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membrane compositions and then breaking the complex of
the selected ion from the composition te which such
ion has become attached by flowing a receiving liquid
20 in much smaller volume than the volume of solution
~ passed through the contacting device to remove and
concentrate the selected ions in solution in the

receiving liquid. The concentrated ions thus removed
" may then be recovered by known methods.
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BACKGROUND OF THE INVENTION
Composite membranes of the type utilized in one
embodiment of the présent invention have been
previously described in U.S. Patent No. 4,618,533 to
30 . Steuck; Some of the ion-binding ligands of the types
disclosed herein are also known. For example, U.S.
Patent No. 4,952,321 to Bradshaw et al. discloses
amine-containing hydrocarbons attached to a solid
inorganic support such as silica or silica gel wherein
35 the ligand is bound to the solid inorganic support .
through a hydrocarbon épacer containing a
trialkoxysilane group. U.S. Patent Nos. 5,071,819 and
5,084,430 to Tarbet et al. disclose sulfur and
nitrogen-containing hydrocarbons as ion-binding



‘trial koxyg| roup. U S. Patent Nos. 5,071,819 and 5, 084dsfs r bet
et al. dﬁgngggmgulfur and nitrogen-containing hydrocarbons as |%ﬁk%?nding
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ligands. U.S. Patent Nos. 4,959, 153 and 5,0?9,419 to Bradshaw et al.
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Bruening et al. i S poLyt etq: i « s

pol ytrial kyl ani ngf‘é%ﬁ@?nﬁﬁ gﬁyd?é%?rlt%r?%_iggi'a&rﬁié{sg.ﬁ{ﬁé?h‘?fa%%’%“ﬁ\b&.‘c’s‘?‘173, 470
to Bruening et afonBRr3BRBIefy@zocarbons Hiigandfd/ oU1hi RatrRt dal ky

ni t rogen- cont ai niNgglhy d82CREDBRFaishand i dé12s AU N i ShilHhHO1 to
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cont ai ni ng el ect PBRFRFYR §2585ups U -Sop HHSRF A i ®r%al no. 20
08/ 0581a@37 fil edTdBkel, et98l,. discleses pyrtehmormwnuwiiinycl es, for

exanpl e, |igands L 0j cli I pt i xarenes,
and spher ands, nﬁ?@?é?h%éggt Eg' 3 91?néd m%x’%ﬁ'r ég%s{tt ﬁ%%‘e.é’%j ‘?4 'o#_% hee%e
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researchers have__ng reviously repaorted incorporatin coquex ,strongly
interacting and Hrﬁhl§a§§PECPPVe5P&ﬂgbﬂﬂm iy Bruening et al. discloses

15 thiol and/or thioether-aralkyl nitrogen-containing
hydrocarbon ligands. U.S. Patent No. 5,190,661 to
Bruening et al. discloses sulfur-containing
hydrocarbon ligands also containing electron
withdrawing groups. Copending application serial no.
20 08/058,437 filed May 7, 1993, discloses oxygen donor
macrocycles, for example, ligands containing
macrocyclic polyether cryptands, calixarenes, and
spherands, multiarmed ethers and mixtures of these.
All of these previous reports have involved binding of
25 the ligands to solid inorganic supports via a silane-
containing spacer grouping. However, researchers have
not previously reported incorporating'complex,
strongly interacting and highly selective ioh-binding
ligands into membranes which would be highly desirable
30 because of the high surface-to-area ratios, convenient
physical formats, ease of production, ease of use, and
inexpensive cost of such membranes. The present
invention successfully accomplishes this feat.

35 , SUMMARY OF THE INVENTION
The compositions of the present invention
comprisé ion-binding ligands that are covalently
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“l'i gands into nenbranes mhlch woul d be highly desirable 30 se of
the high sSYP&¥¥99%_area rati os, convenient physical fornat syaé[ésgg'g@?y
‘productlon ease of use, and inexpensive cost of such nenbranes “The
present invention successfully acconplishes this feat.
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cellul ose, cellul ose acetate, and nltroc | ul ose. he nenbrane used does
not contain reactiREHPTROI¥EREE80 such astﬂ?*ﬁﬁhf?ﬁﬂi?ﬁ RN 9RAR i zed
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Representative suitable polymers forming the membrane .

15 substrate include fluorinated polymers including
poly (tetrafluoroethylene) ("TEFLON"), polyvinylidene
fluoride (PVDF), and the like; polyolefins such as
polyethylene, ultra-high molecular weight polyethylene
(UPE), polypropylene, polymethylpentene, and the like;

20 polystyrene or substituted polystyrenes; polysulfones
such as polysulfone, polyéthersulfone,-and the like;
polyesters including polyethylene terephthalate,
polybutylene terephthalate, and .the like;
polyacrylates and polycarbonates; and vinyl polymers

25 such as polyvinyl chloride and polyacrylonitriles.
Copolymers can also be used for forming the polymer

membrane substrate, such as copolymers of butadiene
and styrene, fluorinated ethylene-propylene copolymer,
ethylene-chlorotrifluoroethylene copolymer, and the
30 like.
With composite membranes, the substrate membrane
material is not thought to affect the performance of
‘the derivatized membrane and is limited in composition
only by its ability to be coated, or have deposited on
35 - its surface, an insoluble polymer layer that contains
the appropriate reactive group. This provides a
hydrophilic layer which interacts well with water or



pol yacryl ates and pol ycarbonates; and vinyl polyners 25 - such as

pol yvi nylwolsmeeoesle and pol yacrylonitriles. Copol yners can RIEUSISB4833ed f or
form ng the polymer nenbrane substrate, such as copol yners of butadiene and ¢
styrene, fluorinated ethyl ene-propyl ene copsel yner, _ '

et hyl ene-chl orotri fl uoroethyl ene copol yner, and the 30 like. Wth
conposi t e nenbr apekert agueabst salutrendr anthenendi aesudtnds thatgwbeno

affect the perfo t | yat i ' gL angnang,bkesbinykeds |
conposi tion onIyéﬁaa?ggﬁggiF??gﬁéoygeééggfgggﬁgé_Egsegﬂgggéépé %ﬁ#@gr
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‘reactive group. Fhhpapopnilies subydtephthiécbhsyer chhrgbrépigtastsopel | with
water o WO 95/ 29008 . . 3 . _
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organi ¢ |igand isratéashefi abtabthingritctoothei shefaaehgdrbphthec nenbrane
or a conposite nﬁgpéggeogagﬁggsargggéoFegéig;surface,%the basi c
0 any ¢

characteristics [ rven I'1gand nol ecul e are not changed by
the process of attachfhg Featsnghefsgprpesibe WeMbEanAg: 0PEPELSeReasurface

itself. The coathyfymbr£L8R06LbSs IEIHKEACROABHBE] SCRepraSbiERE L $Ed
cross-llnked nononer .. Representative. 10 . sui tabl.e RO| ner i abie
monomet$ |ncIudesﬂﬁﬁ?gi%aP?iYm%EF§F§}§smﬁPoﬂﬁfﬁa&F9iﬁgﬁs_Yﬁ%?ﬁﬂ?iby
1- hydr oxypr op- 2-agtybatgsade methdchyliabegpinpiddyhgatrhydrexyprop-2-
v oxyet ny! acr vy EEPLarS oty e THERBEKPHEBEL1BE Y aBE L are, 1 e | ke,
and m xtures thehpdtroxyphepypoephacryiate, nendndibydrnaxypaapyd utilized '
include acrylic aeidharaN AydrBRYBYhPTRBLPLAYE, hydroxyethyl :
15 methacrylate, and the like, and mixtures thereof.
Other polymerizable monomers that can be utilized
include acrylic acid, 2-N,N-dimethylaminoethyl
methacrylate, sulfoethylmethacrylate and the like,
_ - acrylamides, methacrylamides, eﬁhacr?lamidés, and the
2( like.  Other types of hydrbphilic coatings that can
be used within the scope of the invention include
epoxy functional groups such as.glycidyl acrylate and
methacrylate, primary amines such as aminoethyl
methacrylates, and benzyl derivatives such as vinyl
25 benzyl chloride, vinyl benzyl amine, and”p4”
hydroxyvinyl benzene. L p
' The coating of composite membranes also comprises
a precipitated crystal system, such as that involving
. the material known under the trademdrk "NAFION."
30 "NAFION" is a sulfonic acid or sodium sulfonate of a
perfluorinated polyether. |
The basic consideration in selecting a composite
. membrane is that the coating placed on the membrane
substrate is the determining factor in defining the
35 chemistry used to covalently attach the ligand. For
example, a composite membrane displaYing a carboxylic
acid functional group can form an amide bond with a



——E
-

‘met hacryl ate, sul foethyl nmethacrylate and the |ike, acrylam des,
met hacr yl awo®629008t hacr yl ani des, and the 2C like. COPRBUSIYYEI of
hydrophilic coatings that can be used within the scope of the invention
“include epoxy functional groups such as glycgdyl acrylate and nethacryl ate,
primary am nes such as am noet hyl nethacryl ates, and benzyl derivatives
such as vinyl 25 pendanthemipe giroupi zomvithel lbgapsdl, aenenof &hd most
hydr oxyvi nyl benzgggr; It akne £01 16ARRC nk@pAR ABLRRGR 2! gheConpr i ses a
precipitated crystal system such as at 1nvaolving the materiral known
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sodi um sul fonate @fith parbbugiicateddrakyeteegroipe baskccaanbedeealdioy in

| ect i t i s that th i.ng placed on the menb
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used to coval ent | pnatt ddgande | Hopwesrer, Fanyexdnphe, othewnpogandcnenbr ane

di splaying a carb lJs ¢ ~ac) u i | u f an d with a
WO 95/ 29008 SiEcitaich are! 3cedve E°%§9?P8§7538§/g§g§§9§gpendant
am ne group from cRYld enusednéocopttRehnast oxgabie AdgRBYstef thegand

i mobi |1 zation. Ther¢awa0s hadaehivhals ekamplerced ebenegeaupbewsﬁgaabad
w th carboxylic acid activ ,%roups th%t,can Bg readllé &anerted
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t he other organic specit€stiei tleaatd vieegroupe onothed sarfaciedighkori de coul d

be used to attach_ag ni_c.lig tQ. t rface i.t.Laonal .exanpl es of
such groups woul d =k f%@g a%1d,eg@gpggnt%$g§§ 8§§,p6§?%ﬁ%?§ ?gégéhgg, and
the like. If the suvdfonyd ghigoride woulduyfiedd iresults similar to those

obtained with carboxylic acid functionalities. One
15 such polymer containing sulfonic acid reactive groups
. is available under the tradename "NAFION" from DuPont
as described above. '
. The ligand is selected from the group consisting
of amine-containing hydrocarbons, sulfur and nitrogen-
20 containing hydrocarbons, sulfur-containing
- hydrocarbons, crowns and cryptands,
aminoalkylphosphonic acid-containing hydrocarbons,
polyalkylene-polyamine-polycarboxylic acid-containing
hydrocarbons, proton-ionizable macrocycles, pyridine-
25 containing hydrocarbons, polytetraalkylammonium and
polytrialkylamine-containing hydrocarbons, thiol
and/or thioether-aralkyl nitrogen-containing .
hydrocarbons, sulfur-containing'hydrocarbons also
containing electron withdrawing groups, and
30 - macrocyclic polyethér cryptands, wherein the ligands
are capable of selectively complexing ions such as
either certain alkali, alkaline earth, noble metal,
other transition metal, and pdst transition metal ions
when contacted with solutions thereof when admixed
35 with other ioms.
The process for removing and concentrating
certaiﬁ selected ions using the ligand-membrane
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concentrating onantp gontacsl Uatbdasml@ﬂ-ononff mgmter of the ‘
invention. Contact is preferably made in a contacting
15 device comprising a cartridge containing the '

composition of matter of the invention by causing the
multiple ion solution to flow through the cartridge
and thus come in contact with the composition of the
_ invention. However, various contact apparatus may be
2( used instead of a cartridge. The selected ion or ions
| complex with the composition. - Following the
complexing step, a small volume of a receiving liquid
or eluant is brought into contact with the-loaded
composition to break the complex by chemical: or
25 thermal means and to dissolve the selected ions and
carry them away from the composition. The selected
ions can then be recovered from the rece1v1ng liquid
by well known procedures.
More particularly, the process comprises forming
30 " a complexing agent by covalent bonding of a ligand of
the type mentioned previously to.a composite
membrane, such as one of those previously mentioned.
The complexing agent is then introduced into a
contacting device such as a cartridge.  The solution
35 containing the multiple ion species flows through the
cartridge in contact with the complexing agent,
wherebf the selected ions complex with the complexing

[
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‘a plurality of other ions in a multiple ion solution in which the other

i ons may bWOSSE8M8t at nuch hi gher concentrations. The nul t PETASIYM

sol ution or source solution is brought into contact with a conposition of
"10 the present inventicon. The pr ef er 7ed enbodi ment di scl osed herein
i nvol ves carrying out the ocess by brlnglng a |large volune of the
mul ti ple i on sol uBS&RY |nt8¥Eb HQ&SC@#Eb§PPﬁoﬁe@Prﬁ§F@eﬁr@m-ﬁﬁ@

i nvention. Cont aetesltSorfr eher aldnymiaQQﬁenta;attormmtsl R td @:@&ecormrl sing a
cartridge containi conpqQsi ti of natter the inventi cau5|ng
the multiple ion S# §$eto %I(?\Waﬁ'ﬁ'r oL O F % F&&«?lé(ﬁ'algt ﬁr&g“é Iin
contact with the edwangi tisotheh passedy dhriomgh Hhmewamtrddgeoms baretakct
apparat ug may bevm%'?‘h tomple':!é"a‘i‘xd ox) gv‘é}‘ a%dc?:r %‘ﬁt th‘E pael ected ion

or ions conpl ex Xing step, a
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the | oaded conposiirieOfthich HeR@reried TER Yheb¥etRENit)y phasédS by well

thermal neans and ,to di ssolve the selected ions and carry. thentaway from
the conposition. ¥REO"TePFACEFULSSs can then be recovered fromthe recei vi ng
l'iquid by well known procedures. Mre particularly, the process conprises

formng, 40 a_conpl eph‘%ﬂxiﬁﬁnbggﬁgiﬁﬁt@g“bpb%ﬁﬁi SRkl ool

type nmefnti oned preV|oust conpo rdne; "Such as "one of those
previously nmentioned. BIE bR h obire ‘

contacting device suchogs & otsrl'tq.%s Hee r3 #)tz‘le%'érﬁ5nventlo‘fto\;ﬁmia?‘h@eng

the multiple ion species floms t hr oygh the car e I n contact the
conpl exi ng agent , PRESASSH e a3 eiR the ddFemes ng
WD 95/ 29008 can be covalently bonded to a memH?EB@UQQEH&@ﬁiﬁg

15 reactive functional groups.

