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More particularly, the present invention relates to the production and
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re erenti al ection of th

sol ute ut es, t he
menbr a §neén 6‘}?15%!%8?@ SRehfsR éHBh?do Jerptiofdty #Rok %ei\fears F&?‘ﬁj@ﬁl 155 on of
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is inmpregnated with a conditioning agent and is stable in polar aprotic

sol ventmse¢mbiage whleg aiohy(etheleno ripaos) taad rre dbiscapanates on rapstheaht wedistamydert Hybat i ng
sol vent_pri or, itably, the conposite nenbrane is
treatedmﬁf?ﬁ}%% (ﬁﬁgieﬁ g%ﬁJ%%?%ﬁﬁmﬂﬁgH after interfacia

pol ymeri sation. Wthout mnshlng to be bound by any particular theory, the
use of an activating solvent to treat the nenbrane is believed to flush out
any debni teafadiallyr earnedzodoconngsie 1088bPOTY. ABRh 1the 09136 chamshyaind them t he

pores Qq faci.al Ter | i r

Pt dhoSEEBPARG LA b be b 4 AR B cBANHIR 4R 3LAN RRSUOT. oo
a menbragabihé beﬂf@mawedemMetpee&rmaml ¢adi brgenHabidedntodghnnbdicicition of
menbrane flux. | n another ‘ﬁpct t he |nvent|oQW§fOV|des an |nterfaC|m

pol yner'& dpsabrapg sugace {19rS- f Wrnhahg ER. cbpsi e aHgarormadicpgnt by
nanofi | l&&%d PRuéRi ﬂﬁﬁﬂa&?ﬁtt@ﬁr&'a@ 15RIP fbrsf oLeQzes fa%??r@{emes( d reduced

i npregnating a porous support menbr ane’ ¢o rrsing a condi tioning
agent, pwvteln jaufing’stLangactri19e7N2005f e Theo ldiffdran pmmmiunes hag beefiichrrad four &t

solvent _for the sajd first reactive a. first reactlve nononer
oot < Canical Faii (e emyae SR magronnt i pibr st TEiaI o e Dy ot
i ncl Ud'1H<§lre§s]ec@19q{yﬁroﬂhﬁicﬁ’@e%mpﬁﬁvgesre%ctﬁlﬁ @hé. ﬂd?(ala‘ajlﬁf‘@ttaﬁ‘ﬂ)ohy PlopERED oL

ni t rogen- cont ai ni'ng conpounds and sul phur-contai ni ng conpounds, nonohydric
ar omat iephgmnepeustaece tv«/lf@trlelgranslaqhbarmquanV npasidsis dvaee becnsiepditas! fon rrpmtuiane

aprotic | vent éhé ontac |ng t nat th a
cecond PRAe FOBTisaHoRErTER) el coffe EFY EROR' 2280658 PIRAPS388 715,
US Patent 6,837,381] and blending of hydrophilic/-phobic surface modifying
macromolecules (SMMs) [B.J. Abu Tarboush, D. Rana, T. Matsuura, H.A. Arafat, R.M.
Narbaitz, “Preparation of thin-film-composite polyamide membranes for desalination using

novel hydrophilic surface modifying macromolecules”, J. Membr. Sci. 325, 166, 2008].

In order to improve the performance of TFC membranes, different constituents have been
added to the amine and/or acyl halide solutions. For example, U.S. Pat. No. 4,950,404,
describes a method for increasing flux of a TFC membrane by adding a polar aprotic solvent
and an optional acid acceptor to the aqueous amine solution prior to the interfacial
polymerization reaction. In a similar way, U.S. Pat. Nos. 5,989,426; 6,024,873; 5,843,351;
5,614,099; 5,733,602 and 5,576,057 describe the addition of selected alcohols, ketones,
ethers, esters, halogenated hydrocarbons, nitrogen-containing compounds and sulfur-
containing compounds to the aqueous amine solution and/or organic acid halide solution prior

to the interfacial polymerization reaction.

