R0 Sssclathrough whid owdfet vl ¢ eaieflowatgrbecan
i Elaced within a vessel along with an adequate
1rg

fiemdhe puiiet abRan geotherdroatmen stagipm fytfursher redyickon of

ﬂum(ﬁ)tcﬂétﬂltcgllg or f&qgﬁﬁbal or tIIeXtB{eﬁﬂtol rglin%% grcttle%bjra i% Sh&Viaritjes.

adequate i on exchange C y to adsorb an expecte

| oadi ng of fluorochen1cal The vessel can be shaken or

the contents stirred or o
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
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.
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agitated in some manner so that the fluorochem cals
are adequately adsorbed onto the 30 resins and the ion
wW@@Ramge’ process i s conpl eted. The water and PEBUR0A$YS54042
then be separated (e.g., by centrifuging, filtering
and/or decanting) to yield a volunme of treated water.
9 WD 2008/101137 PCT/ US2008/ 054042 Use of the
af orenenti oned i on exchange resins in systens and
UsPB B?ﬁl%gl%cg;%m%{?ﬁo&eﬁ Son &R, 'reﬁﬁs fil s%trg&% Qﬁ{i’}af’o%es%ei‘?o% the
provided nmaterials poss on ca
rerddval bEASSrospuival Bay prbﬁde@ﬁﬁte@ﬂ‘ats%sg’rsﬁﬁg ef add&aﬁ’uon capacity at
granul ated carbon. In sonme enbodi nents, 5 the
leaghaqiubial e toadabetien giatenihani grynylated cwhorer Inseme embodiments,

theggxﬁ{%%eatagg)@r{)&gaa}gl ig g];%? ?l{ag rarngatE(? car@&? th/ a %act&rbf up to

ab@130h gmretanhummaltﬁbptd abdt 5, ahd i€ @cbmaemdodlments up to about 35.
traditional gfanulated carbon the iogn exchange resins
Asgpmppieddo fradifingal gipradated carbrre ths igR ea¢hange qumﬂléazqdom the
QI 0 0 QSRR 15y BILATLIIENEToh DS, o
allawingedshgealbpetatide {imedy,a fameabf b foi arbsistldbound @. ewaicar 3 tlrnes

In any ion exchange col umm, reasonabl e care shoul d
mrGRAIRTY B HYAO GRERNEE flupperpnelicicars shpuldderiraie doal with

th-{ﬂr@&ﬁ@%tﬁ)n%sfc bhat@$nih&@R ag)éx)eﬁ%@ 1roh%§1(ﬁ§cﬂﬂlr&%he{n - 8hs can

I oni c conposi tion of wat er w
alt¢rahs iomuctoniposition obthe, watepiab iong s@iBl or OII-[;&Bpl,acﬁ@(Z)g ,
and NO3 Eresent in. the untr%ﬂted wat er. Using systens

HE g 8&40@8 % pr&é%ﬁuﬁhﬁgmfr@ﬁt? wals.eJeing sysicanindprocesses
aca‘o'r&iﬁ &9!?1% Sn§ r e:ﬂﬁcﬁﬁ&\é ca@%’ afnlft% reRBvdPbF g*}@ﬁlge

resi s ev a ter roug alinity "an
exchahgatesink evxm dflee braakthexgharfgékaliany amhsul fandireatthagntelraliange

t he fl uor.ochem.c e.able to conpete f ion
colyay, gidieting { my@rﬁg%@@w% aple, @éO%‘P?tF‘ g‘?réﬁ’& sxchapge
bmtd digy gésgmeﬁargé gﬁfek&fcé 1n8tﬂgle§79ﬂsf0@5ﬁ’{aﬁlﬁ§ﬁéndl s%Yf%{éq;%ﬁS

are I's)

| uorochem cal s (ppb |
levsksbms amyodédrienhs flupechonicas gpbayelgl so be a functi on
of the degree to which the matrix material is
crosslinked. As the degree of crosslinking increases,

In §difc cBEdiRCARNSS oPhat 8ndPRsENCHANYBROR E8INE dBERE to which the
I ncreases. For a given type of functional gfoup (i.e.

rnaa‘lx miatemiat iy yhosglirdtedr Aarthe degree)f drosligkiegirereasés tibegr ee
crossélnkln ' ' '

| t he hlgper t he aggorptloq:cagﬁplﬂg.]
PEHIIAFGPEIRF 40} rrebings et 850 duLcassy & UR EYFERPC Bhiupgdon
grop (?Q SAHRMERDE qafRARY %thpe@ tHhOFARBLfie %E%Iteg 8f £1@8slinking, the
exchange resins has al so been seen as
higher the adsorption capacity. Therefore resin structure does have an effect on resin
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
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
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nunber of carbons on the quaternary am ne group

i ncreased. I n sone enbodi nents, the adsorption
w@2paaotly7 of the resins in units of mass of PCT/US2008/054042

fluorochem cal adsorbed per mass of adsorbent are a

factor 2 to 4 tinmes higher than commonly used granul ar

activated carbon. In sone enbodi nents, the adsorption
fluprpshemicyl asisorbré peragassf inpsorbant grezofagior ghdktiges greater than the