The membrane is selected to yield both selected
bulk properties and selected surface properties. For
naturally hydrophilic membranes, the selected bulk and
surface properties will be provided by whatever

20 polymer that comprises the membrane. For composite
membranes, the selected bulk properties will be
provided by the membrane substrate and the selected

surface properties will be provided by the coating. A
composite membrane is formed by depositing a monomer
25 directly on the surface of the substrate, including
the inner surfaces of the pores, by in situ deposition
of the cross-linked monomer. The desired deposition
of the cross-linked monomer onto the porous substrate
is effected as a direct coating and does not require
30 or utilize an intermediate binding chemical moiety.
Any monomer for the coating polymer can be used so
.long as it is capable of being polymerized by free
radical polymerization and can be cross-linked. The
only requirements of the polymerized monomer is that
35 it is capable of coating the entire surface of the
porous membrane, that it provide the surface with
.ligand:reactive functional groups, and that it be
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m xt ure twat9sizbamas out of the cartridge. A small vol ume of PCHAIS9SH833Vi NQ
liquid or eluant is then passed through the cartridge to break 5 t he
conpl ex and dissolve and carry out of the cartridge the selected ion or
ions. The selected ions are then recovered fromthe receiving phase by well
known procedur essufficiently hydrophidgtTAroEB1DEBCRORTEECE eRiHE ulsEVEETI ON

Preparation of tBﬁeL1g§aﬁaNE6bbanacGaEB@a't'&Q eT42160MRAR HogRRS0T the

present invention nag repared by any suita rernthe
| i gands can be c8YRE HPF? Béﬁdéﬁ fyexagenbrEfe Sd&pt BRsWRgn1 sbout 0.001

reactive functioaall gooums. aEHEmEEEbﬁ§&Q11§,Sﬁbeﬁbéﬁ hBokktehd 1bgh g gepect ed
bul k prgpertles and sghected surface g@ ger i.es. For Sturall rophilic
menbran®s, the séPect &HEpHGPPPRRATS, ESBBopEr £PETER PV BEYpAYH &@&eby

what ever 20 methofly mreuchhas dsnﬂnssésseue1neUbSaneateﬁurNoonposite

menbr anes, the SE'@gPeQ3QU|%hR APSE! hes lEnQSrpFQéEggdb 4 5236 ng%gane

substrate and the’sel écied sur ace properties
coating. A conpoBriefi¥mbEhAS P¥OFeAnEs b?VQéH§§|Waﬁglagnshsneprgss

directly on the gembagfeOkubberauBsiighea sastaﬁnagsbh.l%ehen%rw&ftg‘iﬁg of
the pores, by in esired

It d t
depositfon of thEﬁergggg gﬁ%@%%ﬁﬁﬁoﬁg %B%[gagﬁgkgﬁgouggggggLP§F€aF§ is

effected as a di theh bathedgiand ndmsuret ofegher €rd@ radicalor utilize an

ntermediate bindpigngheghedl BBk *8) pBRDREES 08k oh 8 nf RS pERE, PARNTT]

can be used so ldng as’ it 1S capa Yyerrze
pol yneri zati on aﬁdCEQﬁSbélaké§§-FBﬁRédlnTﬁeS@hV?ntequﬂeganndlbﬁonBeto '

pol ynerized nonogegeks rbate #8dical ponsméh&aeaeheoff tﬁ@ahbﬂgm%i!eaﬁat' re
surface of the porous ne e, that rovide the surface w
1 coating © t e’ porous s strate with the cross- -linked
polymer. The surface of the coated polymer membrane
contains hydrophilic or polar-substitueénts that can be
activated to react with and covalently bond the
ligands -to the membrane surface.
2¢ : - The composite membranes prepared according to
U.S. Patent 4,618,533 can contain carboxylic acid
moieties on the surface. Other suitable moieties
could include hydroxyl, sulfonic acid, epoxy, primary
amine, and derivatized benzyl groups such as polymers
25 referenced above. -
Preparation of a composite membrane by a
precipitated crysta1~téchnique involves, briefly,
washing the porous membrane substrate with a suitable
_ solvent for wetting the entire surface of the _
30 substrate. The substrate is then bathed in a solution
containing the crystals that are to be precipitated.
‘This solution is then removed and the membrane
_substrate is treated with a compound that precipitates
and fixes the crystals to the substrate. The membrane
35 is washed and dried before use.
In the present invention, the activation of the
carboxflic acid groups is exemplified by the reaction

&
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‘a cross inking &ERTide FEJRRRY FRASE I

| i gand-reactive functional groups, and that it be WO 95/ 29008

PCT/ US95/ ama8@29os uf f i ci ently hydrophilic to allow for effiRCEUSOSO48330f t he
ligand to be attached. GCenerally, the por oug, substrate has an average pore
si ze between about 0.001 and 10 [err], and nore usually, between about 0.1

and 5.0 5 dffliHe calBo:BATROSd R B BRIEE Grilth B 10 1AM (@bl e
nmet hod, such as is cl::’secl(::oased}fl}rzll U. S. lPaten’t %10 1'4, 618,153 ,  Whi chlis her eby

i ncor porated by £F@ &8 BLWIde IHRUWPEH ARG M 1B BREMIRS t he
por ous nmenbrane selstahaioni 4 18 (@) Qui-table mambyaietcforl wekd, ngicio t he

entire surface ofcd i@ Al gridips WISdd & ive BV S LEd A dn xture

of the free radical_ pol'ynerizabl & nononer, a p,ot:%merl zation initiator, and
a4

RRQSPAGIUSt free radical
pol yneri zati on ofpdrttadhiviirie Y phisdphgned dhichlomidge substrate with the

-1inked | . +:h f f coat ed | . t ai
ydr ophi I e or pol ar - SSEefis e Saiid oSt P e e and
coval ently bond tthddlgyarfisignand ecengantmandithed ikeCmay be The
conposi te menbr a%ﬂéﬂéﬁ‘# dNEHO rhbmbrdridd edﬂﬁ&zgﬁalﬁzrﬁég?’-@@ ontain
£

carboxylic acid noieties e surface. O her suitable™noieties could

i ncl uddOhydr oxyl JEME i EAEWS epoxy, prinmary am ne, and derivatized

benzyl groups sudh) asenpehiyeves) @5+ NI, —Fefemeisaiteat) @y 8HL Rr apRr@hidy) of a

conposi te nmenbrang) byerdrRAL@ (8] d1ategbrcr ystal teeBraue ol veg: Wdef) v,

washi ng the poro%)nﬁmﬁggg_gqap&t ragg with a s,;rg“%ﬁgleqc%gls\ﬂegtﬁlor wetting
the : e

the entire surface o Ssubstrate substrat e (chiddr@8r)

bat hedl5n a sol ution '
(4) membrane-C(0)Cl + XMgL, ———— membrane-~C(0)L + MgXCl

(ketone)

In a similar manner, the activation of the

20 _ sulfonic acid groups is exemplified by the reaction of
the sulfonic acid groups with thionyl chloride to form
sulfonyl chloride groups according to the formula:
membrane-S (0),0H + S(0)Cl, membrane-$(0),Cl + SO, + HCl
Sulfonyllchloride groups also can be obtained by

25 reaction of sulfonic acid groups with phosphorus
pentachloride or phosphorus trichloride.

| Ligands containing reactive amines, alcohols and

the like may be covalently bonded to the membrane
through the -S(0),Cl group as follows:

30 (1) membrane-S(0),C1 + HNL membrane-S (0) ,NHL + HC1

(sulfonamide)

membrane-S(0),0L + HC1
(sulfonate ester)

This reaction does not proceed as readily as the

35 reactions with acid chlorides formed from carboxylic

(2) membrane-S(0),Cl + HOL

acids. However, any reaction may be used provided it
is functional to form a stable covalent bond between
the ligand and the membrane. For the present, it has



containing the crystals that are to be precipitated. This solution is then
renoved armop$R90p®nbr ane substrate is treated with a conmpouR@I/U$p5{04833
precipitates and fixes the crystals to the substrate. The nenbrane 35

is washed and dried before use. In the presgnot invention, the activation of
t he carboxylic acid groups is exenplified by the reaction WO 95/29008
PCT/ US95/ 04833 9 ksen rﬁoum Hehdt i Bheicamide oljmkage his hhosty | stdibbe i aled t o

formacid chl orlq_ee Se@ema di ng to the formul a: nembrane- COOH + [err]
nmenbr ane- (O C [er rﬂ‘ + HCO  Carpoxylic acid groups also can be converted
to acid 5 chl ork AR &b r%)étb%rﬁ%ﬁq‘?‘gﬁ'&mﬂﬁ%lrpeﬂ&chl oride

) cohol e thi T”“”‘"”"’“d *‘“‘Wm*“%"“?f‘fm'k“‘* P Ty Bonded
al cono thiols nar raesntelemayeov enty onae
to the ?rsenbr ane t%“’r%*ﬁ%] e f?f%orla ‘id’”‘th membr AR At "’P%F?% (1)

menbr ane- C(O) O +£yngtional i e ramres- :O(msit-itaraedﬂdn (e C@térﬁ)s

menbrane- C( O G 4 4dde

menbr ane- C(O) Cl i HSL aEtecf géér om%ﬁeﬁé)&ébfaﬁéﬂl oesé erkfy 15 (4)
menbrane- C(O) O FS4RfeN%S 1 |aningnApntalniny hydagoagrbanet Ghey . IPatent m | ar
manner, the actiwaii on 982 1381)20 sulfur il oIl Kogen ﬂl:&lti&mﬁ exenplified

bythereactlon f the sylfonic ac p vmtht nyl chtoride to form
sul fony!® chl orldg’d#ﬁﬁ?sr glr ﬁop‘%‘ri fs%ﬁt?ﬁﬂra nb%aq{@'spe?rﬁndk S(O

[err] menbr ané&, (&4,r430) [ esul fur Hontauiiiony | hydrtrerartsorgriigsndd so can be
obtained by 25 (y 5. "SAYAONY. 4/ fsRUth B BYY, Md), PHOSRIO U
cryptand ligands (U.S. Patent Nos. 4,943,375 and ‘
5,179,213), aminoalkylphbs'ph.on'i'cl acid- containing
15 hydrocarbon ligands (U.S. Patent No. 5,182,251),

proton-ionizable macrocycle ligands (U.S. Patent No.
4,960,882), pyridine-containing hYdrocarbon_iigands
(U.S. Patent No. 5,078,978), polytetraalkylammonium
and polytrialkylamine-containing hydrocarbon ligands

2) (U.S. Patent No. 5,244,856), thiol and/or thioether-
aralkyl nitrogen-COntaining_hydrocarbqh ligands (U.S.
Patent No. 5,173,470), and'sulfur and electron
w1thdraw1ng group containing hydrocarbon ligands (U s
Patent No. 5,190,661). " _

2t An oxygen donor macrocyéle ligandtlsuch_as
disclosed in copending épplication.serial no.
08/058,437 filed May 7, 1993, having a reactive
grouping attached, tay be prepared by various reaction
schemes. Two are illustrated. The first involves the

30 reaction of a ¢is dihydroxy crown ether with a
polyether diol wherein the diol groups have been
activated by reaction with a "leaving" group such as
tosyl chloride. The following' reaction sequence
(Reaction A) shows the formation of an oxygen donor

35 macrocycle ligand (Formula 2) by means of reacting a

' cis dihydroxy crown ether (Foimula 3) with a tosylated

polyethér diol (Formula 4) as follows wherein Ts stand
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‘pentachl oride or phosphorus trichloride. Ligands containing reactive

am nes, al wwhes/290e8nd the |i ke may be coval ently bonded to tRET

through the [err] group as follows: 30 (1) menbrane- [err] + [err]
“menbrane-S(O) [err] + HO (sulfonam de) (2) enbrane- [err] + HOL [err]

menbrane- [err] + HCO (sulfonate ester) This reaction does not proceed as
readily as the 35for the tasydt ig;:mpm tRa: aBid Rihl endd8s isremachfa onember

carboxylic acids. jHuRige RALI AN Fpbnp & HES L Wl delineS of H
functional to forrnﬁ a Stable vaI ent hond betweenpg?he I i gan é{gshoe '

menbr ane. For theaﬂ-rlé@-ai‘tqu YH-as kydhgsy .o ggdylamino, Carbox}’.
PCT/ US95/ 04833 10 dzatyoxy@lxyit,haind epoxiiaikitl .nk®geiksamenbseiabbtedpdd

readily forned. Li and whi_ch _may be adapte cantagin.ferr]. -OH -SH
_MgX i 8ti es whi ¢t OFt FRS SRR @séss%tlé"o ot Epana]c?ﬁwlﬁy&'cg/éseﬁt bond
with menbrane att ateim::f taedieia:ned ifiroms tdvee gridups tacasddtiimg o€ at ent s

. indi cated bel ow, &*i r nc
. am ne-contai ni ng Ry car bons f?gﬁﬁ at ent %Ib)é&éc? 2%‘] Sndl ?‘U P anhd
ni t r ogen- cont ai ni rﬁ}"‘h @ membemﬁﬁl(%ﬁr%ﬁ:lqﬂgm guoup qoRsdmtimes of H,

5,071,819 and 5, 084,1440) .a1%érd ng;am,@raa_n@qn la1a31dsey(,U- S.
Patent Nos. 4,959, 15 QQHS(Y?,- %‘1% %rqwn’sa ndllg&‘n (U.S.
Patent MJs. 4, 9433Fia 21 Bif &t ﬁ%ﬁ
aci d- cont ai ni ng 1Eunctmnd1ycymmgdomhdt| gn:ajmc(wd’irdéa:tl@ntrd&ctﬁelaﬁ,&ﬁl),
B;ﬂt glnnlaotr:]:)ﬁ?g: ﬁl ng%[l%ggréogcalﬂb i ggz?#é&u%@% q%;et em‘ %O&G%fB%Q%?S)
pol-yt et r aal kyl anmm¢mipnane must be further reacted so as to allow a
covalent bond. As an example, a carboxy alkyl
15 functional group could be converted to an acid
chloride and further reacted with ethylene diamine (in
large excess) to provide a mono amide with a free
amine. This could then be reacted with the membrane.
Further, n is an integer of 2 to 4, a is an integer of
20 0 or 1, b is an integer of 0 to 3 with the proviso
that b must be at least 1 when a is 0, and m is an
‘ _integer of 0 to 5. To provide a reactive grouping to
react with a reactive membrane, it is mandatory that
one or twb, and preferably only one, of the R, through
25 R, groups must be other than H. The remaining R,

D

through R, groups are H.



and pol ytri al kyl am ne-cont ai ni ng hydrocarbon |igands 2) (U. S

Pat ent NoWOPS298856) , t hi ol and/or thioether- aral kyl nitPon®sIsmagisai ni ng
hydrocarbon ligands (U S. Patent No. 5,173,470), and sulfur and el ectron

wi t hdrawi ng group-contai ni ng hydrocarbon Iigands (U. S. Patent No.