It has been claimed that soaking freshly prepared TFC membranes in solutions containing
various organic species, including glycerol, sodium lauryl sulfate, and the salt of
triethylamine with camphorsulfonic acid can increase the water flux in RO applications by

30-70% [3]. As described in U.S. Pat. Nos. 5,234,598 and 5,358,745, TFC membrane



(i) a second solvent for the second reactive nononer; (ii) a second
reactive nononer; (iii) optionally, additives including al cohols, ketones,
et hers, esDepr/oibsbogenat ed hydr ocarbons, nitrogen-cont CmigRR0CINFPESANds and
sul phur - cont ai ni ng conpounds, nonohydric aromati c conpounds; wherein the
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filmconposite nanofiltration menbranes, which | ose structure and dissol ve
in pol &ddgionafiRMsE) todhs Mtarfickl aalymergrtipn e, ht§emepRigass with water flux

di net h ' i aEt ' : r JHF) ,

N ot e T S it st o) B vt AR
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of the meuhran@s.RY, ERGrdY S8R TbcHNBY 80t 1, bgogihat they may exhibit higher

fl uxes than known nenbranes when m xtures of water and organic solvent are
bei ng processed. Brief Description of the Drawi ngs Figure 1 shows nol ecul ar

wei ght ,cut of f. .cur nd fl uxes, of TFC nenbranes after treatnment
et o e ind AR b G TS Bt tOS I s o oRI G TERR BRPED pleb e
conpri Sirigs BRl yskyi2Ter aldigodetcs cithes SQLYQM dMinPMolltide deaamerdcal ABeat 30

bar and 30C.
solution.

Several methods for improving the membrane performance post-formation are also known.
For example, U.S. Pat. No. 5,876,602 describes treating the TFC membrane with an aqueous
chlorinating agent to improve flux, lower salt passage, and/or increase membrane stability to
bases. U.S. Pat. No. 5,755,965 discloses a process wherein the surface of the TFC membrane
is treated with ammonia or selected amines, e.g., 1,6, hexane diamine, cyclohexylamine and
butylamine. U.S. Pat. No. 4,765,879 describes the post treatment of a membrane with a

strong mineral acid followed by treatment with a rejection enhancing agent.

A method of chemical treatment is claimed to be able to cause a simultaneous improvement
of water flux and salt rejection of thin-film composite (TFC) membranes for reverse osmosis
[Debabrata Mukherjee, Ashish Kulkarni, William N. Gill, “Chemical treatment for improved
performance of reverse osmosis membranes”, Desalination 104, 239-249, 1996].
Hydrophilization by treating the membrane surface with water soluble solvent (acids,
alcohols, and mixtures of acids, alcohols and water) is a known surface modification
technique. This method increases the flux without changing the chemical structure [Kulkarni,

D. Mukherjee, W.N. Gill, “Flux enhancement by hydrophilization of thin film composite



Figure 2 shows MACO curves and fluxes of TFC menbranes after treatnment with
DMF as an activating solvent. Nanofiltration of a feed solution conprising
pol yst yr eme 20i12/igosser s di ssol ved in THF has been perfor mpdTaiB280/d58364and
30C. Figure 3 shows MACO curves and fluxes of TFC nenbranes after

contacting wwth DMF as an activatjng, sol vent. filtratjon of a. feed
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di ssolved in acetone has been perforned at 30 bar and 30C. WO

2012/ 0 1oedspEr map ¢hares {Be Mihgliee 4. KndwsniMROD. cailly e /dmd erhancerentao/TFC
menbr an ich h n.tr i i, vat.i ng ent..

Nanot 1ErR BmBR® PleaREtot ERANER Meldde SRR ARY: BINBRINEERLL 07, 231,

di ssol vied4]. rKukiarolal. agrdpddiveper TPCARO abtmBinbary asidg 3anoki piopandl shows
MACO curve and flux of a TFC nenbrane whi ch has been treated with DMF as an