I 0 1.C r t
oo PR S e TR R REL B B0 o RAR PR i of
largéramlinads dActdtetaisiig théke bemex chingaaEineritad ith@nirsnul{réxc@vated
tri-hexyl quaternary am ne based resin for PFQA) the
caib@dins in units of mass of 10 WO 2008/ 101137
PCT/ US2008/ 054042 f 1l uorochem cal adsorbed per mass of
adsorbent are a factor of 35 tines greater than the
Duads thefiiglasn adsippiont dapaditygsfaheloarexalednioy adsat as abmpared Thi S
allows for the treatnment of |arger volunmes of water
graylan gett raelecarlon. B @amedrREBe YIS MaY INg R Graapima et
ads%%én‘(ﬁh@ gff?c(fi@E l?t%ytmeﬁt Q‘ﬂ% o Qo d? 'w%'?e%rtre%ﬁ%g%é %@tern will be
capacity of the i1on exchange resins as conparedto
gragteamtleabpaatadwaingdort atdhange feoins eathi@ttiein dramaimeiitated carbon
syst em havi ng iven anmount of adsorbent, the
alogg s LBISiWas tRucORy m&affeserwrbévwrg qyaietnaey singdiastionplegiowrs 3y
tem: wil, | 1 e [ i )
i S iy roR AR bl b RREL DR 2 L g psr-s
resi3).aGohgpe Tdsirs, avalbortresins withyutfqoatermasy mainkdundignalitics, and/or
%uaternary am ne functi%nal roups aBd macr opor ou
quPPTnATYFHIC Eynceienalitick adth fewprhan Go et plkylegrogrs gerform
Eﬁ%ﬁ ' I ins, and/or
adr ?& S &%?ﬂ%%?ggggfB?ﬁ§?§%§%?ﬁgﬁ?ﬁﬁ%??%ﬁg ??ies,
and/or quaternary amne functionalities with fewer
t han two car bon al kyl . gr s perform . adequat el t.
Adggtong 3@é§%}09axgh%g? fesinsh b RyFeERt POty G de st aftboire
thahggrﬁgﬂérta!cﬁ%éd é’arb&h&e', Hp et ¢ AAGEorE BRIfDEn Ge Bl ibution of the
present 1 nvention can be nore effective than granul ar
lonactchargfeacsicarstompaed, to ithe qeaivtd cdrbort. HEhisoaseltumi  sseaper break-

size distribution of th i on exchange resins as. )
tho&&ﬁ'ﬁ‘é?végort %e ghen ae@m@tﬁe LAPisEst aﬂﬁlﬂwgg f»&@tff thg opgrating time (or

voﬁhﬁﬁﬂﬁ%ﬂ@ﬁﬁ%&ﬁ)ﬁﬂ%/ CHEN&FEQEn.t he given conpound of
interest and nay extend the operating tine (or 20

vol une of water treated) for a given nmass of resin.
EXAMPLES

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

limiting examples.

Examples 1-5

Procedure 1: Batch Isotherm Method

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
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EXAMPLES Details of additional enbodi nents of the
invention are provided in the foll ow ng non- 25
WO 209811017 exanpl es. Exanples 1-5 Procedure 1:PGEUSI08/054042
| sot herm Met hod 30 For each adsorbent listed in Table
1, solutions of the given adsorbents in test water
were prepared in 60 nL plastic centrifuge tubes.
difiggenitailsorkent gonecrpraipny @avaer. flove cxnsrimoptal watopgrmples were

S e T

Ths agigh esichaotize B EFBA SRFBS, FROAL M d WIS map Bapbteined dohe
\&%Vand a surface water' sanple (Table 3). The acids
VWRi Wiesi Ghasics > Po- A mixprael wHetigroyv BrCE syfpcpwater) and
t A t t i
QBB Ao o= VR s Bl P Bl

20%@ASTRE &Pl &wad thdl Reedugil Adshakele ¢be agudidatdat adledon was
for 34 to 95 hours at 20C. The sanples were then

saved et raligisdrsived i id elrpmatographyi é magpencaEeseApy €41/MI)on
was saved for analysis using |liquid chromatography /
mass spectroscopy (LC/ MS). The adsorption capacity of

Tht hesodptidnedapadityastsng DiERtSt WRSHERE Gaftdteshinsd fdngd e measured
measured 10 adsorbent dosages and the difference
adyeslent desagpreandrihe deferensd betgipen ity intiiel Ardaeqyiléyfium measured

cof SREFR A IARDRIm LN QL ACHET Cahindl o8GR On exchange
resin dose. € calculations are ol 'ows: C, nnai =
initial concentration (ng/nL) of a given conpound
present in the water 15 prior to the adsorption

The ¢plevlptienstare ee@llewsqui | i bri um concentration (ng/ ) of

' G ' f :
. LTS TRABELESHR My DO S g v
( mLpriof towhd edsoiptiodfexptitment ri f uge tube. Mads = nass

(gm _of adsorbent in the centrifuge tube. 20 MFC =
nmas &< T§IUIBPIIYN GBResaHRIRTC @R/ Ml sfrdhayCr eprnaing PEeseMdnt |

W‘egﬁernatant after exposure of the water to the adsorbent.
V' = volume (mL) of water in of the centrifuge tube.
M,4s = mass (gm) of adsorbent in the centrifuge tube.

Mrc = mass (ng) of fluorochemical adsorbed to the adsorbent.

Where,
MFC = V X (Cinitial - Ceq)

and,

C; = the adsorbed concentration (ng/gm) of the given compound.
Where,

C.(ng/gm) = (%]
ads

12



MFC =V X (Cnitial - Ceq and, 25 CS = the adsorbed
concentration (ng/gn) of the given conpound. Were,
wedogneign) = Mc Maas 12 WO 2008/ 101137 PCT/US2008/054042
PCT/ US2008/ 054042 An isotherm plot of the formlog CS
versus | og Ceq can be prepared fromthese data. The

sl ope of this plot has an equation of the form | ogCS
Anﬂﬁ@gﬁm nlot ofglie dorim log Gawerses leg<Lay Fien ajpicpared figm these data.

f LGl eterm ned fromthe
Th%@%ﬁ{; Bf{h?%?ﬁﬂ? b %QSQfonad}qllﬁlf ﬁmﬂ the sl ope of the plot.
Should n = thElsothermls said to be linear. 10
Indll%%]ualloglgéﬁ fepl ots were prepared for the
adsor ption of HxS, PFOA, and PFOS to several
adsorbents. Table 1 Materials (Exanples 1-5) 15
Adsorbent Functionality Matrix Dowex 1 Quaternary
5 ami Néha trimeth | am ne Dowex NSRI Quaternary am ne
Macr, elf R
(tri Kf’ﬂ?{e%éﬁlhb ol 8 e T S e ALY R it
(trof thelplidtyl Macr opor ous