5,190, 661). 25 An oxygen donor macrocycle |ligand, such as

di scl osed in copending application serial no. 08/058,437 filed May 7, 1993,
having a reactive grouping attached, may be prepared by various reaction
schenes. Two are illustrated. The first involves the 30 reaction of
a cis dihydroxy crown ether with a polyether diol wherein the diol groups
have been activated by reaction with a "l eaving" group such as tosyl
chloride. The follow ng reacti on sequence (Reaction A) shows the formation
of an oxygen donor 35 macrocycl e ligand (Formula 2) by neans of
reacting a cis di hydroxy crown ether (Fornmula 3) with a tosyl ated pol yet her
diol (Fornmula 4) as follows wherein Ts stand . WO 95/29008

PCT/ US95/ 04833 for the tosyl group, [err] and [err] is each a nenber

i ndependent|ly. sel ected ffon1the group consi'sting of H, allyloxymnethyl,

al kyl t hi o, al kyl am no, %grboxy, car boxyal kyl , and epoxyal kyl. [err] is a
menber selected 5 mfromthe group consisting of Hand alkyl, Zis a
menber selected fromthehgroup consisting of o- phenyl ene and o- napht hal ene
or alkyl, [err] and [errl, are each a nenber selected fromthe group
consisting of H allyl, -al kenyl, carbﬁxy, car boxyal kyl, allyloxy, 10

am noal kyl, hydroxy, ef-hifp, and al kyl tfio. The functional groups that are
not directly reactive wiffth the correspaerdi ng groups on the surface of the

menbr ane nust be f.urtheéreact ed so Yo allow a _
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+ coval ent bond. As an exanple, a carboxy al kyl 15 functional group
could be wwmoszaesl to an acid chloride and further reacted W ‘Pﬁ ene
‘diamine (in |arge excess) to provide a nono anide with a free am ne. This

* could then be reacted with the nenbrane. FulBher, n is an integer of 2 to
4, a is an integer of 20 Oor 1, bis an integer of 0 to 3 with the
provi so that b nust bdihile cthke Ts\plertesyl groumdisn iklugtraiedadbeye0 to

5. To provide a roads VeesV O dodds QfEA A4 thledy THAEE | VenT@iadle, it is
mandat ory that one or, two, and referabl%/ Or&%? ne, of the [err throulgh 25 .
[err] groups nustPERIMiASR aRMFhey LikeCqn ; %be[‘érr’r]]”ﬁf?ou § 195Y
groyﬂggar 84?33 . o/ Y90PPeferred because 81t is crystalline and has

PCT. err . '

PCT/ US957 04833 1 ‘%ﬁﬁ‘?% {%%é%o%rgg%éé?@:g%%m is illustrated above;. ot her

| eavi ng groups such asThesgécord, rexttioneschemeninfecleerl the reactiem al so
be utilized. The gps !cﬂéoa'ibfén&ﬁééﬁ%r%e@rgﬁaé‘éﬁeftwiéh% :@;}ét_‘.ﬁl@r and has

5 better reaction properties. e seg:ond reaction scheng i nvol ves

the reaction of tek- diPe® LPYING r FRRCRIPR  SEHEPRGE pRSRETEP ol . The
foll owi ng reacti ogh&RslUERE ef dHEREL bR NoB) als NodGgéh eddsraha@ro©fche oxygen

donor macrocycle 10 I nd,{Rormul a 2) by neans of_r ting a cis

07 by omoHEt o o ohFoRA(PREBIRA | 2 o5V iheAng) b paRELfng s EE !
dibromomethyl crown ether (Formula 5) with a polyether
diol (Formula 6) as follows wherein symbols have the
same meaning as given for Formula 2 above:




diol (Formula 6) as follows mhereln synbol s have t he sane nmeaning as given
for For mul ¥WOI52308c. WO 95/ 29008 PCT/US95/04833

PCT/ US95/ 04833 14 [err] WD 95/ 29008

PCT/ US95/ 04833 15 The conpound correspondi ndd4 o Forrmula 2, having a
reactive grouping may then be reacted with a nenbrane derivatized with
hydrophilic functionalities. Polyal kyl ene-pol yam ne-pol ycarboxylic acid- 5
cont ai ni ng hydrocarbon Ligands may be prepared by various nethods. For
exanpl e, in one nethod the polyal kyl ene- pol yani ne- pol ycarboxylic acid
ligand is bound to the nmenbrane. In a second nethod, a

pol yal kyl enepol yam ne is reacted wth a nenbrane 10 fol | owed by
reacting with a polycarboxylic acid. The above descri bed Ilgands have
heret of ore been attached to solid supports such as silica gel, silica,

gl ass, glass fibers, nickef oxide, zirconia, alumna, titania and the |iKke.
The attachnent of the 15 ligand to the solid support has been by
means of a silane spacer gfouping. There are certain drawbacks to the use
of such solid support. For'!'exanple, they nost often have to be contained in
"a colum or simlar structre and do not have the adaptability for other 20
configurations that a nenbfane possesses. Further, silane chemstry is
conplicated and limts cewgaln reacti gpns or appllcatlons Finally, the
instability or even partlat dlssoluthnaof t he inorgani c supports
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< in some solution matrices nmakes their use in some 25 separation
appl i cat i q\g of)ygwabs Or unaccept abl e. However, such |igands, tIU50483Becen
attached to the above nentioned inorganic solid supports, have not

* previously been affixed to nmenbranes. The n@velty of the invention is in
t he menbrane 30 | i gand conbi nation and in the nethod of using such
conbi nati ons i n renoviChg dempouddionrrespyndﬁnghEOIFgamdéapﬂevhauing ésed

may be rodifl ed L0cHSGel BrbiBiRGERSY! thRHORE! SBacBRRAYSEN! HopkhBeafs are

not in and of theénselves be referre
ligands ("L") anderiyabézedr whsh byérgﬁaﬂéQCbﬁuapﬁégéél1Fles

anm ne- cont ai ni ng hydr@%ﬁ&{?& hbﬁéng§1yaﬁhhélpéN?c&tbbﬁ?@ﬂcCa&iaLnlng
hydr ocar bon |i gands g

PCT/ US95/ 04833 1G°§GPF&F“80HVQFRFH§b99dFaséPSEnmPVgﬁﬁdEreEFBRH B¥d cryptand
| i gands; anynoalkakabusphenhod30|dFomnéaampmg,hydronermeuhbdgahds

M gands: 5 - o8Ik Tehe-pIT0aminRbbIyBaLERRYIAE, RE: I geARTIR .
hydr ocar bon I|gabdundthpoth&nmEmbraHEGetE@raaﬁ&ppyﬂ Wﬁtﬁééenacontalnlng

hydrocarbon |iga r 0 ai nin
hydr ocar bon 11 g Egiyai &r&ghegadgs{nﬁte 28 Wehbded iaEn0borAnLEAAL g

onor macr oc ands. " This
| i stingOof I|gan§§1ﬂ§wéﬁeﬁﬁlﬁﬁﬁc§ﬁpﬂ HH&h1§ ROLYCATE éXalFoa%édal
enconpassi ng. O her |Eﬁénébovbnawﬁceﬁb&ﬁllhgahﬂsdthEOhe&etmtprelbeehe
attachod 15 | acepshed To mealid Biabared sheR sRapeiicBniRec Y ve
attracting and bsndhng,oglahs,sgﬂe&ﬁe¢lb@m§ baiigkede pide  f 2Zdmconda,
sol uti ons belng %ﬁ%ﬁﬁﬁg titania and the like. The attachment of the
i5 ligand to the solid support has been by means of a
silane spacer grouping. There are certain drawbacks
to the use of such solid support. For example, they
most often have to be contained in a column or similar
structure and do not have the adaptability for other
. 20 configurations that a membrane possesses. Further,
silane chemistry is complicated and limits certain
reactions or applications. Finally, the instability
or even partial dissolution of the inorganic supports
in some solution matrices makes their use in some
25 separation applications poor or unacceptable.
However, such ligands, that have been attached to the
. above mentioned inorganic solid supports, have not
previously been affixed to membranes.
The novelty of the invention is in the membrane
30 ' ligand combination and in the method of using such
combinations in removing desired ions. Any of the
ligands previously used may be modified for use in the
present invention. Because the ligands are not in and
of themselves novel, they will be referred to as
35 ligands ("L") and may be further designated by
classes, i.e. amine-containing hydrocarbon ligands;
sulfur ;nd nitrogen-containing hydrocarbon ligands;



The menbrane |igand conbi nation of the invention can therefore be defined
by the forwols2eiL M B- L VIPEI/E$95/08833S any
menbrane or conposite nenbrane derivatized to have a hydrophilic surface
and contain polar functional groups, L is amg |igand as defined above
containing a functional grouping reactive with 25 an activated pol ar
group fromthe nsnﬁfamecandaBnhngthgdcowakbbh Ligaage ;f o Bhdthe

| Cand. Repr eoenfrprang; 3baa] %é‘l%?%%%@g?%g?e%%f B ie srttRdnsPeL
consi sting of anh¥ereRALEPn éegan 8; pzsten- écn@yabﬂblmasrecy¢¢68)
carbonyl (00, elbgan@), pibiaghBetohhinifiy AYhtARATLAR hepbhasIne

nenbrang/l|gand COSBOSItgﬁEiVE gresent ention that useful for
separ at?ng sel ecPBYYFERE B@mgﬁﬂ ﬁPdtB°ﬂH6§éa§kYﬂF@énﬁn the art by
thﬁbBS fObbnmamglﬁgahpaesca&bbnOﬁ1gbndb Uthhbleﬁna/éﬁnp05|te

menbr ane prepare n

PeT Uasg/ bachs. joniGeeheL %F%?ﬁglcar §%§§E CSE‘%&iBF‘ngEY%\g"EEFEBm ¢ acid
groups. EXAWVPLE ;1gands, sulfur andtBlscsxaanQ;hdrawtnggguoupnta|n|ng

‘l'i gand derlvatlzesnasﬂhiﬁgenya§oeaeaeﬁeﬁlggﬁardhﬂa gghaﬁ E@bﬁ? el o)

procedure. A 3 X |nchﬁ£|ece of tetraf | udroeth
menbr ahé coat ed BICFREYRdEHL4IBRG @ S. Tb&?eﬁﬁsﬁbn94° 1@19§Edﬁnnﬂ 10

crosslinked acr yéxémpmadycaﬂlftl andgisanbexyhtendeqdebupat hemal groups
AR x T A gte BN SR DI S
developed, may also be utilized with the only
limitation being that they can be covalently attached
1 to the membrane and are functional in the selective
attracting and binding of the selected ions being
removed from the solutions being treated. ,
The membrane ligand combination of the invention
can therefore-be-defined by the formula:
2C _ : . M-B-L
wherein M is any membrane or composite membrane
derivatized to have a hydrophilic surface and contain
polar functional groups, L is any ligand'as defined
above containing a functional grOuﬁing reactive with
25 an activated polar group from the membrane and B is
the covalent linkage formed by the reaction between
the activated polar group and the functional group of
the ligand. Representative of B ‘linkages are members
selected from the group: consisting of amide (NHCO),
30  ester (COO), thioester (COS), carbonyl (CO), ether
(0), thiocether (S), and sulfonamide (SO,NH).

The membrane/ligand compositions of the'present
invention that are useful for separating selected ions
will be apparent to: those skilled in the art by the

35 following examples each of which utilizes a composite
membranq prepared .according to U;S.'Patent 4,618,533



*remai ned covered by this solution for 8-14 hours to 15 enabl e t he

t hi onyl ciW@PSR908 o react with and convert the carboxylic FGTHUFPOERE (o
acid chlorides. The activated nmenbrane was then renoved and washed

t horoughly with hexane. Qther organic solvehls, such as toluene, would work
equally well. The ctlvated .20 nbr ane, was then ed i,n a flask
cont ai ning a sol FOOLRAISEDY GRTPoFYIA AT G épéﬁﬁﬁgnPFgéﬁHdand
enough tol uene t groapsyre the nenbrane was conpletely covered by the

m xture. This m xture was allowed to react for 8-14 hours to forman am de
bond 25 bet ween one of the am ne groups of the ligand and the acid
chl oride group of the nenbrane. The nenBXaM®LEad agai n washed mﬁth organic

sol vent st o renove Unb%ﬁ@ﬂ;ﬂsﬂ@%&n@l‘é P& Q?lttz%%eth@nﬁzaQMn 3
well -ventilated hood. After_the nmeEnbrane was dried it was festéd to 30

deternmine its i oReFYRLIFSS FEuRTaRe wak QreRGreds ACCOTHEBIs kQutlien Exanpl e

14I EXANFLE 2 ;FdMdel Potedurd X Q.Bn@h3p%§bh fiede ﬁfd f

pol yvi nyl i dene uQqr | ne c thad.of U S. Patent
No. 4,618,533 w 29 %?5%%@&“’%31% Yoy &éﬁiﬁ)ﬁapﬁgﬁ’ﬂﬁn@ acid
funct|onal WOcemtzadDd® the method of U.S. Patent No. 4,618,533 with

PCT/ US9g/ 04833 18 Qi) &'d &bl ddift ‘Hl‘i'ﬂgc @f%o%&%r Qc%d then

derivatized with gentaetﬁyieneﬁgxan1ne as In es 3-12

whi ch follow the glc rawpss immobilizad i H’@d SPFIfEC@oH’]?@a te
menbrane of Exangheks@s i idricifmh ftolidrnygarhlydiash rfentcoxdgh\&\ﬁ_qsr t he PVDF

conposi te nenbrang of npl coul d have been used mlar results.
When testing t he SO¥&H gﬁeoﬁaurf%ce 8 Y SdBiandS el e hetbTa

remalned covered by this solution for 8-14 hours to
15 * enable the thionyl chloride to react with and convert
the carboxylic acid groups to acid chlorides. The
activated membrane was then removed and washed
thoroughly with hexane. Other organic solvents, such
as toluene, would work equally well. The activated
20 membrane was then placed in a flask containing a
solution composed of 3 g of pentaethylenehexamine
ligand and enough toluene to be sure the membrane was
completely covered by the mixture. This mixture was
-allowed to react for 8-14 hours to form an amide bond
25 between one of the amine groups of the ligand and the
acid chloride group of the membrane. The membrane was
again washed with organic solvent to remove unbound
ligand and permitted to air dry in a well-ventilated
hood. After the membrane was dried it was tested to
30 determine its ion binding properties. Testing results
are shown in Example 14.