act i vatlydiptherigeptid fechdwriochiericopcigs They eloynd othat ithsie c¥apransiipgease in
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and SOCﬁIFZ’Cﬁ)gur e@g&%{?om MACO curave landg% ukvatok?1 g '?'JI@C mﬁ%rlgneﬁ\%ﬁnch has
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sol utiop.c i.sin 0 rene oli.goners dissol.ved in toluene has been
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Nanofiltration of a feed sol'ution conprising polystyrene oligoners
di ssol veembmanet[fy BeHewnt ¥t €uhaspnhbdbnFpesttenned RadcBenkyarO.akgd80C. SFifgur e 10

shows .cyrves. and fluxes of .TFC nenbranes prepared on a ¢ross)inked
oy mAEE gl s aHL PR TR TGP gHaPR e B ConaMEer ng
agent . Nanpfol, [175,a1998N ©fwas fH@ROHAO tHet hs@rbf GRRTRE htAGinROdH $leNE 8RRoLblogINTES S
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di ssol vathmpvsihahaHrogen meebfdieRpdeale BBy bakinapolydiidensation of amines in a

poly(ethylene oxide-b-amide) layer”, J. Membr. Sci. 135, 179, 1997]. Poly(ethylene glycol)

(PEG) and its derivatives have been used for surface modification. TFC membrane resistance

to fouling could be improved by grafting PEG chains onto the TFC-RO membranes [1, 2].

PEG has also been used to improve the TFC membrane formation [Shih-Hsiung Chen, Dong-
Jang Chang, Rey-May Liou, Ching-Shan Hsu, Shiow-Shyung Lin, “Preparation and
Separation Properties of Polyamide Nanofiltration Membrane”, )] Appl Polym Sci, 83, 1112—

1118, 2002]. Because of the poor hydrophilicity of the polysulfone support membrane,
poly(ethylene glycol) (PEG) was added to the aqueous solution as a wetting agent. The effect

of PEG concentration on the resulting membrane performance was also studied.

It has been reported that PEG is frequently used as an additive in the polymer solution to
influence the membrane structure during phase inversion [Y. Liu, G. H. Koops, H.
Strathmann, “Characterization of morphology controlled polyethersulfone hollow fiber

membranes by the addition of polyethylene glycol to the dope and bore liquid solution”, ].



Figure 12 shows MACO curves and fluxes for TFC nenbranes prepared on a PEEK
support nenbrane. The TFC nenbrane has not been treated with DVF as an
activati nyoxoivangss Nanofiltration of a feed sol ution cecprdBDNES1364
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DVF as 200320782RIA ngsos akabe - thdanef of PEE ii@nhofpotyh@ed dspé Ubiueidn CQIRT Si ng
pol ystyrene angoners di ssolved in THF has been perforned at 30 bar and
30C. FiRjeiasation of oGP PRANCOSERNOVIEBeaP@Nes. uxes for TFC menbranes contai ni ng
hydr ophobi ¢ groups added during the interfacial polynerisation reaction.
The resulting conmposite nmenbranes are treated with DVF as an activating

sol ventPridNamoTF( trighbrane sodre ot eathabloubd anted fopriltsitiogs pOhyish yoleats ¢¢.ggoner s
di ssol ved in THF _has been perforned at. 30 bar ;and 30C. Description of

Var i ous! ErJoMiFrehtus: qtHTeRt Anq FNEIEHSoRRPHEAt RS S 1R FRgOY O TIEOICS HEfhr anes
f or med . . eat . ‘ S A i
R L s e A K S R I R
over a ssabpltgr Theremmtame, pwidecte antlensuippoe-telaedrinneinglsi of the gvesenisinyedtomned
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and pol yether ether ketone (PEEK), or sulTfonated pol yether ether ketone

( 5- PEEKiotedTeeeipol ymer used to form the support menbrane includes but is not
limted to polyimde polynmer sources. The identities of such polynmers are
presented in the prior art, U S. Pat. No. 0038306, the entire contents of
whi ch genhacrp Rvedidaerein by reference. Mire preferably, the support
menbrane of the invention is prepared froma polyimde polyner described in
U S. Pat. No. 3,708,458, assigned to Upjohn, the entire contents of which

ot yror SeChE R R Sffic B FRpBAESme b fuRO iRl b MRS Belvefidfon o,
of benzoibie neartduBirlyduitable ébirmaaafilbaryh incorgaiid selvanfiydri de (BTDA) and a

m xture of di (4-am nophenyl) nethane and tol uene diam ne or the
correspondi ng diisocyanates, 4,4'-nethyl enebis(phenyl isocyanate) and

tol uengygfl ?)Qﬁﬁéﬂﬁﬁgz,e'the present invention relates to the production and utilization of

membranes for nanofiltration operations in polar aprotic solvents.