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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20

am ne) Dowex M43 Tertiary am ne Macro porous Dowex
Monosphere 77 Tertiary am ne Macro porous XUS-43594

Wm2098tb11B7 D | ucam ne Macro porous XUS-43600 PCT/US2008/054042

t hi our oni um macro porous Cal gon F600 Virgin granul ar
activated NN A carbon Norit 830 RS Regenerated
granular NV A activated carbon 13 WD 2008/ 101137

PCT/ US2008/ 054042 Tabl e ¥ablgi2tj al concentrations of
fl uorocheni cal s i n Wnitiak congemtwatdonsaafer) Conpound Avg.
Resi dual Concénbrachemicat mnslated Barouad ivexter)(n /L)
(RSD) (% PFBA 114 6% PFBS 18 5% PFOA 103 6% PFOS

16 10% 5| ¢8Rbeund [l 2l conCemegighdions of
fluorochef cal's in |wen@éntkatidh 2GeantREMeNiatidh) Aver age
Concentration (ng/ 'ﬂiﬁ/mL) (RSD) (%)

PFBA 114 6%

PFBS 18 5%

PFOA 103 6%

PFOS 16 10%

Table 3

Initial concentrations of
fluorochemicals in water (surface water)

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

was included as a comparative.

Table 4
Vial preparation

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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Average RSD PFHxS 318 6% PFOS 1,705 6% Exanple 1:

Sol utions of adsorbents listed in Table 1 were
wWpe@paoaad’ and tested according to Procedure 1PUEUSZP08/054042

water forrmulated as in Table 2. The concentrations of

the 15 adsorbents were as recited in Table 4. The

Cal gon F600 adsorbent (activated carbon) was included
Exam %bnparative Table 4 Vial preparation

SolIBh Bt K8 o PP SR A PR 2 By ﬁ@ff‘? 99 U5
Cafioh F306QcBitdd @Bon Werd PRepdfdhind I tedactOidhg30 P38@e@31% 1 using

I sothernms for PFOA and PFCS are set forth in Figures 2
thegpigfesformylatogias sndable 81 iy cpeseniygraaf tisswplaorbowts Xypse &

recB DY i 3 RECARRE 1B b BRLOEH Sorkl HiTa et
copdiatie. wer e prepar ed and tested according to Procedure
1 using the water fornulated as in Table 2. The

concentrations of the adsorbents were as 5 recited in
Tabl e 5. The Cal gon F600 @ %bent (activated carbon)

was included as a co ar a Table 5 Via
preparation 10 prépaFation
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:

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.

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

15
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Vial Nom nal Dry Water Vol ume Nom nal Adsor bent

Adsor bent Mass (ng) (nL) Concentration (mL) 1 4 30
wa3®s201367 30 1000 3 150 30 5000 4 3000 30 10POD0S2008/054042

I sothernms for PFOA and PFCS are set forth in Figures

2, 4 and 5. Exanple 3: 15 Sol utions of each of the

adsorbents Dow NSR-1, Dow PSR-2, Dow PSR-3, and the
Exepipdoth F600 were prepared and tested according to

. | X

soRESHIE) DU ARt BEREL PSR 4 Rt Rag g s wr
prepardent testddercEaidggno PréRduadseiipent waed tforatladd ﬁﬁfnbm’ﬂ)le 3.

was i ncluded as a conparative. 20 Isotherns for

PFOA
Thg genoppriegions ©f ﬁ@tadﬁ@bﬁlﬁs israRsgiasites ip Tahledndlls. Calg%rbf @00gnd
r r nal
the i ORBYaRrbE aﬁcﬁbﬁéﬁ’gﬁ%% 4 e SRR
/L) 11 30 33 2 10 30 333 50 30 1,667 4 1000 30
33,333 25 15 WD 2008/ 101137 PCT/ U82008/ 054042
Isophezimp for PAH.Sand PEGSsre petdaih infigurs 3484 6r bent s Dowex
PSR 2, Cal gon F600 and Norit 830RS were prepared and
tested according to Procedure 1 using the water

formul ated as in Tabl e 3. Talla@ concentrati ons of the
adsorbents were as recVisgrdparakml e 7. The Cal gon F600
and 5 the Norit 830RS adsorbents (activated carbon)

Vial

wedserbeR€! uded as co
Concentration (mg/L)

TRds@béntes.

Mass (g)

Adsorbent
Mass (mg)

Volume of Water
(mL)

0

0

0

30

200

0.006

6

30

2,000

0.06

60

30

10,000

0.3

300

30

200,000

3

3000

15

N |WIN|—|O

400,000

6

6000

15

15

20

25

Example 5:

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.

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
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



10

15

20

25

30

| sotherns for PFHXS and PFOS are set forth in Figures

3 and 6. Table 7 10 Vial preparation Vial Adsorbent
wod®entkst Adsorbent Vol une of Water Concent rBCT/0820081054042

/L) Mass (g) Mass (nmg) (mL) 0 O 0 O 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 Exanple 5: 15 Three
homggenouslhariethe agitgidevst ket sbevrehe éon/érfftbe iPpea chapggasssin bed.
ThPRW &ERin Je’adgdlgex%ﬁ’d wWaSRacked HYnE e 1R &%%‘Eﬁ%“&ﬁul%ﬁ hg'{'i??ort

wer e preﬁ%re , each having a series of sanpling ports

A. Alidupactgbetiest thd ta ¢fl thé asla@nad Portrvaetineewiteacdn-woven
sanpling port. The length of the packed bed inside

g, PO . )
polysthpleas plaghic was! matcrah tapecvicakthatemelithe best framcdeiorannggue to
mﬁﬁ?féiéﬁ%fﬂ&mg Qm%&pty vol ume of each colum was 571

. umm es

S were conducted by first hydrating
i ndi vi dual ion exchange resins for 72 hours using

treated water prepared froma MIIi-(%mnter .
The giatarjused fob thesspduramptady wirh B Watetgh TpPla 3. pbreeexperiment was

staft@d Eg hgltélbfrhg Rorddhbhn & ’ E&tﬁ%g%%&%&h ra?é gEg{éI? fﬂu?rpto tﬁe top

exc sin was 6 ace a clean e Wt
of ap@luoxiushized vodel 2D OMItpuenppituidl Miderivat k., Shodenidial