_ EXAMPLE- 2
In this example, a 3 x 3 inch piece of
35 polyvinylidene fluoride (PVDF) membrane coated by the

method of U.S. Patent No. 4,618,533 with crosslinked
_acrylic’acid containing carboxylic acid functional



S ~

properties of |ligands affixed to conposite nenbranes 10 ~of both
Exanpl es 1Wen98/29008t he results were substantially the sanme. PXRNSISO4833| n
this exanple, a nitrogen and sul fur-containing 15 | i gand derivatized .

menbrane was prepared according to the folld8i ng procedure. A 3 x 3 inch
square of carboxylic acid group containing PTFE conposite nenbrane was
prepared and treSRQUDBA WRS HARIKETrtEd d9 (Iél%@qlrd Btilmrtisiel . form sandat eri al
was then 20 therf Adradran e rtaetdud éi%]ﬁnﬁé ifSti,step to
-attach the am ne via gn am de bond to the nenbrane 'S I ntermed ate
product was then > “and i mersed in a second solution containing

tol uene and 1 g of et iyl exmmplds de 12 Wik cﬁbmmw Iﬂmmamd:tméfacm

[err] grouping. C to ensure t tion

coveredt he marrbrdgﬁ% %ﬁd/%rgehe ceé%atoeg el %Té’?f%?a“@ﬁt

from 8-14 hours. utAﬂt:I@ed fondrigand: aktaahmest, . | tHomevems e fRSIDE on

conpl exati on pr oRRjdd oﬂsgtt%s uhdfe B @ik 2 could hav dfaghd N Lhis
an

exanpl e, a nitrogen sulfur-contalnlng and derivati ze menbr ane was

pr epar ed accord|MjQH)ﬁﬂﬂ§ IT&FHEF Sor o e%&#ﬁﬂ(?ﬁﬁlﬁﬁ?%ﬁﬁk%@ﬂof 35

carboxylic acid gfz@gémrasaldﬁ N Rifds eEmead Et OTRIEHDHE £ melnitirics Wi t h
t hi onyl _chloride e q_'hEﬁar;p 9 ek 1, _Th| =~ TEBt %I’I al then reacted with WO
95/ 29008 oth Example W&FA333 19 et hyl ene

di am ne instead substamdalietdiesatae as in Exanple 3. The result of
this reaction is a material that is bonded to the nenbrane via an am de

'EXAMPLE 3 | | |
In this example, a nitrogen and sulfur-containing
15 ligand derivatized membrane was prepared according to

the following procedure. A 3. x 3 inch square of
carboxylic acid group containing PTFE composite
membrane was prepared and treated with thionyl
chloride as in Example 1. This material was then
20 reacted with pentaethylenehexamine as a first step to
attach the amine via an amide bond to the membrane.
This intermediate product waS"theﬁ'washed;'and
immersed in a second solution containing toluene and 1
g of ethylene sulfide to provide the ligand with a
25 -NHCH,CH,SH grouping. Again, it was necessary to
' ensure that the solution covered the membrane at all
times. The reaction times-for:eadh'Step=are from 8-14
hours. After the membrane was dried, it was tested
for ion complexation properties as shown in Example
30 15, | |
EXAMPLE 4
In this example, a nitrogen and sulfur-containing
ligand derivatized membrane was prepared according to
the following procedure. A 3 x 3 inch square of
35 carboxylic acid group containing PTFE composite
_membrane was treated with thionyl chloride as in
Example 1. This material was then reacted with
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*linkage and contains one free amno group that is then 5 further
react ed wWiwWB952%WButi on contai ni ng tol uene and et hyl ene sul PEHESHO4ER
Exanple 3. After the nmenbrane was dried, it was tested for ion conplexation
properties as shown in Exanple 16. 10 19 ;

EXAMPLE 5 In this exanple, a sulfur-containing |igand derivatized nmenbrane
was prepared accofthyiyens ernamine| snshgagr ofcnencaetthglenehexynineassd

group containi ng fAFExaApRESatie PREDLABRIVASEPERPA’ 8adEibA 18 a _
Exanple 4 so that the Ca;bOﬁégIC aci d %agugs were converted to the_ acid
FbRrank F

chloride form Th®hg s1fnhkpng cHEMEMREARE | BHA cBAt AEERg
tol uene and the reankage anddochtainet basedirédi anhiAodgpoep eghayaintheh

' gand o the menbranzet PRackEl HER 2 aetuniSHhERRER ataR BrERe RS reehanol
sol uti on cont ai ni aghybehe| shpfiide aadivoBkampier Bonakftenfthe wmémbnenér ane

was dried, it wasylgshedeOriE0RagOpRLELAl £8P PEAPEOILESx2E18HOWN i N 25
Exanpl e 17. EXAMPLE 6 In.this exanple, a _crown ether containing |igand was

prepared and attaBREBSEbigSndRHFRAENALBOEERAMBLIE0180 the fol | owi ng
procedure. The acid chloride formof the carboxylic acid group containing
PTFE copposi te nenbrane was prepared as ﬁgﬁﬁéﬁ%pée 1. The crown was '
preparet” for attachnment by taking 2 g of xymet hyl - 18- crown- 6 and
dissolving it in eitheln3this examglehl ar sukfhanreontabrhrgnkigadfie doubl e

oot perout S Ee 128 e SR L8 o b Rrt Ry RaY g Vo "0HL
PCT/ US95/ 04833 following procedure. The carboxylic acid group
containing PTFE composite membrane was prepared as in
15 Example 4 so that the carboxylic acid groups were
converted to the acid chloride form. The membrane was
then immersed in a solution containing toluene and the
reaction product of ethanedithiol and one equivalent
of 2-methyl aziridine to immobilize a
20 -CONHCH,CH (CH,) SCH,CH,SH ligand on the membrane. The
free SH group was then blocked with a methanol
solution containing methyl iodide and sodium
carbonate. After the membrane was dried, it was
tested for ion complexation properties as shown in
25 Example 17. '

_ EXAMPLE 6
In this example, a crown ether containing ligand
was prepared and attached to a membrane according to
30 the following procedure. The acid chloride form of
the carboxylic acid group containing PTFE composite
membrane was prepareéd as in Example 1. The crown was
prepared for attachment by taking 2 g of
allyloxymethyl-18-crown-6 and dissolving it in either
35 dichloromethane or benzene. The double bond of the
allyl group was then converted into the epoxide by
adding!hydrogen peroxide (1 to 2 small drops of a 30%



20 solution) to the stirring m xture. Amoni um hydroxi de (0.2 .was then
added to tWe %P8 di zed crown and the tenperature was rai se¥CYB5950#88en
30[err] and 60[err]. The reaction was allowed to proceed for 6-14 hours to
form5 a ligand conprising 18-crown-30containing a [err] grouping.
This ligand-containing reaction mxture was added to a toluene solution

cont ai ni ng t he NEMEFCLITHS the SERFE NS IHREES n  AREorsus ddmxidiang
attached via an gu.ge d)i Msagehuil RRTedIt fie Rkl Aald ahowh WIlE iRl i ety
of ot her macrocycglic conpounds, ar st%itingaq%%¥riq#§¥§ont i nj ng, doubl e
bonds. After the TR (TS8R PERES 35 ccérppl x atiiéh
properties as showadticdixwgd allfweaeXAalPiprotded tiurs exXaniaursantoe form

am noph@sphoni ¢ aciqd- t Al J ] L vadti ' e was prepared
accordi (fg\g to the _31(]19&% g'rd}"(:e!;dit}i e%'rhicg:%x%%lt rﬁ%fgﬁ{wga% squar e of
carboxylic acid gﬁ%h@cﬁdﬁg%ﬁﬁﬂﬁ&NﬁIHErgﬁﬁiﬂsitéTh%ﬂblaﬁ%ndasontééntugmdth
thionyl chlori de yan¢taldly hild e Wi RRdd to M vbnel BHIASIHY | N9

-am no-am de was further .reac ed-%&tpla0|ngzgre menbrane into %_S-necked
round bottom f | aSCREGHHTS r%‘ezﬁ. rane.g3 1jig Feasgltess i

wat er, and 70 g ahephesphrovnss deihg EHrravhddinvdavan laemided timkeefd wnd and
270 m . of formal : S| er . i .Qf . . Lhe

m xt ur 'ervas refl %%g%gﬁos\rga%et &%%%A%?%ﬁ%r?%ﬁ ﬁo%’rlgﬁ{ é‘}s%\gﬁ%ltﬁé glkﬁlg}rﬁrgand
attached via an Z@crocyclismapmpauidsye Qo@haxtiing makepiadsi ng [err].

This product was cepshgthid BOMIY bois J" iter’ e MbiGind'\dmad hen tested

for its ion conplexatjon properties as shown in Exanple 19. 35 . _
. dried, it was tested for ion complexation properties ‘

as shown in Example 18. . ' . -

15 .
_ EXAMPLE 7
- In this example,. an aminophosphonic acid-
contéining. ligand derivatized membrane was prepared
according to the following procedure. A 3 x 3 inch
20 square of carboxylic acid group containing PTFE

composite membrane was treated with thionyl chloride
and ethylene diamine as in Example 4. The resulting
amino-amide was further reacted by placing the
membrane into a 3-necked round bottom flask containing

28 83 ml concentrated HCl, 83 ml water, and 70 g of
phosphorous acid. The mixture was heated to reflux,
and 270 ml of formaldehyde was slowly added over a
period of 1 hour. The mixture was refluxed for 1 to 4
additional hours resulting in a ligand attached via an

30 amide linkage comprising the grouping
-CONHCH,CH,N (CH,PO (OH),),. This product was washed with
water, and dried. This product was then tested for
its ion complexation properties as shown in Example
19.

35



*WO 95/ 29008 PCT/ US95/ 04833 2 1
EXAVPLE 8 wo 959098 exanpl e, the procedure of Exanple 7 was fREVEHBSHEPth t he
exception that pentaethyl enehexam ne was substituted for ethylene dian ne,
with the volunes 5 of ‘reagents bei ng2adjusted in accordance with
this substitution. This results in a ligand conprising the grouping [err].
This product was then tested for its iorEWﬁibBa@tion properties as shown
in Exanple 20. 10 EXAM X i gand
'\ﬂ&&é%ﬁ 5L & ;ﬂ%mégpto £ U5 B é"f‘gndAé

derivatized nmenbr ane was _prepare acco pr.ocedur e.
x 3 inch piece offpFewed with th%o%’b?%?@borhe?ﬁﬁtarﬂe% ?F%\f?ﬂﬁ@'}?#%ﬂﬂdﬁd

groups on the surgses@ssOl it da t Fo Xt Hy Perle V@Bawiney £wth ttthd heo ekl
chloride formand reacted w th tetn%éxza 12 cr own- 4ch+_étol uene VAIh t he

resul tam for mat i%h TPALTRLSH BRIED YRR ACHE 3 Ren atons
and the 20 sules th it Hon de. Thir$1eresa.sl¢s|ng arelgaand ommpmmh@l 1zheh nes

wi th toluene and atg&qﬁ\f( cgaoﬁﬁ C1, ﬁ%pé , and
f or mal dehyde as |$1ﬂ§>;gi£§ to pro ﬁcese ﬁéﬁgrggrﬁ' Wi t pé;’ics%ézrocyc I C

ani noal kyl phosphdHien p@ﬁl"e?@ fPBubts THR oemRlexatiRR poperties t3fn tested
for ion conpl exi Nghevne Pes t ERSmPBe SIPWN i n Exanple 21. EXAVPLE 10 In this
exanpl e, an am nocar boxylic acid- 30 cont ai ni ng nenbrane was
preparécpaccordl ng to the follow ng procedure. The material was prepared as
in Exanple 7 up to the point of having eEXAMBLE i anine attached to the

surface via an amde liﬂkﬁgfs JJQétﬁple, a nitrogen-containing 1:Lgand
derivatized membrane was prepared according to the
following procedure. A 3 x 3 inch piece of PTFE

15 composite membrane with carboxylic acid groups on the
surface according to Example 1 was converted to the
acid chloride form and reacted with tetraaza-12-crown-
4 in toluene with the resultant formation of an amide
bond between one of the ring nitrogen atoms and the

20 acid chloride. The resulting membrane was washed 4
times with toluene and then treated with concentrated
HCl, phosphorous acid, and formaldehyde as in Example
7 to produce a membrane with a macrocyclic
aminoalkylphosphonic pendent group. This material was

25 then tested for ion complexing properties as shown in
Example 21.
EXAMPLE 10
In this example, an aminocarboxylic acid-
30 containing membrane was prepared according to the

following procedure. The material was prepared as in
Example 7 up to the point of having ethylene diamine
attached to the surface via an amide linkage. This
material was further reacted by placing the membrane
35 into a flask containing 200 ml dimethylformamide
(DMF), 0.1 g dimethylaminopyridine (DMAP), 25 ml
pyridine, and 1 g of diethylenetriaminepentaacetic



material was further reacted by placing the nenbrane 35 into a flask
cont ai ni ngV98¥2998 dj net hyl f or mami de (DMF), 0.1 g di net hyl arRGRIPBSPS0#838 e
(DVAP), 25 m pyridine, and 1 g of diethylenetriam nepentaacetic WO

95/ 29008 - 22 PCT/ US95/ 04833 22 acid
(DTPA) di anhydride, The m xture was allowed to react at 80[err] for 24-72
hours. The fi nal 2F+8d{PTPHAs Whavhydrifden wIher migcuse, wasdaldowed tor ion

bi ndi ng propertieeaas ahoan°bnﬁEtaHnLGZZEou%sEXAWBEEfiﬁahanBgﬁcEX%HBle’ a
nitrogen-containig §ry§tgﬁg'm?s atéachgd to.a carb8x¥lic_aci .group
cont ai ni ng PTFE & %%'gi & HeWBFSRe FE26Fdi AFY: 5eBRES: SPFoRPRgPiNding
procedure. The propentiesfas phowncingEzampiierage with cryptand 2.2.2
attach thereto was identical to the procedure used in Exanple 6 except
that allyl oxymethyl -cryptand-2.2.2 was used in place of 18- crown-6. After
the menbrane was dried, it was tested BXAMPLE 1) or jon conpl exation
properties as shown ImnExamBIex8§p1§¥AHPhEtéaﬁéﬁ-&Bhéaﬁﬁﬁggte tand
n|trogen-conta|n|ng cgomn'mgs 20 a&tac ed to a nenbrane according to
the fol | owi ng prBt8daFEaCRAdaEP I3 AREPPHELEGr AFLR FREUBaFBBEFERENECi d group
cont ai ni ng PTFE RTMBosomposttér membranepaepotdingstonthuaspl Bowing

Hexaz 8- cr own- ' ed bhpt S e logwed to react with the
monor anb 25 | PeOLET) Ko BrUGRANPR by BrBnualEg fonERRRNRs washed
with tol uene andvithegryptand 2e2t2ngttachedntheneval wasopdehtieahstohown

in Exanpl e 24. B#8FbEodédure used in Example 6 except. that
allyloxymethyl-cryptand-2.2.2 was used in place of 18-
crown-6. After the membrane was dried, it was tested

1 " for ion complexation properties as shown in Example
23. |
| | EXAMPLE ‘12
In this example, a nitrogen-containing crown was
20 attached to a membrane according to the following

procedure. An acid chloride form of the carboxylic
acid group containing PTFE composite membrane was
pfepared as in BExample 1. Hexaza-18-crown-6 dissolved
in toluene was then allowed to react with the membrane

25 for 8-14 hours as in Example 9. The membrane was
washed with toluene and dried before‘teSting the ion
removal properties as shown in Example 24.

| . EXAMPLE .13
30 , In this example, an ultra-high molecular weight
polyethylené (UPE) membrane waé’coated with "NAFION"
by a precipitated crystal technique to yield a
membrane having sulfonic acid reactive groups on the
surface, and then a nitrogen-containing ligand- '
35 derivatized membrane was prepared.
| Pieces (2 x 12 inches, 3-x 3 inches, or 2.75 cm
diametei discs) of ﬁPE membrane were rinsed three



' 30 In this exanple, an ultra-high nolecul ar wei ght polyethyl ene
(UPE) menbWenns/20n08 coated with "NAFION' by a precipitated cPGEUSISMEBnNi que
to yield a menbrane having sulfonic acid reactive groups on the surface,

and then a nitrogen-containing |igand- 35 23 derivati zed nmenbrane was
prepared. Pieces (2 x 12 inches, 3 x 3 inches, or 2.75 cmdianmeter discs)
of UPE nenbrane \iiees ieae Wikkel50 mip of/BRgd@rade isopropanol and

PCT/ US95/ 04833 Z&ﬁéml@éktmé hed &) v 101148l WA SQERpanol and then
three time each with 150 m HPL rade net hanoI The nenbranes were then

air dried until t 3eh feubrangs grare etk dieeddintihen 5
pre-wet in met harune}armbazﬂakawons&ﬁﬂweﬁghﬁ%ﬂ'ﬁ‘é Embranes (wadd ainen aci d

or sodi sul fon e ethe xchange,

| ower al%:ﬂphat iC ho?tg %%JH%{% :P@ %Iﬁ }{ [hcfo@ %qWem cal
Co.) for about SE'mJnUIJe@l (Bwlfgnic aCld"MFBmunScﬂuﬂtﬁmaweasoﬁ hen decant ed
and the mmrane%mm@@iﬂ%d%ﬁﬁé}é%@ﬁﬁ&h'&éﬁnc% Orv&g&o ool e

then rinsed three tjmes each in m _of et hyl ene

2 hours, and dri &FiRRAKLIG RLCARIVEFNYMOT MAtRIr H Whs % solution, The
SE: fonic ?m d grmp:&rmh tmmhmhwdrwtﬁdni:gmé? S:Ji‘lfémw

chl ori orm by n 0 rus pent achl ori de, .anal ogqus to
fornin an aci d cﬁ#%@ f#m%frﬁmaf "E%%c:ﬁl{ﬁrp ?%Frl}}s# %&’Ifad“?%sult
in an activated nmutﬁd:ma:he'ldlm memlxleme Zthloride. | rtﬁte rﬁbmb:&nafathem