In a first aspect, the invention provides a membrane for nanofiltration of a feed stream
solution comprising a solvent and dissolved solutes and showing preferential rejection of the
solutes, wherein the membrane is a composite membrane formed from interfacial
polymerisation of a thin polymeric film on a support membrane, wherein the support
membrane is impregnated with a conditioning agent and is stable in polar aprotic solvents;
and wherein the composite membrane is treated with an activating solvent prior to use in

nanofiltration.

Suitably, the composite membrane is treated with an activating solvent during or after
interfacial polymerisation. Without wishing to be bound by any particular theory, the use of

an activating solvent to treat the membrane is believed to flush out any debris and unreacted



WO 2012/ 010889PCT/ GB2011/ 051364 The obtai ned copol yi m de has i mde |inkages
whi ch may be represented by the structural forrmulae: |l wherein the

copol ymerwoanyiigsss from about 80% 1 and 20% 1. Suppor PCREHEHNSE36dan be
prepared follow ng the nethods described in GB 2,437,519, the entire
contents of ich are incorporated herein by reference, and conprise both
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range. The menbrane supports of the invention may be crosslinked using

sui t ableitamprevest repdriiak imdudigs husnetdanitddgocmowbianakliung met hod and tine may
be that described in G 2,437,519. It is an inportant feature of the
present invention that the support nmenbrane is inpregnated with a
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oils and petroleu I sonerate ol , vegetab
al cohol s ( swidvhab, detars| cthetodeedarel halogptaade dadaichsbogs,y agrogks-coanidingl ycol s

(such as pol ypropyl en col s, .pol yet hyl ene gl ycol s, pol yal kyl ene
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WO 2012/ 010889PCT/ GB2011/ 051364 flrsg and second conditioning agents

ref er r db) contipsingithe magrepeatecheuppartenanbidig fathensecondraapiiee inguemen sohutiqer i or
to the interﬂpgial pol ynmeri zation reaction, the support nenbrane is treated
wi th a PMPEP"&ondi ti oni ng agent dissolved in a solvent to inpregnate the

support nenfipan@coraidait Yor thdcbhd fac@@NEbhidrdit (1D ad@esd reSctielMomer;
volatility organic liquid as defined above.
(119) optionally, additives including alcohols, ketones, ethers, esters, halogenated
hydrocarbons, nitrogen-containing compounds and sulphur-containing compounds,
monohydric aromatic compounds;
wherein the first solvent and the second solvent form a two phase system
(c) after a reaction period, immersing resulting composite membrane into a quench medium;
(d) treating the resulting asymmetric membrane with an activating solvent, and:

(e) optionally, impregnating the resulting composite membrane with a second conditioning

agent.

In a further aspect the present invention provides a membrane obtainable by any one of the

methods defined herein.

In a further aspect the present invention provides a membrane obtained by any one of the

methods defined herein.

In a further aspect the present invention provides a membrane directly obtained by any one of

the methods defined herein.



Following treatnment with the conditioning agent, the support nmenbrane is
typically dried in air at anbient conditions to renove residual solvent.
The i nt erwacoeloipssbyneri zati on reaction is generally helPdTiGB20HkS1BHace at
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be formed by an interfacial polynerization reaction. In a further

enbodi ment of this invention, the filmconprises a polyam de. The pol yam de
can be pherasQembtdn FMYPRVIROr a non-aronmatic pol yam de. For exanple, the
pol yam de can conprise residues of a phthal oyl (e.g. terephthal oyl or
isophthaloyl) halide, a trinmesyl halide, or a nixture t hereof. I n another
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sol ution, and/ or conbinations thereof. Concentrations of solutions used in

t he |nt1@sba@1aflrf0@mbyﬁe3(kmrlaon3ﬂfy be in a range from about 0.01 weight%to
about 30 weight % Preferably, concentrations of the interfacial
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nonpol aviths giny aefvasing sohenhex bigeofillaperreé, a tfsedisnbition SYMRIHANE FERSHERNE t he

eyt ane UEPRFRE AT bt el Pl AR AR WBEBT Ok or e, an”

alternative organi c nononer sol ution, and/or conbinations thereof. The
di scl osed |nterfaC| al V§ Ip\a/lrrerlzatlon reactjion tinme aof step (b) may vary.
e