25 col ums re filled by punping purified water in_an
poggionsof Hig Wefglethay dig nog ﬁ%%ﬂ%rﬁ@gh PR A HOWCEI RRYCTORW the
coltuﬁ{n%ﬁﬁ] 8&{] Row IO fntd R 5391BR hnﬂﬁ] go nﬁggfd@ % c@gsctgﬁ{rclb){mﬂ{ head

the hydrated 1on exchan resin inpurified water to
prashect dihedfowt tage efolatamthroligh tisd eoluyin wge ndmynadle 4l reld/niin.

t he bottgn1of the. col uimm and care

was .t aken to all ow

Sapgles gagld g rﬁaewdlfsorv@@zsde@mﬁih@e,eplwmﬁg@eb@/dﬁﬁw
A | kept ab the t

o BRI hRgeR el Kept abeve the tor

the 1on ex

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

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
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

comparative.
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1-bromohexane, 1-chlorohexane, 1-
bromododecane, 1-chlorododecane, 1-
chlorohexadecane, and 1-bromooctadecane

Sigma-Aldrich Milwaukee, WI.

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 (C,FoOCH3), 3M Company,
St Paul. MN

C.FySO,N(CHy)H

Prepared according to Example 1 of U.S.
Patent 2,809,990, using methylamine and

PBSF
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Table 8 Estimated renoval time for PFBA in groundwater
Adsor bent Velocity of PFBA Estimated Days of Operation
womMsf6tistday) at Full Scal ea F600 0.11 90 b dapGI/USXss&Ns4042

1 0.16 42 Dow NSR 1 0.059 116 Dow PSR 2 0.033 208
" Assunme adsorbent used in a single Calgon Mdel 10
adsor ber having 6.82 ft bed depth and operated 5
Exaﬁﬂﬂ¢65096breakthrough b Could run up to 90 days

AR SR iaRe SRSHTE ERRRE ) 25T OPAPOQREY MLl FPmagyerc

stifbanwex ehangevitlePowsX VR dhkaoplhis] ﬁyr%ﬁe adsth, SBUgf(@G taq , 212
Table 9. Table 9 Materials (Exanples 6- 20) Dow
mexie Eh-0eHtiag 23388 (SOyRamenddidmtyef h&%él@ﬁ@ylfomamlde

an%@gid %‘ % kﬁa‘\é%&tﬂ ’ah&?a mgr:tgraﬁeﬂ%/ PMgeq d ﬂ&%y r ggr){gg v i n
reshewaenelacddash tlrehe@btlbﬁsmmurwyvﬁlt@fmﬁ de, soMedt @itk a ‘C’

M chigan Tri-n-hex lamne Alfa Aesar, Ward Hi Il VA
porpsity ﬁflt&ﬁéi Buchnerdfumpgl sfopewsd by waskingipf fhe ragin syscessiy ehpwith

abduftt100 WAMh ARy (5 O%]?Eﬁi)%)orpgh&%ﬂn@dv&% aM h%‘ﬁerﬁ%thw -t-butyl

1- br onbhexare exane
cthit, land disgrg thékresin foraboaddaamne, 120 f‘St@]ftmg@ﬁi%eamlﬁan(ﬂreacUon

chlorohexadecane and 1-bronpoct adecane
conditions are summarized in Table 10.

Examples 7 - 16:
Ion exchange resins were prepared using a procedure similar to that described in

Example 6. Starting materials and reaction conditions are given in Table 10.

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.

(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
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.

(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
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N, N-di met hyl formam de (DWMF) EMD Chem cal s G bbst own,
NJ N, N-di net hyl acetam de (DMAc) EMD Chemi cal s
w@R@Baeasnh, NJ 1so ro anol EMD Chemical s G bbREDUA20084054042
Di chl oromet hane ENMD Cheni cal s G bbstown, NJ Meth
[-t-bu | ether EMD Chem cals G bbstown, NJ.
C6F13CH2CH20H d ari ant Cor Mount Fblly
withdp @MGXIBRuras BB oD E metgsy (f FoldPi H@@Qﬁ#@cw&lﬁﬁaﬂy (3.84

o Q) St 20 58 DO SR SE FEREHR

mlﬂtﬁﬁd)WQS llitgtddmt Bgafyre8 hoofs. ThS.funddah&livied 3018@91a99/@shed with
usi ng met hyl am ne and PBSF 18 WO 2008/ 101137
HEbeT) sgeel@/p@lgzlomgt viera ghiredgandayatep P 0gchimge andglrigd in an

I 0.
s B R8RS P, bR BRIl e
suramafranmtTaple Kt yrene resin, 30.0g (66 neq , 2.2

meq/g), tri-n-octylam ne, 23.34g ( 66 neq), and 150nL

of N, N-di net hyl formam de, 5 and placed in a heating

. 90C, with stirring, under nitrogen for 48

Exﬁﬂﬁﬁhnghe resin was isolated fromthe reaction
Tomgxchaige rbyin fatak pespared inkftwbd Bep podocdinte ink&lhdﬁgg &) tHe synthesis of a

porosity fritted Buchner. funnel fol | oned mashlﬁg
urt%wl@fﬂ erounsinferapdigisaad (bl s HoBHIuCRiFERAion cmﬂheée figsineto, forp a

ﬁ&mh qpanol, 100 mL water, and 250 ni

§f utyl ether, and drying the resin for about
30 mn at 120C. Starting materials and reaction 10
conditio are Eunnarlzed i.n Table 10. Exangles 7 -

(i) pgnt F%O eiogBiiermgshiase:frek kb HiOPRECH

ng materlas an reaction conditions are given
melchanTcaib krrdrind Bmifexgemphlet ibe 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
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.