2.75 cmdi anmeter aﬁhﬁenw esh 4P5 B HY ae Y@ réeéi in

enough phosphorus pent solutlon to conpletely cover e surface of

t He menbrane. ThehHk for 2 hours, and dried under
vacuum overnlght (15 hours) .
15 . The sulfonic acid groups on the membrane were

converted to the sulfonyl chloride form by reaction
with phosphorus pentachloride, analogous to forming an
"acid chloride from a carboxylic acid as in Example 1,
to result in an activated membrane. Thus, a 2 x 12
20 inch, 3 x 3 inch, or 2.75 cm diameter piece of
_ "NAFION"-coated UPE membrane was immersed in enough
phosphorus pentachloride solution to completely cover
the surface of the membrane. The membrane remained
immersed for 8-14 hours to enable the phosphorus
25 ' pentachloride to convert the sulfonic acid groups to
sulfonyl chloride groups. This activated membrane
containing sulfonyl chloride groups was then removed
from the phosphorus pentachloride solution and washed
thoroughly in hexane or toluene. The activated
30 membrane was then placed in a flask containing a
solution of 3 g of pentaethylenehexamine ligand and
enough toluene to ensure complete coverage of the
membrane. This mixture was allowed to react for 8-14
hours to form a sulfonamide bond between one of the
35 amine groups of the ligand and a sulfonyl chloride
group of the activated membrane. The membrane was



I mmersed for 8-14 hours to enable the phosphorus 25 pentachloride to
convert thwo9sikdooi c aci d groups to sul fonyl chloride groupRCT/U$H504833
activated nenbrane containing sulfonyl chloride groups was then renoved
fromthe phosphorus pentachl oride sol uti on 2nd washed thoroughly i n hexane
or toluene. The activated 30 -menbrane was then placed in a flask
contai ning a sol ageén whashed ofitheorganiyl sodivenznitoe remgeed uabdua@ough

t ol uene to ensur I ok At ane. This m xture was
allowed to react§%§QH§ %%ah %%@ﬁ?g% o%ﬁn§35u rnam de bond bet ween one of
the 35 anmi ne gP&hey digeRd Aeyivatisedamembrangs canoslde Heoup of

the activated mepbepagedThe . E@EQB&&QgWQﬁe ab¥Pe9948@98nes. also
| vént to renove unbound

PCT/ US9%5/ 04833 24 agaln washg %F gﬁgﬁnlc sg
| i gand-and per ni LE887EE WAY BEy ateAR FGafY- 38PP§aPF%§ddﬁﬁ%ﬂﬁéﬁé§dcan
‘al so be prepar edmepbirahkeswing thieemahaes gasdahbadSabébQOtﬁrough thei gands

may be attached a d S th nner
descri bed above Fﬁroug%gphgffgpgggﬁéﬁlo% é%|F§§¥EB%QS Fsgﬁffgﬁggg ‘est er
bonds. Metal 1on Recovery and Cbncentratlon 10 The netal ion
recovery and concentrati ofyg¥sic ' S 40 the
selectlﬁe recovery of gelecteo TONS TTOM.M X{ Ures ereof with other
net al ns using the & ﬁp@?FP'oﬁQnoFeFﬁgeFﬁvéﬁpl89n5§nB€PFh€H RE6¢ess

Ef fective methodefotheednvenyisndiellates to thesspaeatios Qfecﬁl&teaJy b@ns
[rom cul nary, Vegs eSUB8! pEsag ey pibdl R MRELEQROLLEODRngIEPOS! (5
from enul si ons omephbtognaphsangnuhi-CDHQOSntupnsreﬁr&henunxenEabnnaed in '
modern technol ogYefined above. Effective methods of recovery and/or :
1. separation of metal ions from culinary water supplies,
high purity fluids, waste solutions, deposits and
industrial solutions and metal recovery from waste
solutions, e.g., from emulsions on photographic and X-
ray films, represent a real need in modern technology.
2( These ions are typically present at low concentrations
in solutions containing other ions at much greater
concentrations. Hence, there is a real need for a
process to selectively recover and concentrate these
undesirable hazardous and/or desirable ions. The
25 present invention accomplishes this separation
effectively and efficiently by the use of ligands
bonded to membranes in accordance with the present

1nvent10n
The general method for selectively recovering and
30 concentrating metal- ions from solutions of mixed ions

involves complexing selected ions in a source solution
with a composition of the present invention and then
breaking the complex to liberate the complexed ions
and dissolving the liberated ions in‘a receiving

35 liquid in a much smaller volume than the volume of the
source solution. As used herein, "source solution,"
"1oadiné solution," and the like means a solution



+20 These ions are typically present at |ow concentrations in

sol uti ons weonesa9eisng ot her ions at nmuch greater concentr ati S&IUSARPRSE3
there is a real need for a process to selectively recover and concentrate
*these undesirabl e hazardous and/ or desirabl &5 ons. "The 25 pr esent

i nvention acconplishes this separation effectively and efficiently by the
use of |igands bogacmtainingndrahsture aécéndaﬁéeoﬁn%ﬁnﬁhéhéﬁeéﬁﬁt

i nvention. The ge§§ié&taat ES%E%Oﬁ@EﬁGEh!@&Y E8pa¥ateay and/de
concentrating net lons from solutions of mxed ions involves ¢conpl exi ng

sel ected ions in BeSOUPEEAsEPERFBRTWERRACEBRE0LPREoANSf CPMRLBRARE NPT
i nvention and theﬁhbmﬁdklnagéhESCﬁﬁate&réonbtbSéaéetéBetéobﬁlEéﬁdVEGHS and

di Vi he | o . LODR! £ h
armi Vet 9or ume ¢ hNECHESGE: Are BFoeRBECH BcBoprertsr RoAlieBsFReReRk”
"source sol ution, in"theadsogusdbuti oAs"uged herelinke"weaasvangol ution VO

95/ 29008 solution," ™ rlgPlng FolutéonPCThU§855868§313318Hn“a'n'ng
a mxture of an ion or Tohs t e Zelected tO be concentrate

separ at ed, and/or"¢é§69§védaﬂég§bﬁellﬁﬁtﬂeéﬁﬁeﬁnlBEEESHE E8hBEARRNENBE

‘chem cal agents thak greaBer agkeaiegd E@rbEhéeEBﬁthﬁat are tBUbemhlch are
present L n nmuch greater conc ntration

tl
"recei vifg solutlﬁﬂncenEFPFﬁ VnaegﬁFﬁgﬁg nséggt%8ﬁ8§8F roﬂr"lne ﬁéﬁp,"
and the |ike neansueh agnsoagessbiltbie. than Rathgreaventaf thei sgléotefhe

one ihat are 10 98allars gupntiPaBRbERlCder30RRAE N AL P5ohARCRT 0. Of

in which such ionS are saol ect I ons are -
quantitatively st coppentrased: KOIM danbhenTesaivAngasedursem | hecpuse

recei ving sol uti ophebeegd$ging solution will ordinarily have a much
15 smaller volume than the source solution.

The method of using the membrane/ligand
compositions of the present invention for separating
selected ions from solutions will be apparent to those
skilled in the art upon examination of the following

20 - illustrative examples. '

. EXAMPLE 14

A 0.2 g sheet of the membrane of Example 1 was

placed in a beaker containing 25 ml of 5 x 10™ M CuCl,
25 in 1 M sodium acetate and 0.1 M acetic acid (Ph =

5.5). The membrane was contacted with this source

solution for 120 minutes. The membrane was then

removed from the source solution, rinsed with water,

and placed in 5 ml of receiving solution consisting of
30 1 M Hcl. '

The source and receiving solutions were analyzed
before and after contact with the membrane for copper
and sodium using flame atomic absorption (AA)
spectroscopy. Initially, the source solution

35 contained 23 g/1 sodium and 31 ppm .copper, but after.
contact with the membrane it contained 23 g/l sodium
~and abéut 1 ppm copper.
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illustrative exanples. EXAMPLE 14 A 0.2 g sheet of
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tion will ordinarily have a much 15 smal | er vol une

| uti on. The net hod of using the nenbranePCr§SAH04833
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[err] M[err] 25znd sodiluf ierideEEbﬁc%hﬁth%@d Qfldkk@%%&bﬁ ag@% (Ph =
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PCT/ US95/ 04833 26°

out m co WO 95/ 29008
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membranes are used.

menbr ane cont ai ned
Thi s exanpl e shoft€

| EXAMPLE 15
A 0.2 g sheet of the membrane of Example 3 was

placed in a beaker containing 25 ml of 5. x 10" M

Hg
wa

(NO,),, 0.1 M Ca(NO,),, and 0.5 M NaNO,. The membrane
s contacted with this source solution for 120

2( minutes. The membrane was then removed from the

source solution, rinsed with water, and placed in 5 ml

of

a receiving_solution consisting of 0.5 M thiourea,

0.1 M HNO,.

The source and receiving solutions were analyzed

25 before and after contact with the membrane for the
presence of mercury using inductively coupled plasma
(ICP) spectroscopy and for the presence of calcium and
sodium using flame atomic absorption (Ad) _
spectroscopy. Initiallf, the source solution

30 " contained 4 g/l calcium, 12.5 g/l sodium, and 101 ppm
mercury. After contact with the membrane, the source

solution contained 4 g/l calcium, 12.5 g/l sodium, and

< 1 ppm mercury.

The receiving solution initially contained

35 calcium, sodium, and mercury levels below the level of
detection. After contact with the membrane, this
solution contained calcium and sodium at levels below

q

¢



*coul d be recovered in a small volune of receiving 10 solution. It
i s expect aMowsr2a008 oncentrati on of copper ions in the recei VPFHUE5048330n
woul d be even greater when |arger volunmes of source solution and | arger
menbranes are used. .15 _ 27  EXAMPLE 15 A 0.2 ¢
sheet of the nenbrane of Exanple 3 was placed in a beaker containing 25 mni
of 5 x [err] M][&the] legel Wf] detectiot ang Mersury. atTis@5nppby.anFhnss '
contacted with tRescagy %ssgle@taﬂﬁ%ehorfr&@ t# source @o&gﬁt&% allle

menbrane was then remgved from.the soqurce solution, rinse wat er, and
placed in 5 M ofcRtAdRdNG Fedivm anch cadedum wighop bighydesrserof 0.1 M
[err]. The sourceedeéti®GeiVi NTheOndricUly Walke raadilyecaderddved frombemre
and aftg contact with t Eé nbrane for .t he p&gﬁgnce of nercuréﬁ gg

i nducti Vel y coupFEY*Sad U%F UES: OfhdOhFas 8R%

cal ci um and sodumemuwmwgwhsamecﬂmane@.amgompncemt@AApdspgceﬂusa@pyin a
Initially, the sgy es‘ijeléte':&}gl%o solutionCONhd Qﬁ@h‘lﬁ{% P q@ qlgum; 13,5 9/l

sodi um and 101 ppnTercur contact wth the t'hé sour ce
sol uti on cont ai né¥pecEed &hati Fhe rePnseptraddenyfrcker €an Eﬁnﬂﬁ@#@ﬁﬁﬁ The
recei ving sol uti @fthhiat is ggém: dﬁ@%. ?n a larged @cdle,sodi um and

nercuri | evel s belom/th veI tectl Af ter cont%%é MWMth t
menbrah8, this sBPHHGY Yal “l?ﬁ’g’fﬁc‘j‘est?&gdﬂeﬁr & §a5‘é:|ra\;age o)
95/ 29008 form. PCT/ US95/ 04833 27 the |evel

of detection and nercury at 505 ppm Thus, nercury was separated fromthe

source sol ution al so containing sodlun1and calciumw th a high degree of
EXAMPLE 16

A 0.2 g sheet of the membrane of Example 4 was
15 placed in a beaker containing 25 ml of 5 x 10™* M
-AgNO,, 0.1 M Fe(NO,;);, and 0.1 M NaNO,. The membrane
was contacted with this source solution for 120
minutes. The membrane was then removed from the
sburce solution, rinsed with water, and placed in 5 ml
20 of a receiving solution consisting of 6 M HCl. '
The source and receiving solutions were analyzed
before and after contact with the membrane for the
presence of silver, iron, and sodium using flame AA
spéctroscopy. Initially, the source solution '
25 contained 5.6 g/l iron, 12.5 g/l sodium, and 54 ppm
‘silver. After contact with the membrane, the source
solution contained 5.6 g/l iron, 12.5 g/l sodium, and
<1 ppm silver.
The receiving solution initially contained iron,
30 'sodium, and silver levels below the level of
detection. After contact with the membrane, however,
the receiving solution contained undetectable levels
of iron and sodium and 265 ppm silver. The membrane-
ligand combination was highly selective for removing
35 silver ions from a source solution of mixed ions. The
| silver ions thus could be recovered and concentrated
in puriéied-form.



sel ectivity. The mercury was readily remved fromthe 5 _ source

sol uti on MMM g a mi xture of ions, and the nercury was HEFEGVEPHI3 and
concentrated by elution in a sinple receiving solution. As with Exanple 14, «
it is expected that the concentration fact@®&8 can be inproved with a system
operating on a larger scale, 10 Ear icularly with the nenbrane

engi neered in cartridge form EXAMPLE RLB® 1Y sheet of the menbrane of

Exanpl e 4 was 15 A. OptﬁfedhéétaobeﬁhérméﬂBi:ﬁh@' BE Bafb18f sSuxglerr] M
[err] 0.1 MJerr s cont act ed mntﬁ this

% and_.O L L nbr ane gi
source sol ution %?cﬁ§01ﬂ1ﬁu gaker,COREABRIAG aAs™hOR PeFovld M S&Clhe
source sol ution,ini 6sMdHE@L} howat MrNighg, o3 aced FeCh,mMand00.1 M znefl,a

recei viag sol uti g T 0
solutldﬁs wer e aﬁg?yzggbga?grggéng H¥F§¥egoﬂﬁggtH&ﬁ?hgpﬁgc§e§8¥3ﬁg°90r t he
presence of silvéer 12@nmimntesedi TheusemgrananwasAthpacrensvedy from

Initially, the S@Héc§o§9bétééﬂu€§on, rmséaniﬁ' G}séeé 6aflf! piaﬁad ia-3 9/l
sodium and 54 p con e [enbrane e source

sol uti on contai B 6agT?c??Kﬁn91§°iu§}PnsSGFﬁﬁﬁtéﬁa of 12p¥niE; |ard 1 The
"receiving solutlmannLtlaIIy contalned i ron, - sodium and silver

| evel | ow the | tact with t

novevel® the recel vi niRSoPEEren. Sa; 5P éa?%ﬁﬁ&% Tesphd) ¥0ERcSBRLFRER an
sodi um and 265 ppeferevand Fhtemenbnbact wighntheomsithzanenfoms highly
sel ective for regpyiadice, nzckels'bﬂérziﬁ85u§iﬂg‘§ $OY gEEt§8§HEFg” of

m xed i ons. The SI ver_ions thus’ could be recovere concenttated in
purified form Initially, the source solution conta:.ned ‘
N nickel, 5.6 g/l iron, 6.5 g/l zinc, and 52 ppm
1 palladium. After contact with the membrane, the

source solution contained 5.9 g/l nickel, 5.6 g/1
iron, 6.5 g/l zinc, and < 1 ppm palladium.
The receiwving solution initially contained

nickel, iron, zinc, and palladium at levels below the
2C level of detection. After contact with the membrane,

however, the receiving solution contained undetectable

levels of nickel, iron, and zinc, but contained 262

- ppm palladium. .Thus, the membrane-ligand combination

was highly selective for binding palladium ions from a
25 source solution containing a mixture of ions, and

permitted removal, purification, and recovery of the

palladium ions.