For exdiBie,> AWk Furporihirr ohe il&k meaefainsﬁvlwwsrﬁynﬁé vty ange
from ahour 2 §§%@&9§m§ O MRAHT Nadd@HtFRion 16tea GUENSALASh %éapnglﬁ% P&hwegs

contacting or treatin he menbrane after the interfacia rrerlsatlon
react i anigainiets chsmhedcmacmgoneéds been infergae ack) by and 00N quenches any
un-reacted functional groups present follow ng the interfacial

pol ymeri sation reaction.
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WO 2012/ 010889PCT/ GB2011/ 051364 I n an enbodi nent, the quenching nediumis
wat er. The quenchi ng nedi um may al so conpri se an al cohol. The presence of
an al cohovowniZoiessp any unreacted acyl chloride groups pcesBwifGiicew ng
the interfacial polynerisation reacti on. Suitable al cohols include, but are

not lim.ted t Icoh ptlo ally w one or

si | oxa ég‘érﬁﬁssg‘uOWﬁmsCéﬁFréSﬁBa ]H‘éif‘ ga%ﬁ?fslieﬁl Hé'fﬁ‘?é with

(i ncl udipngeefvhingy khadkd mrfo@lm@itfon ,feednfmld?fcdrﬁ @ghvﬁb!f]xflst &rnetmlgwers one
or nore hydrogen atons replaced by fluorine atons ere i ncl udes but is
not | i rdissetved on miethahol hak besreperfrained b3 barang 301F) , or Si-O-Si; and Ar is
aryl (e.g. phenyl). The quenching nedi um may al so conpri se one or nore
cappi ng nononers as quenchi ng agents. Such cappi ng nononers nay i ncl ude

am nes.FiutAMEvaNWED tdioé uae fhitt oftd & FI0membRink&ehit hiks Nekh tréitedNdih
amnes Wth sil oxane-substituents, alkylam nes wth hal osubstituents

i ncl udiiYFF a8 jagevaangHRlYah e NaRElafioaroian Kead solaiien coMpRATiag ROREBENeTDY e
hydr og l.uo r i ncl udes but is not
Y oo ieB Gy o e R Mo e P ber il B o A ey &l so
conprise a solutlon cont ai ni ng R—acyl hal i des or Ar acyl halides, where R
|ncludes but is not |limted to alky al kene, Si-OSi. In the ahove

def i ni thigHe,8 shavsaliWC gyve grddp er %&W@r%ﬁmﬂ% dag boen grgpted Vit ons
and suibofl & &) lﬁ@?@z}tﬁ%oﬁ%ien?r Nt &on CHTR &L s nch E&%gﬁangéogggxyréwoost

treatnment step ( S contacting the conposite nenbran ri‘or to use
f or narmdigohtersatissotvediit lolamedas becatjenigrrmed sted®k har and BAf@l. ng, but not |inited
to, polar aprotic solvents. In particular, activating solvents include
DVAc, NWP, DWF and DVMSO. The activating solvent in this art is defined as a

l'iquid g EMANCREVEDECEOMMAS ith& SreIFangefdbibhealtieh hhi ®8ddTBBAted THhen
choi ce of activating solvent depends on the top | ayer and nenbrane support

st abi | iPMF @onn aﬁﬁiivatglgr’r‘a;lV@é dlaneiditretion tof gu tedaspjutpmacompagingrgatysiyrene
i ncl h f th
e B ) AP HIE B DR WL e L vt o