(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.
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
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Synt hesis of functional group internedi ate
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qUABIIRALH JRINE | B¢ pGEdHe 3i9p Pl lmitqdat described in the preparation of

. - - ) .. i . 69
T T S R AN R
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EX%% N( CH3) - CHRCH2- N(CH3) 2 (1) (3.84 g, 0.01
ExampeP, wds Rurofitedk 33 0BMdsadbentbRiEAed( ftord PAbgitec Cofipany of

nol es). The reaction mxture was heated at 90C for 48
Philgdsindlia, Pde f unctional i zed solid was washed with

HFE- 7100, isopropanol, nethylene chloride and water

(50g x 2 tines) and dried in an 5 air oven at 80C for

15 Exdtpho2d:s. Starting materials and reaction conditions

are sunmmarized in Table 10. Exanp]e 18: lon exchange
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Characterization of Resins (Exanples 6 - 23) Procedure

2: Adsorption Capacities Solutions of the adsorbents

of Exanples 6 - 23 were prepared. Adsorbent and water

5 were placed in plastic centrifuge tubes to provide a

range of adsé’ﬁl B%@Eerﬁgﬁﬁl?ﬁik@&lhé’gﬁalﬁéle%!‘i;) ALl tubes
contai ned t

Prbdedaro2nNis6gtion Oapavidi®’ . The tubes containing a
m xture of water and adsorbent were placed on an

Solyitigns af the gdserantsefdExeRmlkesid 83 wate prepaed. 44dsasbepg apdwiter
. - t
Wegée%%%ﬁf i -gggagﬁgi&{sﬂgﬁl F%%F Z&?ﬁ e Qgﬁ %‘er F‘nnéeta‘gfﬁ“tdg‘z%’ fgﬁf%ncen“a“"ns

in waleenAHnabcl Qoatadley zietkale ihitiaMoricontelgioa rofiflneroch@nicals in
concentration of the_ individual fluorochemcals in
wafght dhe Hibe AANRINERUNINIHE &F @/@t%a% adyeebeatwerepdated ongneabital

shag%f‘%rﬁ %%E%u{o&‘ Qﬁ% a8, b 'hlnggs or c t'ltﬂ%%] aFfT%nd a{Hsfn‘bght

cont ai ned esé sanple

sagleewdsadntrfugadie t/e sample of the supérhataht sobnioavasaikeannd

From these data the mass of a given fluorochem ca
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
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.

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
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
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normal i zed to the nmass of dry 15 adsorbent added to
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an isotherm plot of the quantity (adsorbed
mass/ adsor bent nmass) versus apparent equilibrium
fluorochem cal concentration. The target adsorbent
confeBEHE rapge wowehbrackeidthe panegoff uorpghemigatgprentrpgions expected

. i nal e t udi .
in O B P URBER" R R IR B GEAG Ro BBITLS, i cBforyion
culeDrang&0bEwWOE30.81 ng/nbI0 500 &g/ foreabldirgrt Budfhemical i.e.
100,000 3 3000 Initial water volune 30 nL Sanpl es
PFRéy. BFQa Py BSePBY<1 @ REOS:sithg el ect rospray i oni zati on
and operating in negative ion node. The mass to
charge ratio (mz) used to quantify the concentration
of 25 an individual fluoraptherical in water is

summari zed iMlas§apeRarké rafiod fop@etmpdaha@fimdwvatesot her m
experinments, calibration curves were prepared in water

such that the 24 ot IF 13 70/ T/ US2008/ 054042
concentration range ¥ bldbkﬁg_fhe range of
fluorochem cal concepgpaitons egted in the given
experinment. Over the ;Fdﬁ &S f isotherm
experinments, the cal Qﬁﬁéi v eS ranged between
0. 01 ng/niL t o500 ng/ M—FoBr—each—tar'get fl uorochem ca
i.e. PFBA, PFOA, PFBS, PFHXS or PFCS, etc.. 5 Table

Fogé%aﬁpwgﬁﬁgfe% 1%9 HMallix §1§1§é Gﬁ\/lé%as‘:&@ﬁ%‘ g§ tdk‘ihg"@&%f)nd aliquot of

sample and spiking (i.e. fortifying) it with known amount of a given fluorochemical.

5

(O}e Xy
b
~t
(9]
=

5 (P

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
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
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

Recovery(%) = (C

)XIOO

spike endogeneous

Where,

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

LMS sample.
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Celidalys £3hd @fldbésoul comies Rhtkinn@g@h L pofdluoesthemssil 8 determined
fluorochem cal into the given sanple volune. For
fropythgpnespiced s6mBlsi ke of 3 ppb indicates that in the
absence of any given endogenous fluorochem cal, the
concentration of the given fluorochemcal in the LMS
In wiid dtudeifBhe fepdversbbul MEwaogeasiot thelrevgl of 70fto 130%, the sample
fluorochem cal exist, the expected concentration

datpevarerapectech el heridogperion sarsetie ehibe diff@pntadsrrbeniatvas petrigined
usfif PR Mdsor by AR 48 PG BollEec IO R YR

equitibgen nieabured codcentritéonk Wb fluotekcherbieal? apgdeh-adsorpgt desd The

ppb.. The reéivery of fluorochem cal in an LM5 was
calgulationszreas 14opsl | ows: 25 Recovery(9% = CLMS x 100

 Cspi:- ket =t i
C R ey A e SIS 8
theoddsodpeion EArisampl . 25 WO 2008/ 101137

PCT/ US2008/ 054042 . pi ke = the spike |level (ng/nlL)
Cet Ty Sﬂullflé@gptcgncfepgﬁg% ng{rﬂlg) %f g g)rg[zﬂu@fi iDEGSET 1 jupFatant

o Dl e R Ol o cal
endogenous concentration (ng/nmL) of fluorochem cal as
V deblanm (ed) off waeon inhiee comtrsfogkadesanpl e. 5

M,4s = mass (gm) of adsorbent in the centrifuge tube.

Mrc = mass (ng) of fluorochemical adsorbed to the adsorbent.