_ EXAMPLE 18

30 A 0.2 g sheet of the membrane of Example 6 was
placed in a beaker containing 25 ml of 5 x 10™* M
Pb(NO,), in 1 M HNO,, 0.1 M Mg(NO,),, and 0.1 M Ca(NO,),.
'The_membrane-was contacted with this source solution
for 120 minutes. The membrane was then removed from

35 the source solution, rinsed with water, and placed in
5 ml of a receiving solution consisting of 0.03 M
tetrasodium EDTA. '
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EXAMPLE 17wW@.98/29008§ sheet of the nenbrane of Exanple 5 was pPabU8YMHIB
beaker containing 25 mM of 5 x [err] MJ[err] in 6 MHCO, 0.1 MJerr], 0.1 M

“lerr], and 0.1 M[err]. 5 ... The nenbramr® was contacted with this
source solution for 120 m nutes. The nenbrane was then renoved fromthe
source solution, rinse@hensenree, anddretetvingnsélutiohsawerecanabyzed
sol ution ConS'St'Bgfeiezaﬂh[?fEL aad?éaék- ith1fhe membra?emfggegﬁgurce and

receiving solutions were analyzed before and after contact w
nenbrane for pal | BEPERRCRi ekeleadnomagnesiymngandrcapetunoveing. flamei al |y,

thg ggurce igl uti RA epélblakgsdoﬁw ]gi.rhiaiamy, Bné ﬁéhﬁbéoéon]ﬁ@tﬁoﬂ” hZi' nc,
an ppm a u ter_contact wt e rane, .t he
source sdlution c83?5€ﬁ3885é9g5?{ nFeREFS18Mg 6?@ 9(%n?aggﬁuﬁllaﬁénﬁ92and <
1 ppm pal |l adium ppm teadivi Aftev| aonvactnwithl thecmembrand, nth&ekoureen,

£, 2 pall a0 ya\gkbgvEbSREhaY 818 37 pacmeslGEla0h 07 CELiBNm

After contact wt ane, however cervihg solatton ¢
undet ect abl e | eve®BdopbanEke| PPRr d8adand zi nc, but contai ned 262 ppm

pal | adium Thus, the nmepBraaeeli8agds62ubisat iR YRE1 P 8bhYasgbgctive for
blndlnglgalladlun1|ons froma e solutlfn.contalnlng a

S, sour .

m xt ur e-¥f ions, @ﬂﬁnﬁﬁ}ﬁthEﬁfFéHBva??dpg?? i @bt +erelsnheleeorheylevel ne
pal | adi um i ons. EXAMReEedBidAl. - After contédch.ighstihetmehbiiine regheane of
Exanpl-e 6 was pl kDsa.b L congaj ni 5 err [egr] in 1
M[err], 0.1 M [Z?§?e%ﬂaﬁg. §8§)§{:%§§1 ;g#ﬁ‘égﬁsﬁb‘%‘gé%’géﬁga%%%t%%{'%%Asm? h this
source sol ution foagnesiwmnandsca¥nsumeanda#dsvppmt head: enBived, f then 35
the source sol utigembrhAECHiYhhA ¥BHBinaBionPhaseHiglly selective in

15 removing lead ions from a source solution containing a

mixture of ions and permitted recovery and

concentration of relatively pure lead.

_ _ - EXAMPLE 19

20 A 0.2 g sheet of the membrane of Example 7 was
placed in a beaker containing 25 ml of 5 x 10* M Sb in
2 M HS0,, 0.3 M CuSO,, and 0.1 M NiSO,. The membrane
was contacted with this source solution for 120
minutes. The membrane was then removed from the

25 .~ source solution, rinsed in water, and placed in 5 ml
of a receiving solution consisting of 6 M HCl.

The source and receiving solutions were analyzed
before and after contact with the membrane for: copper,
nickel, and antimony using flame AA spectroscopy.

30 Initially, the source solution contained 5.9 g/l
nickel, 19 g/l copper, and 56 ppm antimony. After
contact with the membrane, the source solution
contained 5.9 g/l nickel, 19 g/1 copper, and < 5 ppm
antimony.

35 _ The receiving solution initially contained
nickel, copper, and antimony at levels below the level
of detéction. After contact with the membrane,



5 mM of a receiving solution consisting of 0.03 Mtetrasodium EDTA.

95/ 29008 WO 95/29008 | PCT/ US95/ 0 RETTSIH04B33
source and receiving solutions were anal yzed before and after contact with
t he menbrane for the presence of |ead, nmagRd@sium and cal ciumusing flane
AA spectroscopy. Initially, the source solution 5 . contained 2.4 g/l
nmagnesi um 4.0 gﬁ?w%ﬁﬁEiu%?eaﬁ%C§U21%$n$@€%E%°ﬂﬁ?@@t%ﬁﬁ%@cwn@$t¢ptahﬂe

menbrane, the S%@@lé%ﬂtﬁﬂ@céphéﬁanédp%ff, Ght NBERESiNER Fed Gt cal cium
and about 2 ppmlead. The r ce|V|€€ SOl%hlon |£1t|all coptal ped 10
magnesi um cal ciUNT AR t eabPUE - | B0 LORRTIVL T MR cFOBPIRRLRCR i WS After

contact with thesebettive, fohcbindingiangt imbny i Hrom oat sbwede UseRieLsabl e

| evel s of magnesj um: s cal ci 4 | e : . rane-1igand
conbinéfion was #ﬁ%&éﬁﬁgé§é%t#€%€€geléé Loz, éé? ?ﬁ%iFégg ?%ﬁ%vgﬁbn1a
sour ce sol uti on pwrtflieation, mrd yreceyerynet atlze pprpimeryl. r ecovery and
concentration of relatively pure |lead. EXAMPLE 19 20 = = . - A0.2g
sheet of the nenbrane of Exanple 7 was_placed in a beaker containing 25 m
of 5x 10-4 MSb in 2 M[err] 0.3 M [eF%ﬁM§H§-691-M [err]. The nenbrane was
contacted with this spusce goshieevnof othd Aembranesof TReampIdr &ngagas t hen

ST o & recel EREORR R 2 Dy SEpibh Ria\ AR 45 F op B8R 677 "

recei ving sol ut ippm lead, afpymecoppen: €5 ppmatickeonandts vippth zimc

nmenbrane for cogggrtaﬁnﬁgggr_anﬁaﬁnﬁégpfycgﬁﬁgghgIf@@éffvép§qﬁ{§§copy.'30

Initially, the source solution contaLped 5.9 g/l i
concentrations of sodium, potassium, calcium, and '

- magnesium ions. The membrane was contacted with this
1! source solution for 240 minutes. The membrane was

then removed from the source solution, rinsed in
water, and placed in 5 ml of a receiving solution
consisting of 6 M HCl. '

The source and receiving solutions were anélyzed

20 before and after contact with the membrane for iron,
nickel, and zinc using ICP spectroscopy and for copper
and lead using flame AA spectroscopy. Initially, the

_source solution contained the levels of each metal as
mentioned above. After contact with the membrane, the

25 source solution contained < 1 ppm of each of the
metals.

The receiving solution initially contained iron,
lead; nickel, copper, and zinc at levels below the
level of detection. After contact with the membrane,

30 however, the receiving solution contained ‘25 ppm
nickel, 25 ppm copper, 24 ppm iron, 26 ppm lead, and
26 ppm zinc. Thus, the membrane-ligand combination
readily removed iron, lead, copper, nickel, and zinc
from a source solution containing a mixture of ions

35 despite the presence of sodium, potassium, calcium,
énd magnesium ions in the source solution.



*nickel, 19 g/l copper, and 56 ppn1ant|nDny After contact mnth t he

nenbr ane, W29 ce sol ution contained 5.9 g/l nickel, POTUSIMPIBS and <
5 ppm anti nony. 35 The receiving solution inltlally cont ai ned
" nickel, copper, and antinony at |evels bel @k the Ievel of detection. After
‘contact with the nmenbrane, . WD 95/29008

PCT/ US95/ 04833 30 however, tHe receivi REPEHLE i23n cont ai ned undet ect abl e

llevel s of nickel and RQOPQrg Bhéeeoafatﬁédméﬁ\ﬁraﬁg‘ afttﬁaaiéleTBU»%ast he
menbr ane-| i gand c s, selective |nd|n8fant|nnn froma

“source sol ution B 2o 1ncﬁn$aﬁﬁﬁﬁg°8nﬁ?}PﬁFg 6F Mbnef 268 ntEPRJiN
renmoval , purificati HR, aTHer membeayeowatheonbactedywiEXAMRLE 86ufcl. 2 g

sheet og t he nen@gg&glgﬁ Eégngbe glﬂ@é?% Tge mﬁg%%% d |n a_heaker

containing 25 m rron, ﬁ?nlckel and
5 ppmzinc in tapemaveﬁ frep uheesouuqeasnéutebatuvengedugn weneentaadlons

of sodi um POtasﬁlaﬂhdcﬁhCSUﬂl éfda”§888§bﬂﬁb'$8§utIBﬁ EBHEE§E§n§@
contacted with t source sol ution m nut es he

menbr ane was t hef’ geﬂﬁ%ed fromthe source solution, rinsed in water, and
placed in 5 m of a renei sbﬁgcéohuai peceftihat éBEuQioﬁsMwéEé-af[QEyﬁ@&rce

d i nd aft t act
W th ChE mendr anBSFBPS: PBA, ShFBRerONEAGC, MAER SRR PeB BB EPBotBEY and f or
copper and | ead using graphlna ﬁpenacesAApypebnrosabpy, t imisbally, sol ution
contained the |eyg sBIn:EéCEoﬁ&ﬁbnaé?%aiheaeéoébﬁég éliher ﬁ? Lact wth

t he nmenbrane, the source solution contai pn1o each of
t he contact with the membrane, the source solution
contained 10 ppb iron.
15 The receiving solution initially contained iron

at a level below the level of detection. After
contact with the membrane, however, the receiving
solution contained 210 ppb iron. Thus, the membrane-
ligand combination readily removed iron from the
20 source solution despite the very low level of iron in
the source solution and the presence of both acid and
" the strongly iron-chelating fluoride.

EXAMPLE 22
25 A 0.2 g sheet of the membrane of Example 10 was
placed in a beaker containing 25 ml of 10 ppm iron, 10
ppm copper, and 10 ppm nickel in 0.5 M HF and 0.5 M
NaF. The membrane was contacted with this source
solution for 240 minutes. The membrane was then

30 removed from the source solution, rinsed in water, and
placed in 5 ml of a receiving solution consisting of 3
M HCl.

The source and receiving solutions were analyzed
before and after contact with the membrane for iron '
35 and nickel using ICP spectroscopy and for copper using
flame AA spectroscopy. Initially, the source solution
containéd 10 ppm each of iron, copper, and nickel.



metals. The receiving solution initially contained iron, |ead, nickel,
copper, awdgimegat | evel s bel ow the | evel of detection. APCEAUSESN#BICt Wwith

t he nenbrane, 30 however, the receiving solution contained 25 ppm ,
ni ckel, 25 ppm copper, 24 ppmiron, 26 ppngpead, and 26 ppm zinc. Thus, the
menbr ane-1igand conbi nation readily renoved iron, |ead, copper, nickel, and
zinc from a sourkfitesoledntact onith nike menbrdns o e i smerd@d solutiomlespite

the presence of sgqlidfiedol ap S of AL £inbe ke BHGS HIRALDS 10 the

source sol ution.
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Example 23 ' ‘
A 0.2 g sheet of the membrane of example 11 was
1t . placed in a beaker containing 25 ml of 5 ppm potassium

in deionized distilled water at Ph 8. The membrane
was contacted with this source solution for 120
_minutes. The membrane was then removed from the
source solution, rinsed in water, and placed in 5 ml
20 of a receiving solution consisting of 0.1 M Hel.
The source and receiving solutions were analyzed
before and after contact with the membrane for
~ potassium using flame AA spectroscopy. Initially, the
source solution contained 15 ppm'potassium, but after
25 contact with the membrane it contained < 1 ppm of
potassium. | | |
The receiving solution contained potassium at a
level below the level of detection, but after contact
with the membrane contained 75 ppm potassium. Thus,
30 potassium could be readily removed from the source
solution by binding to the membrane and recovered by
elution in a receiving solution.

. o _ Example 24
35 A 0.2 g sheet of the membrane of example 12 was
| placed in a beaker containing 25 ml of 5 ppm of each
of lead: cadmium, wmercury, copper,. and nickel in tap



*the source solution and the presence of both acid and the strongly
i ron- chel anymgsridoesor i de. EXAMPLE 22 25 A 0.2 g FCTAISIFN488he
menbrane of Exanple 10 was placed in a beaker containing 25 m of 10 ppm
“iron, 10 ppm copper, and 10 ppmnickel in 0.3 M HF and 0.5 M NaF. The
menbr ane was contacted with this source solution for 240 minutes. The
menbr ane was thenw@(ter The evembachner erast lmontanted sdltht ithiis sousee i n
water, and placeddJj. I 1AL eSOl ieO t a M HCO .
The source and recel VI ng s(oilf tf?%@gﬁmr e%asflal ;E%{edﬁg In% %%a?%ler cont act
wi th the menbrane rEgioviedfrem the souxee ﬁQ%@§1°@E|ﬁ§nﬁeﬂ yisdt wasespy and
for copper using fa&m@l%eaoqei 'F0HA0RE a HiddeAhitg e utQonC @on@lidth o
contai ned 10 ppm each of copper, and nickel . WO 95/ 29008
PCT/ US95P04833 32 OAf e act wi th the nmenbrane, the source solution
contained < 1 ppm of eatle @‘oﬂﬁm talnrdee:etw:a;img ‘Bod utdofisv weges andliyeed
initially contai n%% or n’an(&) r @oﬁ% ot q"hts%%t ume%xja%\éelf%zbel ow t he
| evel 5 e i-on. act "W nenbrané,” however, the
recei vi ng solutlomﬁﬁﬂﬂny n@@mbuaWUWﬁ@ﬁ-@NQ$ﬁ$ uﬁynﬂNIﬁﬁbSP@m@r0§h9@wtect|on
and 50 ppm each ofyrid Gy QRRRE' ,c@iﬁxmaqiaelmer% utsli?x)gmi’f‘&'h@‘h I gand

combi nation readily renmoved iron, “coppe and ni Ckel fromthe

source 48 ution, SRETTESCHENrece Iﬁéﬁé@é%m@%é%&% £CIPEACEM t he source
sol ution and r ecowm«élﬂaaarwlp@ne?afA&c& @Es1Ra, olcadnd ulE TezeRLy],_oxamp o

11 was 15 pl aced in %gﬂ nta| f pm.potassiumin
dei oni zed distil | &PRRG er 'Tﬁ’ ﬂ@aé% Wlt% Wh
membrane it contained < 1 ppm of each of these
elements. _
15 The receiving solution initially contained lead,

cadmium, mercury, copper, and nickel at levels below
the level of detection. After contact with the
membrane, however, the receiving solution contained 25
ppm of each of the elements. Hence, lead, cadmium,

20 _ mercury, copper, and nickel were all readily removed
from a source solution also qontaining sodium,
potassium, calcium, and magnesium. Further, all of
the elements removed from the solution by adsorption
to the membrane were recovered and concentrated in the

25 receiving solution.