menbrane. WO 2012/ 010889PCT/ (GB2011/ 051364 The second conditioni ng agent

optlonally applied in step (e) n% be i regnated into the nenbraneqt()‘_g
i mrer silfigirenld sto@ s Qraryes advideses obr EQ Fembrangs |pyeredan B @esshak

corrprl %n@qgllti _f.ﬁ%?o?p &Hﬁ}gﬁé %QQW%Q%BI 1m§pe%n5t%ﬁul)v§tﬁn£ dJU gﬂlofn Figffn[tr ation

sem per ranes o e 1 nventi can be use na (0]

oper at iNa®filtpaiohi efud &eldysolutionr ganprisirgopsestyene aurmgomefsedlp@ﬂxteldcml BMFByhas

nanofiltration operations | nogol ar aprotic solvents.
been performed at 30 bar and 30

Figure 11 shows MWCO curve and flux of a TFC membrane prepared on a crosslinked
polyimide support membrane which was impregnated with PEG as a conditioning agent.
Nanofiltration of a feed solution comprising polystyrene oligomers dissolved in DMF has

been performed at 30 bar and 30°C.

Figure 12 shows MWCO curves and fluxes for TFC membranes prepared on a PEEK support
membrane. The TFC membrane has not been treated with DMF as an activating solvent.
Nanofiltration of a feed solution comprising polystyrene oligomers dissolved in THF has

been performed at 30 bar and 30°C.

Figure 13 shows MWCO curves and fluxes for TFC membranes prepared on a PEEK support

membrane. The TFC membrane has been treated with DMF as an activating solvent.
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By the term"nanofiltration” it is neant a nmenbrane process which w ||
all ow the passage of solvents while retarding the passage of |arger solute
nol ecul eswowherniesspr essure gradient is applied across tir€eTraBIIIAIE364 Thi S
may be defined in terns of nmenbrane rejection R, a comon neasure known by

t hose i din the art nd defined as - x10Q! CRi e Cp,

= conciﬁr tfaélr‘?no‘? 3 besd %33 ution ﬁor{lleé“%PPrB’p "tyéenep%"rgr?é‘%‘?t% %‘?]lgﬁgd t‘hérm:reb%ﬁ d

whi ch hRsy passatdtisoeahddw aenbrane, and CR i = concentration of species
i inthe retentate, retentate being the liquid which has not passed through

the nenbrane. It will be appreciated that a nmenbrane is selectively

o Rt Ha RSP EC stven nd gt e e ThembRER S0 Bad OB ¢

ol ecul gobpsWiatilled® TRl €G! aftertdidNpolyelibaidna e tibR0-1he0 0 ultingRicomposiet ai ned
at the surface of the nmenbrane over at | east one solvent, so that R > 0.

Typi calmerpbtranesdarp tesgted rvigh DM an8R iaFti vasing salveain anpiilyiaiion pha feesl Sdutiar . The
term"solyv av and
oSSt e bl R MR BARRCI LI BB, 200,
Daltons. It |s understood t hat the term sol vent al so |ncIudes a m xture of
solvents. By way of non-limting exanple, salvents include aronatics,

al kanesFlglr@ett?né@WSgWQ% CUry Ry arlct Al ey farol e ipembigaeseFantaiging hdrophiebice s |

nitril | dgdnyd o] y Cifis, I ns,

and poﬁ%?m%rgtrc gﬁgn% grﬁgﬁ?%gtgﬁgo &%%P§§ %%ﬁgg% andr%#%t C§m?%%%€o

) 201211&&6188&%&%@@6]3@1093%& ay aviatiof snlvand. Nathbfﬂm@tle]xafrplfeed syheeinf i c

exanpl es of. solvents inglude t benz ne, i, sol e,

Chi or oBSHERTE RCHI ST e DR B S de T Bt Abebar v 30C.