Where,

MFC = V X (Cinitial - Ceq )

and,

C, = the adsorbed concentration (ng/gm) of the given compound.

Where,

C — MFC
: Mads

A Freundlich plot of the form log C; versus log C.q can be prepared from these data. The

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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In this study if the recovery of a LM5S was outside the

range of 70 to 130% the sanple data were rejected.
wab@saedr pti on capacity of the different adsoPGEOSR08/054042

was determ ned using the neasured adsorbent dosages

and the difference between the initial and

equi | i brium nmeasured concentrations of fluorochem cals
I/naT theapdapead sl ehtShoyler =TtHbe ispthepniicisidita ksrgncar. e as

follows: Cinfial = initial concentration (ng/nmL) of a

gi ven conpound present in the water prior to the
Tha@@m\m eORticRxRe bl MBINEA adRdebTt eitbhtrdionwme S0 iereinr BibilO for

of 'a gi ven conpound present i n_super nat ant

tm%@&@@

resheinicalsaresn thergroypdvetertsgmples dggrsibedantable B, fgr the

K
oIy L8, |9 SR AR 2 R Goeon
F6omsdsottien) (a@ﬁvsftbcuwrb@bezmsqﬂdludﬁﬂisasrakmdlﬁamtﬁvb eMadsgiebent .
Where, MFC = V x (Cnitjal - Ceq 20 and, Cs = the
detgpainations vesnawde fosrseehol thgSymPledf t he gi ven compound.
Were, C = MFC Mads A Freundlich plot of the form
|l og Cs versus |log Ceq can be prepared fromthese data.
The 25 sl ope of this plotTabds1®an equat| on of the form

og CcS—= Ing K+ 1 Ing Ceq_n VWhere K the
bquilibrium adgorption coefificient atREMO¥eMer ni ned
romExaep¥e i nt gr cdygsorbentt he TR | [28FBS PRRHA 0L PFDS
PCT/(W820081tD54 (4 2onctitnationt e sl ope |of the| pl ot. [Shoul d
n = 1 the isotHerrmgmusdi d|to be |ilnear.
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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The renoval efficiencies at a given adsorbent
concentration are set forth in Table 13 for target
w0 bwenaaben cal s fromthe groundwater sanpl es RPEBHUS100&054042

in Table 2, for the 5 adsorbents of Exanples 6-16, 18,
19 and those used for Exanples 21-23. The Cal gon F600
adsorhbhent (nr‘t Lvated car hnn) was included as a
conpar af'i ve. MJI tiple!l determd®W&ti gndO%Wer e nade |f or—
pach of the sanples. Tablel13 REMOAI  Fxanpl e
Adsor bedit PFBA |[PFBS #F0A PFCSI00(Addor bent) - 100%
concentration iln ground ter (gmi|l) Conparativie 0,16
P5% 39% 36% 28% Cal on F600) | Canparat|{ve 1.0 71%
D2% 949897% Cdl on0BG00 Conpatat i Ve % 98YRIMB0O% 99%%
-- Cal on F60Q Conparative 97 100% 100% t-- 100% Cal
bn F600g821 0. 04 20%0230% 19%0 29%: 21 0.19 H4%B2% 5984
59% 21 2.9 98% 99% 98% --4 21 30 100% --t 100%}-- 6
.08 27% 56% 5% 70%.16 0. 42 8% 98% 80%% P8P6ood K. 0%
D9% 100% 100% -[-- 6 47 100% --- --- --- 7/0.04 35% 75%
0% 81%; 7 0.34 8/% a0 - 97% 9B/, 100%
9 0.08 8% 16% 16% 17%
9 0.27 57% 68% 62% 73%
9 34 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% 69% 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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27 WO 2008/101137 PCT/ US2008/ 054042 7 4.1 100% 100%

7 45 100% - - -

w@2083L1938% - - -

99% 99%

100%

8 0.07 60% 92% 88% 93%
8 4.1 100% 100% 100% RODYS2088/054042

40 100%--- --- 100% O 0.08 8% 16% 16% 17% 9 0. 27
57% 68% 62% 73% 9 3.4 98% 100% 99% --- 9 34 100% 100%
100940 --- 10 0 Q8 2204323104 3194 3004 10 0O 332 5094 6494 6094
50% 10133, 6 99% 1008411009 - - - 7%0 39 16896 1003%100%2E8%
11 _0.06 2294 40090 3890 5306 11 0. .33 519% 69% 7% 819% 11
B. 8 99%3100% - -|- --0341 37 100% 10Q%066% |- 63%2 (0. 1®0
b9% 50% 44% 54% 12 0. 40 B5% 93% 90% 90% | 12 4. 6 98%
h9% 989%43100% 12 463900% 1 .- 97% - - 10@\WD 9908/ [10D0%7
bCT/ US2008/ 054042 13 0. 11 7% 17% 12% 20% 13 0.134 55%
56% 63%370% 13 3. 9407% 1D0%M99% 100%0% | 99%
1 0.13 2% 1% 3% 30%
1 0.24 54% 0% | 91%
1 10 8% 100% | 99% | 97%
1 a1 100% 100% | —
5 0.07 14% 2% | 2% | 67%
3 0.44 4% 90% | 100%
13 14 96% 100% | 100%
3 I 100% 100% | 100%
16 0.08 18% 3% | 91% | 94%
16 033 7% 08% | 98% | 98%
16 36 99% 100% | 100%
16 37 100% 100% | 99% | 86%
18 0.04 7% 32% | 26% | 38%
18 0.13 0% 56% | 53% | 62%
18 33 94% 90% | 98%
18 36 95% 100% | —
19 0.05 % 4% | 15% | 19%
19 0.25 59% % | 70%
19 33 8% 100% | 99%
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WA RBBH0H137 - - -