Example 25
A0.04 g sheet {2.75 cm diameter disc) of the
_ membrane of Example 13 was placed in a membrane holder

30 (O-ring and clamp). This arrangement allowed for a
1.83 cm diameter portion of the disc to be in contact
with a solution flowing through the membrane. A 5 ml
source solution containingls ppm Cu in 1 M Zn(NO,),,
0.1 M sodium acetate, and 0.01 M acetic acid was

35 passed through the'membrane using vacuum suction from
a vacuum pump at a flow rate of 1 ml/min. The
membraﬁe was then washed by flowing 2 ml of 1 M NH,C1



was contacted with this source solution for 120 m nutes. The nenbrane was
t hen r enoweds/goosn t he source solution, rinsed in water, anRCHUSASOBIBn 5 ni
20 of a receiving solution consisting of 0.1 MHcl. The source and
receiving solutions were anal yzed before apgd after contact with the

menbrane for potassiumusing flame AA spectroscopy. Initially, the source
sol uti on cont ai nerciiglpprite atemisrame dwitl ail Ami5 Next, Tanlasf aith the

e ot a4 dElrfud BbEloR? LRt 6 £ R Vo olibbeR,
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pot assi um coul d be reﬂﬁé@oﬁ:@é@VﬁQdff@@éi\Pﬂ@%ﬁﬁtf&wtw&Pe%ﬂﬁgé &g to
t he merrbrane an%%tecove elution in a recelci gﬁ sol utlon anpl e 24

35 T HREV BT QRADTE ush L ina
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and nickel int / .

PCT/ US95/ 04833 %’smf%ag‘? %‘ggg‘ﬁ%r%%%%/as Taitiadlyy 589 $29E%0ur ce
~sol ution for 480spd ultienr . coneained r G rEPMaEu ¢ h@$1 ghhoded andmn? t hegbbur ce
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consisting 5 . The source, and recej Vi ng sol utions were
anal yZet before ]a?l‘ﬁelaﬁt’e? ‘E%t%\%‘!r‘é\?tw:{‘htél%n‘ﬁ?’é%e‘m%ﬁ‘ nFedyr3nd BRI um
and ni ckel usingod QReegEokd®szopym. and for | ead, copper and nercury using
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Zn, and Na at levels below the level of detection. ‘
After passing through the membrane, however, the

1! receiving solution contained undetectable levels of Zn
and Na, but contained 10 ppm Cu.: Thus, the membrane-
ligand combinatibn was highly selective for the Cu at
low levels in a source solution containing
conéentrated Zn and Na. '

20 '. _ From the foregoing, it will be appreciated that

' the ligand-membrane compositions: of the present

invention provide a material useful for separation,
recovery, and concentration of selected metal ions
from mixtures of those ions with other ions; even when

25 those other ions are in far gréater concentrations.
The recovered metals can then be analyzed or further
concentrated from the receiving solution by standard
techniques known in the technology of ‘these materials.

Although the process of separating and
30 doncentrating certain metal ions in this invention has
' been described and illustrated by reference to certain
specific membrane-bound ligands, processes using
analogs of these ligands are within the scope of the
processes of the invention as defined in the following
35 claims.



SR ok ene 52 TN ITIMRTARCE ™
Pﬁi tially cont ained | ead, cadm um met cuty," cdppér, *and nickel at |evels

* below the | evel of detection. After contact3sith the nmenbr ane; however, the

recei ving solution contained 25 ppm of each of the elenents. Hence, |ead,
cadm um 20 nmercury, copper, and nFBR&MSwere all readily renoved
froma source solyy |éz|[rhﬁlllso cont ai ni ng sodi um potassium cal cium and
magnesi um Furt her, of the elenents renpved fromthe solution

adsorption to the mentk ane AeFIRREFANTE SRR O rEanaying ts'r%lezated
receiving sol uthrbnﬁmhesaﬁ;ﬁéhé)%@npfmn ?aﬂicﬁintduﬂmﬁ £rixlfed of
t he nenty ane of | e 13 Jacgf r\_r ane hol der

(Oring-and cla Vnﬁu%na?% °n 1rf)‘?‘/ve%ee(‘) %dl%'?&th%ﬁﬁer
portion of the dicwvalenely rbmme&cttovatmemmnejtsa:md frhemabdrane ik ioyagdd t he
menbrane. A 5 i t 1 M[err] 0.1 M
sodi um acet ate, an 8 ;)ﬁgﬁéﬁfgcié c acl }5559 l?‘é)ngquﬂ'panassed t hrough the

menbr ane usi ng vacuum suction froma vacuG’FnB_p'Grrp at a flowrate of 1
m/mn. The nenbraf@rans Mhpd 20e Rstbyadé OVné\Qi rﬁ phidierddrracd\O

95/ 29008 89.5/0 833 34 through
the merth ane at PTARSFHLeRARd epnfaiping r%‘?:]eﬁlfl "stb"t‘?ﬂa} BTHRF i fng 0.5

M Hcl was passed imraqgmigmma@ ant affimivy aler Afhe sgletted Tiwns

source and receiy, S y dlpl =3 fter they
wer e passed throu%%%ﬂjljm#rbér]afn%ﬁ p%‘?&émr% TEHHC ?géd)l um usf?g flame
at.om ¢ activated polar group rom the membrane and B is the
covalent linkage formed by the reaction between the
15 activated polar group of the membrane and the

functional group of the ligand.

2. A composition according to claim 1 wherein L

is a ligand member selected from the group consisting
20 of amine-containing hydrocarbons; sulfur and nitrogen-

containing hydrocarbons; sulfur-containing
hydrocarbons; crowns and cryptands{
aminoalkylphosphonic acid-containing hydrocarbons;
proton-ionizable macrocycles; pyridine-containing

25 " hydrocarbons; polytetraalkylammonium and
polytrialkylamine-containing hydrocarbons; thiol
and/or thiocether-aralkyl nitrogen-containing
hydrocarbons; sulfur and electron withdrawing group-
containing hydrocarbons; and oxygen donor macrocycles.

30

3. A composition according to claim 2 wherein B
is a covalent linkage selected from the group
.~ consisting of amide (NHCO), ester (COO), thiocester
35 (COS), carbonyl (CO), ether (0), thioether (S},
sulfonate (80,), and sulfonamide (SO,NH)linkages.



absorption spectroscopy. Initially, th contai ned 6 ppm Cu,
65 g/1 Znwepshkedes g/l Na. After cont agtlm“ 'mumumuane PQTMEsOZmasand Na
10 | evel s in the source sol ution *were &nchanyed; and the Cu | eve
was 2 ppm The receiving solution initiallwgwgcontained Cu, Zn, and Na at

| evel s bel ow the | evel of detection. After passing through the menbr ane,

however, the 15 4.r ecRi vomgosbtiibhoaceopithgetdouslaincs abherbexems of

Zn and Na, but c t ai u hg, menbr ane d_conpi nation
was highly sel ec ?v% @%@b%%n&cgéfch%H ?E°%|gthSg°EBuF88528PhF$oﬂ
cont ai ni ng concepelyamides and ec@llgdosics.  Fromthe foregoing, it

w Il be appreciated that the |Iigand-nenbrane conpositions of the present
invention provide a material useful for separation, recovery, and
concentFation of sel e2ted AefAPPPBLEIPROACAPLEEREstDr ClASMet| BAETQARN of her
ions, even when 2&id membrahestsoahpolyamsder Comprising’ 8pLEA.
concentrations. The recovered netals can then be analyzed or further
concentrated fromthe receiving solution by stahdard t echni ques known in
the technol ogy of the§e nmakecowpesipiohoaghorfingrboessaiih Sephenéiﬂg and
30 conce | BSlS ) t e n S
described and |In%ug§ratedf é e?ngeﬁ%%i§gé%%? %?%égt&& ?£bﬂ tﬁ% ound
| i gands? process%%n%%$ﬁbn5n@fo@%lbﬁl?ﬁéserﬁggaﬁﬁétﬁ ecﬂilﬂlﬁsﬁhe scope of

t he processes ofcélpul b¥€nNhtePats, daﬁanﬁﬂtrecérpuieééow ng 35

claims. =~ WD 95/29008 35 CLAINB we claim
7. - A composition according to claim 3 wherein M
_ is a composite membrane comprising a membrane
1! substrate formed of a first polymer, said substrate

being directly coated on its entire surface with a
second polymer by a precipitated crystal technique and
having a hydrophilic surface.

20 8. A composition according to claim 7 wherein
said first polymer is a pdlymer-or copolymer of a
member selected from the group'conéisting of
fluorinated polymers, polyoleflns, polystyrenes,
polysulfones, polyesters,. polyacrylates,

25 polycarbonates, vinyl polymers, and
polyacrylonitriles. '
9. A composition according to claim 8 wherein

said second polymer is a perfluorinated polyether.

30 | |

10. A composition according to claim 3 wherein M

is a composite membrane comprising a membrane
substrate formed of .a first polymer, said substrate

_ being directly coated on its entire surface with a

35 cross-linked second polymer formed from a monower
polymerlzed in situ-and cross-linked in situ on said
substrate and having a hydrophlllc surface.



: A conposition suitable for s from sol utions
conpri si ngv@As2eeA8 bi ndi ng | i gand SNDN“M' mﬁmnﬂﬂﬂe“r“Ef fi ni tRCHPIOSOHAS3
sel ected ions which is covalently bontled® t & a"nmefbrane said nenbrane-Iigand
“ conbi nation represented by the fornula: MB3EZ wherein Mis any nenbrane
havi ng hydrophilic surface 10 properties and containing polar

functional groups, L iElany®|¢eprEHalom@errEding ity ¢laim H0 stherein i ons
containing a fun@amahﬁéetﬁémé@aﬁlavepalmﬁrb@% cp/é!ﬁﬁép%@ra group

fromthe menbrane and B Eﬁg alent [T nK %%ﬁ e reaction
bet ween the 15 ™e e’éc??Jv%ﬁ' %ﬁf‘b’r ®fnd the
functional group ﬂtucbi‘cmdttmrgiol}&ners;ﬂ\ mlméfim, ey shiyngerdas ¢l ai m 1

wherein Ll is a |i se m onsi sting 20

of am neg_cont ai nl}gcgﬂﬂ?/“gf%%gé%b S“f%%% ’Eé)ar%‘;fﬁ’%%f tC %ont ai ni ng

hydrocarbons; sulpekycavbenates; Wimpk pokymersr amd and crypt ands;

am noal kyl phosph A w9 hydrocarbons; proton-ionizable
e s

macrocycl es; pyr al ning 25 hydr ocar bons;
pol yt et raal kyl ammoni um and pol ytri al kyl am ne- cont ai ni ng hydrocar bons; thiol

alnd/?r t hi oﬁ]ger-ar al kys . nITﬁ@gfétnﬁ@@i@idStgr@f fw:g&maxbagﬁeréiﬁfs%uﬁnd

el ectrqn. w raw n contain gcarbons: _an en _donor
mmor ooyl es. 30 E6Coil RBTREEH £ "t e LR RSy AR T
coval ent Ilnkage selected from the group comsisting of acryatediCO), ester
(COO), thioester égh ac 1aéé§f»e2§§é éeéC£§cr§§f@r éfa t hi oether (9),

sulfonate [err], onam ages
acrylamldes methacry 1des, ethacrylamides and

mixtures thereof.
15
13. The composition of claim 12 wherein L is an
amine-containing hydrocarbon ligand.

14. The composition of claim 12 wherein L is a
20 sulfur and nitrogen-containing hydrocarbon ligand.

15. The composition of claim 12 wherein L is a
sulfur-containing hydrocarbon ligand.

25 16. The composition of claim 12 wherein L is a
crown ligand. '

17. The composition of claim 12 wherein L is a
cryptand ligand.
30
18. The composition of claim 12 wherein L is an
aminoalkylphosphonic acid-containing hydrocarbon
ligand. :

35 . 19. The composition of claim 12 wherein L is a
proton-ionizable macrocycle ligand.



4. A conposition according to clai a menbrane sel ected
from t he woxspeasnsi sting of pol yam Hmmaﬁ “Ial”lmlum 5 PCT/US95/04833 5.
A conposition according to claim4 wherefn sai*d ﬁenbrane is a pol yam de
conprising nylon. 6. A conposition accor@sg to claim3 wherein said
menbrane is a cellulosic selected fromthe group 10 consi sting of

cel | ul ose, regenerate30celThbosempoeﬁtdbnsefacéhame12awﬂenbﬁnonehbuhose. 7.

A composi tion acpordingel 8ofikakiAc ishebBaMbs 355apRosi te menbr ane

conprising a ne ormed OfF a first polymer, said
substrate being directly coated on its entire surface with a second pol yner

by a precipitated crysgal trﬁéhBbﬂF@siﬁﬂohaBEnﬁlélmiﬁoﬂﬂé!rb@.nsW facg. 20
8. A conposition accordlﬂgﬁi ai,m?7 wgfre salg E golyner I's a
pol ymer®or copol PREYEEFTaa ammopiupy ag Fﬁéa K¥LAMEBRSI sting of
fluorinated pol yoensaindhgohgtirosarpohyitigaades, pol ysulfones, polyesters,
pol yacryl ates, 25 pol ycar bonates, vinyl .polyners, and

pol yacrylonitriles. 9. A conposition according to claim8 wherein said
- second pol yner is a p@etl udhengpwpnogdkjenhef. c38imol2Awberpdsi Li ds a

according to C|aMEh§eEh§é§éEtQh'%rémCEHB°§kbﬁ ”EHREQQElﬁ ”BE'%eF

nenbrane substrate forned first pQIyner sald substTate 8 élrectly
coated*®n its en?F?EkgﬁrFéE€°ﬁFPHCQn§§1nan hydrgearbprkddgandonndpsl yier

formed froma rmenﬁraétnékyaeau.kym nhitebfen- aaﬂtamiﬁgl hpldedcapbsaht U on sai d
substrate and hay Sgng hydrophilic surface. = 37

23. The composition of claim 12 wherein L is a
1 sulfur and electron w1thdraw1ng group containing
hydrocarbon ligand.

24. The composition of claim 12 wherein L is an
oxygen donor macrocycle ligand.
2( '
25. The composition of claim 12 wherein B is an
amide linkage.