di chl oroet hane, nethyl acetate, ethyl acetate, butyl acetate, nethyl ether

ket one (MEK), nethyl iso butyl ketone (M BK), acetone, ethylene glycols,

ethanoﬂlwnnbmﬂnnﬂ\&wmmeﬁmﬂmﬂnn@utanol hexane, cycl ohexane, di net hoxyet hane,
met hyl tert butyl et her (MIBE) , d|ethyI ether, adiponitrile, NN

di met hyl f or mam de, di nmet hyl sul f oxide, N, N di methylacetamni de, dioxane,

ni tr omefHANEIm NedmhPRSBZ el Rifedi R, asC ATHON rilbibiahdsdornicRlt M3Vt ahelaian,

nethyltetrahydrofuran N-net hyl pyrrolidone, acetonitrile, water, and

M xt ur 291 yThrsFsaen withbe fampifar @ocrn@tte"skm | thiserigad inglndi ps f:@ﬂm cpyppsed fvler age

skil l'eqy.feader, @nd difciNdesy g@h ER]['b?a%B' ‘%vh%]t SNy ﬂ?ma ehﬁ)%;ﬁ;

sol ution conprising a sofven an | east” one sol ute ecu € suc t%at

the weightiofiyl@tdrined fi@in 4 Bigfes@lt uiagerlah the liquid is |ess than the weight

fraction of the solvent, and where the nol ecul ar weight of the solute is at

| east 20 g mai higher than that of the solvent. The menbrane of the present

i nventi [ to

those ST S TR T A e e S B P T g O ER g

t ube, gmdyithedd, vatioysinkedsi grdyticheimaddzole, crosshnked polyacrylonitrile,  Teflon,

polypropylene, and polyether ether ketone (PEEK), or sulfonated polyether ether ketone (S-
PEEK).

The polymer used to form the support membrane includes but is not limited to polyimide
polymer sources. The identities of such polymers are presented in the prior art, U.S. Pat. No.
0038300, the entire contents of which are incorporated herein by reference. More preferably,
the support membrane of the invention is prepared from a polyimide polymer described in
U.S. Pat. No. 3,708,458, assigned to Upjohn, the entire contents of which are incorporated
herein by reference. The polymer, available from HP polymers GmbH, Austria as P84, is a
copolymer derived from the condensation of benzophenone 3,3',4-4'-tetracarboxylic acid
dianhydride (BTDA) and a mixture of di(4-aminophenyl) methane and toluene diamine or the

corresponding diisocyanates, 4,4'-methylenebis(phenyl isocyanate) and toluene diisocyanate.

12



The follow ng exanples illustrate the invention. EXAMPLES In the follow ng
exanpl es, nenbrane perfornmance was eval uated according to flux profiles and
nol ecul arwaeophtiogsat of f (MACO curves. Al l nanofil trat POM/GBepHYGSIESAL S wer e
carried out at 30 bar using a cross-flow filtration systen1 Menbr ane di scs,
of actiye are e cut fromflat sheets and ed into 4
Cross fﬁﬁM&E@PW@CPHJ %Wﬁ%éaSﬁBFW3§@@g§h [8stH FFH?“%%%% @Wéﬁ??‘%@re

col | ectigfn@he:i Ntervals of 1 h, and sanples for rejection evaluations were
taken after steady perneate qux was achi eved. The MACO was determ ned by
interpolating fromthe ¢l ot of rejf ction agai pst nol ecul ar wei ght of marker
conpounds. The solute r
solutions. The first wa

N ectign tegt wa ed out using two standard
3 3 i ot i sed of a honol ogous
ol i -N—+ t hetsel ected sol vent. The

series of styrene ol

styrene ol igoner m xture,eontagified 1-R gA~egch 80 and WO

2012/ 010889PCT/ GB2011/ 0%1364 PS 1090 (Pol ymen\ La s UK@ and 0.01 g L-1 of
a- met hyl styrene di ner (Signma-Aldrich, UK). An@VMDA ‘the styrene

ol i gonmers was done using an Angilent HPLC systenlmnth UV/ Vi s detector set
at a wavel ength of 264nm Separatlon was achi eved using a reverse phase
colum (C18-300, 250x 4.6 nn) The nobi | & phase consi sted of 35 vol %
anal ytical grade Wy 9 hydrofuran with 0.1 vol %

trifluoroacetic acs ‘ 1 sqju onS|sted of a
i m/v)N- e al kanes used
sage, n-tetygdecage, e te Fagosane,