13 40 99% 100%
54% 70% 91% - - -

99% 100%

99% - -

14 0. 13 2% 4% 3% 30%

14 4.0 98% 100% 99% 97%

15 0.07 14% 62% 62% 67%
15 4.4 96% 100% 100% - - -

14 0O

.24

14 41 100%
15 0. 44PGHUS2008/054042

15 44 100% 100%

100% --- 16 0.08 48% 93% 91% 94% 16 0. 33 87% 98% 98%
9894 16 3.6 99945 1009% 1009 --- 16 37 1009% 1009% 99% 869
18 0.041917% 32% 26% 38% [L18 0. 13 4(4% 56% 53% 62% 18
R 3 904094999 98% --- 18 36| 95% 100%]|--- --+ 19 0 |05 6%
14% 15%919% 19 0. 28559% [2%9809% - -|- 14@03| 3 98%[100%
9% 29 WD 2008/1101137 PCT{ US2008/ 054042 9 19 35 98%
100% --- --- Cdnparative P.0064 37% 74% 68% --- [Cal on
6 00Cagraparat i e 00.0&88 94% 13009 1Q09%4% - | Cak%on| F600
Conpai giniF@0)0. 3159 100% 190% 100% -|- -
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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Cal on F600 Conparative 3.1 99% 100% 100% --- Cal on
F600 21 0.0021 22% 43% 19% --- PSR 3 21 0.0155 97% 99%
WQTIMBA0H3PSR 3 21 0.106 100% 100% 100% - - - PSRPGI/B$2008/054042
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 1009% 1009% 100% --- 8 0O 0039 83045 1009% 9804
-- 8 0230151 99% 10002°100% - - 0%8 0.|12%% 1p0%100% 160%
-- 81 1749 100% 100% 100% --- 22 |0 0029] 40% 72% 52%
-- 22 . 0152 91% 092979794 - - - 4%2 0.[1414% 1009820009 160%
-- 22 1.0145 100% 100% 100% --- 3Q WD 2008/ 101137
DCT/ US22308/ 054042 0.3®160. 0029 10%% 0%|0%6% - | 233%. 0297--4%
15% 19% --- 23 (0.3046 1009 56% 73%|--- 23| 3 100% 97%
D9% - - 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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Various enbodi nents of the invention have been
described in detail herein. Those skilled in the art
WaWRW0B/18mIpT eci at e t hat changes may be nade to tPEI/US2008/054042
descri bed enbodinments without limting or departing
fromthe true scope of the invention. 31 WO
2008/ 101137 PCT/ US2008/ 054042 VWhat is Clainmed: 1. A
Whatds Edgiped: t he renoval of fluorochenicals from water,
conprising: A vessel containing the ion exchange
resin, the ion exchange resin conprising 5 an
1. 1 nsa| yiteen foRtld rsmidai oTglubtovtémRaRI fr@h MRS, dodipBsthg:
thereto, the functional grou ps . conprising quaternary .
anmi AeECstl COM@INiRg the Fo exc N(gl?rﬁ@zm fic lopypaelrangciresin comprising
e
on ST B8 PR My (Rl B0ty BnBE B 6CH A0 8 GRS
coapdding qpaeinbdl dnyinew offtht Formsibst i t ut ed and having a
carbon chain length of G or greater, the hydrocarbon
chain optionarPVRi 3hding pol ar groups; An inlet for
diregtd0g a flow of water into the vessel to thereby
contact the ion 15 exchange resin; and An outlet for
di recti nif @ nittapsnpdndwat er out of the vessel 2 The
system as defined in claim1, where
are the Kanfkeangddsgre hﬁlfgogagé%&rpags fa@rqaﬁ@a ﬂiqusaa}eaﬂrrﬁlféerent

wherein gt |8 %?‘rtat 4ig ag&/PF%aﬁlgzy ﬁ{ %lﬁg {g&k‘hﬁﬁ&{rﬁ nd ﬁh(ifllﬁéd;carbon

a pol ar group’ Select e e system

as def i nebhin hengthad i@ lor gadeeerethie hidrockdoarbaiR®paomally including
hydr ocarbon groups having a carbon chain | ength

rangi ng PPQﬁg@Wp?o Cl18. 25 5. The systemas defined in

cl aim idtet Vﬁé‘% | i C?Ralﬂoxg%f Atk Ro A Evds g t&ﬁ{%ﬁebg@ont-gpteth? ion

system as 'aim4, wherein at ast one o
exdRhngdeesmr ailkB further include a polar group sel ected

fro , .N and. S. .
mn outlet fs(l)r %nectmg a flow of water out of the vessel.
2. The system as defined in claim 1, wherein R;, R; and R; are the same.

3. The system as defined in claim 2, wherein at least one of R;, R, or R; further

include 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 Cis.
5. The system as defined in claim 4, wherein R;, R, and R; are the same.

6. The system as defined in claim 4, wherein at least one of R;, R, or R; further

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

7. The system as defined in claim 1, wherein at least one of R;, R, or R is

fluorinated.
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30 7. The systemas defined in claim1, wherein at

| east one of R, R2 or R3is fluorinated. 32 WO
WQO®8/M111037137 PCT/ US2008/ 054042 8. The syst em BGI/US2008/054042

defined in claim1, wherein the quaternary am nes are

sel ected fromthe group consisting of +N(CsH17) 3,

+N( C6H13) 3, +N(CH3) 2( C6H13), +N(CH3)2(Cl12H25),

+N( CH3) 2( C16H33), +N(CH3) 2(ClsH37),

N }
s TN PLR R it N AR RN SRR et
fro@Difib ighdipl oA sistfg éﬂ/m(mgHm; eNgCH R, #N((GI@Q&(EQHBQ The
stemas defined in cla 1 wherein i on exchan

TR o M It SRR TR VEIL Sy (e AR it ot OR W

s (RS R R D U e e

corftBinaiidnscT NP6 ios amrPof s fotegsingand wherein the first
quaternary amne is triethyl quaternary am ne and the
second quaternary amine is trihexyl quaternary am ne.