26. The composition of claim 3 wherein B is a
25 sulfonamide linkage. '

27. A method for concentrating, removing, and
separating selected ions from a source solution
comprising the steps of: -

30 (a) contacting said source solution having a
first volume with a composition comprising an ion-
binding ligand having an affinity for the selected
ions which is covalently bonded to a membrane said
membrane ligand combination represented by the

35 formula: :

M-B-L



* 11. A conposition according to cla d first o ner..1s a

pol ymer owocszedogmer of a menber s meummﬁmtﬂlgroup CB ?‘7%63
fluorinated pol ymers; pol yol efins; pol §styrehes: - polysulfones
pol yesters; polyacryl ates; pol ycarbonates; 3% nyl polyners and

pol yacrylonitriles. 12. The conposition of claim 11l wherein said_ 10
second pol yner i%hese#BdMf 8nRBY PBEPRERNS aBREIRGRYEFORRELEE EUFERARL he

group ConSIstln Bbp éﬁtyéatﬁﬁd GBﬁBaﬂﬁﬂh gt pelagt haneyiehas, gashys| cLaci d,

acryl am des, acr | a t acrylam es_ 1 15 13.
The conp05|t|on b? %KX ﬂ%i ?X?ﬂgLan gﬁlﬁﬁgxegéﬁngé?n§ﬁ eﬁ@ﬁ%obﬂ?ﬁon
| i gand. 14. The econpasningnaofunttiond? gheupinglrescti?® with ansul fur and

i T ogeg: contai njag, YXOLACALYAN bLEAEde:dR cAliencRRPASKt kAR 87161 Eha) 12

wherein"L is a sU r-contarnin ocar
The conposition obvelanh1linhngeefﬁrmedsbx Eh@mﬁeﬁPEaﬁE betwegpethe

conmposi tion of C%étﬂb&@e&hﬁbfhﬂ %rbﬁpaoﬁrEﬁéaﬂémbtﬁﬁédanaotﬁg The
conposi tion of clam

hosph
aci d- cont ai ni ng FVBFS&SPBBngFPBBnt §§e Tlgang ergfénp ong &6ﬁﬁ8§|t|on of
claim12 Wherelnpbrtioﬁ pEOtha- tompoalitéonmhascyan! afEigang. for BE@iA5/ 29008

38 20 The COHpOSi ggdogo la'ﬂhﬂza@hEBeEBrh hscamplex between said
selected ions and said ligand portion of said
composition; _ |

(b) removing the source solution from contact
with said composition to which said selected ions have
15 'been complexed; and
(c) contacting said composition having said
selected ions complexed thereto with a smaller volume
of an aqueous receiving solution in which said
selected ions are either soluble or which has greater
20 affinity for such selected ions than does the ligand
portion of the composition thereby quantitatively
stripping such selected ions from the ligand and
recoverlng said selected ions in concentrated form in
said rece1v1ng solution.
- 25
28. The method according to claim 27 wherein L
is a ligand member selected from the group consisting
of amine-containing hydrocarbons; sulfur and nitrogen-
containing hydrocarbons; sulfur-containing
30 hydrocarbons; crowns and cryptands;
aminoalkylphosphonic acid-containing hydrocarbons;
proton-ionizable macrocycles; pyridine-containing
hydrocarbons; polytetraalkylammonium and
_ polytrialkylamine-containing hydrocarbons; thiol
35 and/or thioether-aralkyl nitrogen-containing
nydrocarbons; sulfur and electron withdrawing group-
containing hydrocarbons; and oxygen donor macrocycles.



pyridi ne-contai ni ng hydrocarbon lig Nﬂ sition of claim12
wherei n L W 95/25008 pol yt etr aal mmﬂl“ umnml yt ri aPRYNSRA4833
contai ni ng hydrocarbon |igand. 22. The conposi®idn bf claim 12 wherein L is
a nmenber selected fromthe group consisting4gf a thiol- 10 ar al kyl

ni t rogen-cont ai ni ng hydrocarbon |igand and a thioether-aral kyl

ni trogen-cont ai ni ng hy2@ocarbenmethaddacedrdiigetooapasmt 2Bnwhérelinai ;1 12
wherein L is a 15; CLLOA~VLLhELAaw pg.0 cont ai ni ng
hydr ocar bon Ilganés 34c°§ﬁigﬂﬁ gggFﬁ %ngé?acpﬁﬁ 9%@%&£gee§988pls an oxygen
donor macrocycl e FPBEAELiNG OF amhéecéﬂﬁggltueﬁter ¢CaPh 12hinesten B is an

am de |inkage. 26(codhe eapBes: 511 @aos)f etBem JoyhetRiBeBrbs 28?5

sul fonanj de | i nkage 'S&ﬂies@&?%‘% %0%9 S’ﬁ n.?:%geg{]gps bf 30

27. A
separ at i g selectgﬂlF8ﬁ§t?r
(a) contacting said source solution having a first volume with a
conposition conprisingsgn i g ayj.n for the
sel ected ions which is gova entﬁégggﬁdaébggagnﬁeﬁgrg%%gga%é ﬁ%%%?éﬂemllgand
conbi nati on repretenacuephrane gglected fremntha: grpep consVet $84526608

PCT/ US95/ 04833 3% ,uipaRifed! hAdaB¥1 18IBERRS . having hydrophilic surface
propertlgs and contalnlng pol ar functional groups, L _

31. The method according to claim 30 wherein
said membrane is a polyamide comprising nylon.

32. The method according to claim 30 wherein
:5 said membrane is a cellulosic selected from the group
consisting of cellulose, regenerated cellulose,
cellulose acetate, and nltrocellulose

- 33. The method according to claim 29 wherein M
20 is a composite membrane comprising a membrane
substrate formed of a first polymer, said substrate
being directly coated on its-entire surface with a
second polymer by a precipitated crystal technique and
having a hydrophilic surface. '

23 .
34. 'The method according to claim 33 wherein
said first polymer is a polymer or copolymer of a
member selected from the group comnsisting of
fluorinated polymers, polyolefins, polystyrenes,
3¢ polysulfones, polyesters, polyacrylates,
polycarbonates, vinyl polymers, and

polyacrylonitriles.

35. The method according to claim 34 wherein
3& said second polymer is a perfluorinated polyether.



' is any ligand having an aff|n|t I d ions containin

funct | onaWaAssMeng react | ve wi ﬂl KB AT TR o S oaiemisheaies  om
the menbrane and B is the coval et Finkadk forifed by the reaction between
the activated polar group of the nenbrane #id the functional group of the

|l i gand wherein said |i andﬁgortlon of the conposition has an affinity for
said 10 sel ect® espehhad ascerAing Eenplaimpa?ebareindM

sel ected ions anggsai doinpééﬁldepﬁéifnbﬁanéf céﬁ\pélggﬁgoalmeﬁﬂraﬁé) renoving the
source sol ution fronk Egag sai d sel ect ed

i ons have 15 éeﬂgaanﬁ n? iYQEFrnﬁa%glﬁuE§ﬁﬁﬁg?tlon

havi ng sai d seIebérdgldmsecbhple&adedheneiusmenblaessnrfacevniuneaof an

aqueous%rece|V|ng 39% %iﬂﬂea“s$@?§8n§§i9? §|§8%ﬁgdl l%lagéemghgﬂ§%asoIubIe

or whi ch has grea or su I ONS n does
the Iigand port|Eﬂlﬁmthée@ohEOSFFPoﬁn@hérééy hmaheﬂtaﬂusety eur #pping such

sel ected ions frggbkheateoand HQ@lﬁQCQVﬁ?HBSpﬁﬁlﬁcsQh?ﬁ&@@ ions in
concentrated formin said receiving solution 28. The nethod accordi ng

to claim27 wherein L is a |ligand nmenber selected fromthe group consisting
of am ne-contai ni ng hydtocahbomethedlEUCQaddngitoogmaimcaetahéfégn

hydr ocar bons carb apd

crypt ands; an1noé%¥ylp%gé aC|a?08nP éﬂé? %d?g géﬁgngf d

pr ot on-i oni zabl emaubencyellestegyfrqmnbheograupl qgnayatwgr ofns;
po'ytetraa'kY'a”EPGbHﬂhﬁggépgbighéékkYbéﬂyBQeEQHEa'ﬁbﬂgsEyQéﬂéébe“S t hi ol

and/ or thioet ni t fogen- cont ai ni ng hydr ocar bons; sul fur
and el ectron w tREL¥GRAECBLE:pPO Xﬁ?ﬁ?ﬁ?ngpﬁ}UPSE¥}ﬁ5ﬁ§v and oxygen donor

macrocycl es. polycarbonates; vinyl polymers; and
15 polyacrylonitriles.

38. The method of claim 37 wherein said second
polymer is formed from a polymerizable monomer -
selected from the group consisting of acrylates,

20 methacrylates, ethacrylates, acrylic acid,
acrylamides, methacrylamides, ethacrylamides and
mixtures thereof. '

39. The method of claim 38 wherein L is an
25 amine-containing hydrocarbon ligand.

40. The method of claim 38 wherein L is a sulfur
and nitrogen-containing hydrocarbon ligand.

30 41. The method of élaim 38 wherein L is a
sulfur-containing hydrocarbon ligand.

42. The method of claim 38 wherein L is a crown
ligand. ' '
35
43. The method of claim 38 wherein L is a
cryptanh ligand.



WO 95/29008 40 29. The net hod accordmﬂmmlﬁln "'ﬂﬂ"}herer is a

coval ent |VRR33W%8e| ected fromthe gr ani dgc(’ﬁﬁwsnest er
(CO0O), thioester (COS), carbonyl (CO, "ether" , ‘thi'oether (S), 5

sul fonate [err], and sulfonanrde [err] Irnkéées 30. The net hod accordrng
to claim29 wherein “Aé nbraqg gc d, fromthe group consisting of

pol yam des and cel | ul oSTts. E aim 3R cERerednth £Famm 30

wher ei n sai d nenh&mumnakky&phbsphmﬂfcC@m$d+comﬂaﬂﬂiﬂ@ hyd@rocdAsoet hod
according to dzmigé%h erein 15 said menbrane is a cellulosic
selected fromthe oup consisting of cellulose, regenerated cell ul ose,
cel lul ose acetate, and nitrocellul ose. 33. The. nethod according to claim

29 whergjn M 20 4% S ans@rm@ehé& a?r@i@ﬂﬁ §@frm rane
substrate fornmed of frrstﬁfol %WWP sal d substrate erng rec |y coated

on its entire SLHHERﬁPQM%?P PePsYete biigaP eci pi tat ed cryst al

techni que and having a hydrophilic surface. 25 34. The nethod according to
claim 33 wherein said rst I oppl yrrer of a menber
selected fromthe gr ou‘%oé conis‘lik‘)és?t |%%ﬂ%¢ ?ﬁu‘gﬁifgﬂ% "f)tb ’fr%e'?s{m PB1Fol efi ns,
pol ystyrenes, 30 PYridingotontaining hydtgearhon,liganydcryl ates,

pol ycar-pnat es, vinyl polynmers, and pol yacrylonitriles. 35 The net hod

according to claim 34 wherein 35 sai d second polynmer is a
perfluorinated pol yet Hfef. The method of claim 38 wherein L is a

polytetraalkylammonium and polytrialkylamine-
containing hydrocarbon ligand.

15 48. The method of claim 38 wherein L is a member
selected from the group consisting of a thiol-aralkyl
nitrogen-containing hydrocarbon ligand and a
thiocether-aralkyl nitrogen-containing hydrocarbon

ligand.
2) _ . _

49. The method of claim 38 wherein L is a sulfur
and electron withdrawing group-containing hydrocarbon
ligand.

2! 50. The method of claim 38 wherein L is an
oxygen donor macrocycle ligand.

51. The method of claim 38 wherein B is an amide
linkage. |

3C

52. The method of claim 29 wherein B ig a
sulfonamide linkage.

53. The method of claim 27 wherein'said
35 composition is contained in a contacting device for
‘holding said composition, wherein said contacting



' V0 95129008 41 36 The et hod acoor ol AN RN L e Benti s

pol yner, said substrate being directly* cdatéd 8n fts" entire surface with a
5 : cross-|linked second pol ynmer fornmed3roma nononer polynerized in
situ and cross-linked in situ on said substrate and having a hydrophilic
surface. 37. Thedewibedincdudeésngeavscfarnflewihngrai aougce solutgand first
polymer is a po'¥HﬁfaoEeGQE9&$§E§oQEt§oHE?Q§£ gghackempbEoribhe group
consisting of fluorinated polyfiers; polyolefins; polystyrenes;

pol ysul f ones; pol yesters; polyacryl ates; polycarbonates; vinyl polyners;
and 15 pol yacr gkqni trhiel @@thdd. ofhelgeihed whegkahnsdidwherein said

second polyner is formed frama polyneri.zabl e noner ted fromthe

gr oup cgnsistingc8pgggiﬁpgtgfylfg C%mprlsﬁgtﬁgg?§F§§85§Sé§%acrylates,
acrylic acid, acrylam des, nethacryl am des, ethacrylam des and m xtures

t hereof. 39. The nethod of claim38 wherein L is an 25

am ne-cont ai ni ng hydrocarbon |igand. 40. The nethod of claim 38 wherein L
is a sulfur and nitrogen-containing hydrocarbon |igand. 30 41.
The met hod of claim38 wherein L is a sul fur-containing hydrocarbon |igand.
42. The nethod of claim 38 wherein L is a crown ligand. 35 43. The net hod
of claim38 wherein L is a cryptand |igand.
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(57) Abstract

A method for removing, separating and concentrating certain selected ions from a source solution that may contain larger concentrations
of other ions comprises bringing the source solution in contact with a composition comprising an ion-binding ligand covalently bonded to
a membrane having hydrophilic surface properties. The ligand portion of the composition has affinity for and forms a complex with the
selected ions, thereby removing them from the source solution. The selected ions are then removed from the composition through contact
with a much smaller volume of a receiving solution in which the selected ions are either soluble or which has greater affinity for the selected
ions than does the ligand portion of the composition, thereby quantitatively stripping the complexed ions from the ligand and recovering
them in concentrated form in the receiving solution. The concentrated ions thus removed may be further separated and recovered by known
methods. The process is useful in the removal of selected ions, including noble metals and other transition metals from a variety of source
solutions- such as are encountered in semicondutor, nuclear waste cleanup, metals refining, environmental cleanup, providing ultra high
purity fluids, electric power, and other industrial enterprises. The invention is also drawn to the ligand-membrane compositions.




WO 95/29008:43 devi ce incl udes neans for flow ng a source solution and a
recei ving-solution past said conposition.
wherein said 5

54. The nethod of clai m53
- contacting device conprises cartridge neans.

Codes used to identify States party to the PCT on the

applications under the PCT.
AT Austria

AU Australia

BB Barbados

BE Belgium

BF Burkina Faso

BG Bulgaria

BJ Benin

BR Brazil

BY Belatus

CA Canada

CF Central African Republic
CG Congo

CH Switzerland

CI Cote d'Ivoire

CcM Cameroon

CN China

Ccs Czechoslovakia

CcZ Czech Republic

DE Germany

DK Denmark .
ES Spain

FI Finland

FR France

GA Gabon

United Kingdom
Georgia

Guinea

Greece

Hungary

Ireland

haly

Japan

Kenya
Kyrgystan

Democratic People’s Republic

of Korea

Republic of Korea
Kazakhstan
Liechtenstein

Sri Lanka
Luxembourg

Laivia

Monaco -
Republic of Moldova
Madagascar

Mali

Mongolia

- FOR THE PURPOSES OF_'INFO_RMATIIONLON'LY

MR
MW
NE
NL
NO
Nz
PL
PT
RO
RU
sD
SE
st
SK
SN
™
TG
T
™
UA
us
vz
VN

front pages of pamphlets .publishix.ng international

Russian Federation
Sudan

Sweden

Slovenia

Slovakia

Senegal

Chad

Togo

Tajikistan

Trinidad and Tobago
Ukraine

United States of America
Uzbekistan

Viet Nam

9611021

PPN

e