9. 15 EIF}le sﬁ?&n% %fﬁ{@ cﬂ% lmrélﬂ 1&{ é&cﬂh er\é’ﬁﬁ Sllnprlgég%
matrix 1s se ecte romthe group con

difpadtivielr ®sin gehsstingl Ay irsttjuatcdimryg emiis: adrat ﬁac@ﬂid]uaternary amine.
conbi nations of two or nore of the foregoing. 12. The
systemas defined in claim1l, wherein the polyner is
poI f i [

1009 YTRMENR =y 2 Hin NG SRR AR B and

whbh:m ﬁmrf‘nwtajua&fnaﬁy amiredh eidtied |qeatermny wainerand tivescporacess
conpri si ng E>§ posi ng wat er conpri sing

qu?tF%Wo%W@ﬁﬂsc §XY &uéﬁﬁmaahar@%hange resin, the resin
conprising an insoluble matrix having functi onal
groups bonded thereto, the functional groups

11 confihe systegm gsid¢feradan glaamlnedewin thbenatrdx issklrcted from the group

N( RLR2R3 re : o
consgslj-c\)l]ﬁg of p?)lyrners, gels, clays, diatomaceous earth and combinations of two or

more of the foregoing.

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

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(RiR3R3)
Where
N is nitrogen; and
Rj, Ry and Rj3 are hydrocarbon groups and can be the same or different,

normal, branched and/or partially or fully substituted and having a carbon
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30 Nis nitrogen; and Rl, R2 and R3 are hydrocarbon
groups and can be the sane or different, nornal
whe@aablad? and/ or partially or fully substitut eRCEOS2008/054042
havi ng a carbon 33 WD 2008/ 101137 PCT/ US2008/ 054042
chain length of G or greater, the hydrocarbon chain
optionally includin pol ar groups; Mintaining the )
wat er i n%@ﬁﬂ%ﬁh Qli ¢ rortgeatereBichyfcahop shiip @penallyjpeluding
and Sep ' .he water fromthe resin. 5 15. The
process gsﬁ%gﬁgﬁéd in claim114, wherein Rl, R2 and R3
ar e Mdigtamavpethe dter Theopi@edtsthasestefor agdribdotlimtanti4,
wherein at |east one of Rl, R2 or R3 further include
a porearatiiethp vegEr sl thefigdim 0, N and S. 10 17. The
process as defined in claim14, wherein Rl, R2 and R3
are hydrocarbon groups having a carbon chain | ength
15r anghagrdcesymas@tfihel @i $aimlBt, whseipRdeand &S attethi g@de.i n
claim17, wherein Rl, R2 and R3 are the sanme. 15 109.
The process as defined in claim17, wherein at |east

one - fulr .G r
16207 I8 piftpsss, Bfingfin i o MG FoROLE BB, fyriher
indludlecd milan gtdyp seieteel frorato, Neast S.one of R1L, R2 or R3 is

20 fluorinated. 21. The process as defined in claim
14, wherein the quaternary am nes are selected from

t he &1 .+ H
17 B PR Sk R i B ST bR mgggon
grotipg BAN 6 CAdHbIB ¢hain HgEHIN QICEZAH? CoFalG,s. 25
+N( CH3) 2CH2CH2N( CH3) SO2C4F9, +N(C4H9) 3, +N( C3H7) 3,
+N(C2H5) 3, +N(CH3) 3, and conbinations of two or nore
180" trRE pFQLRARIRBnePArclfC RIMCRIPRAR RE RIS P shal ™
14 ereln 1 on exchange resin conprises a
di functional resin consisting of a first quaternary

am and a secqnd, guat.ernary am ne.
19. q‘%e process as degned 1% c?ann f]flw)flerem ateleast onec of Ry, Ry or R; further

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

20. The process as defined in claim 14, wherein at least one of R, Ryor Ry is
fluorinated.
21. The process as defined in claim 14, wherein the quaternary amines are selected

from the group COIlSiStiIlg of +N(C8H17)3, +N(C6H13)3, +N(CH3)2(C6H13),
TN(CH3)2(C12Hzs), +N(CH3)2(C16Haz), ¥N(CH3)2(Ci3Hz7), ¥N(CH3),CH,CH,CeF 13,
+N(CH3)2CH2CH2N(CH3)SOQC4F9, +N(C4H9)3, +N(C3H7)3, +N(C2H5)3, +N(CH3)3, and

combinations of two or more of the foregoing.

22. 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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30 34 WD 2008/101137 PCT/ US2008/ 054042 23. The
process as defined in claim22 wherein the matrix
w@owpndeas pol ystyrene and wherein the first PCT/US2008/054042
quaternary amne is triethyl quaternary am ne and the
second quaternary amne is trihexyl quaternary am ne.
5 24. The process as defined in claim1l4, wherein the
23 mat dihg prosessesslefiver mrcdaim Hewhegeinipe vetsy emmigeppolystyrene

SR B 8 g SRS SRASFRL LB e,

queyshemnise dekiheed quitcalady #dd, wWherein the polymer is
pol ystyrene. 10 26. The system as defined in claim
24, wherein the gel is silica gel. 27. An ion exchange

24 €S 8‘139(}%%5' a%'d%ﬁnf‘%fﬁacﬁiihhti] QUG THREL QNAle| AT QYRS the
bonde ereto, e functronal groups conprising

grajipaofsistargyofadlyiegs,olclst blayd, didtvthaccoldearthNpRLBRBR)ations of two
Wiere. Nis nitrogen; and Rl, R2 and R3 are

or VY fcthe FrEURBUps and can be the sanme or different,
normal , branched and/or partially or fully substituted
and having a carbon chain length 20 of C or greater,

251 he Thy dysdaaab oefirekddn olabpi owhdrein thopblythien fodysayrene.
groups, wherein at Ileast one of Rl, R2 or R3 is
fluorinated. 35

26. The system as defined in claim 24, wherein the gel is silica gel.

27.  An ion exchange resin comprising a matrix having functional groups bonded
thereto, the functional groups comprising quaternary amines of the formula:
- N(RiR3R3)
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 and having a carbon chain length
of C; or greater, the hydrocarbon chain optionally including polar groups, wherein at

least one of Ry, R; or R3 is fluorinated.
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