sol ution of al
wer e: decane,
hexacosane. Their ¢ are 142.3 Dal ton, \98. 4 QQBR%@A2@26 4 Dalton, 280.5
Dal ton, 338.7 Dalfon, and 366.7 Dalton réspectively. Analysis of t he
al kanes was vi a gas chronatography Sgf vent flux (J) was determ ned by
nmeasuri ng perneate vol une (V) unit area A er unit time (t) according
t o the WEIeiBWgpPalmRaricompriess mm\abqut@Wo Ianﬁl@ eflection (R ) of narkers was
cal cul ated fromequation 2, where Cp,, and CF, 1 correspond to styrene
concentrations in the perneate and the feed respectively.

Support membranes can be prepared following the methods described in GB 2,437,519, the

entire contents of which are incorporated herein by reference, and comprise both
nanofiltration and ultrafiltration membranes. More preferably, the membranes of the
invention used as supports are within the ultrafiltration range. The membrane supports of the
invention may be crosslinked using suitable amine crosslinking agents and the crosslinking

method and time may be that described in GB 2,437,519.

It is an important feature of the present invention that the support membrane is impregnated
with a conditioning agent. The term “conditioning agent” is used herein to refer to any agent
which, when impregnated into the support membrane prior to the interfacial polymerisation
reaction, provides a resulting membrane with a higher rate of flux after drying. Any suitable
conditioning agent may be used. Suitably, the conditioning agent is a low volatility organic
liquid. The conditioning agent may be chosen from synthetic oils (e.g., polyolefinic oils,
silicone oils, polyalphaolefinic oils, polyisobutylene oils, synthetic wax isomerate oils, ester
oils and alkyl aromatic oils), mineral oils (including solvent refined oils and hydroprocessed
mineral oils and petroleum wax isomerate oils), vegetable fats and oils, higher alcohols (such
as decanol, dodecanol, heptadecanol), glycerols, and glycols (such as polypropylene glycols,
polyethylene glycols, polyalkylene glycols). Suitable solvents for dissolving the conditioning

agent include water, alcohols, ketones, aromatics, hydrocarbons, or mixtures thereof. The
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R = (1P't) 100%2) CF,, EXAMPLE 1 In the follow ng exanpl e, nenbranes of
the present invention are fornmed through interfacial polynerisation to form
a pol yamwe 20re/m@o088p0ssl i nked pol yi mi de support nenbr ane PCassH2011/05n854
Formati on of crosslinked polyimde support nenbrane A polynmer dope

sol ution was prepared by. dissolving 24% (w w polyimde (P84 from Evonik
AG in f%ﬁf@é%ﬁ‘é?“@t‘i"?%“ﬁé“&%?w &ﬁ?fg“(fﬁ i{ﬂegeé%ﬁfﬁlyg’?élyeoﬁag?o%?ﬂ YR A vi scous

solution was forned, and allowed to stand for 10 hours to renove air
bubbl es. The dope sol ution was then cast on a polyester or polypropyl ene
(Vi | eddn,thGanventiph, paer- teothe infedekininpolercerdtmin reagiod, the supgbrssembraneisusi ng

a castin ni f | conet.er 3700 el a thickness of 250 | medi at el
Rgedil: TR A e R R R e T N ot

| nver sifémBiaae!r bl y AHeefirsd&onditiimSageht isvelowChangad orghndc M Waldefindat h
and left for an hour. The wet nenbrane was then inmmersed in a sol vent
exchang®owat h (i sopropanol) to rempve any residual water and preparation
sol vents. WD 2012/ 010889PCT/ GB2011/ 051364 The support nenbrane was then
crosslinked using a solution of hexanediam ne in isopropanol, by imersing
t he suppolotvimeabitmest wih tecaditidhimnadeat, tHbsuppurftSna@hbaoo® typiocpey atied & The
support nenbrane was .then renoved fromthe crosslinking bath and washed
with i SHapbifat corditiansyio rgmeverpyidud A9IVERsi dual hexanedi ani ne (HDA). The
final step for preparing the crosslinked polyimde support nenbrane

i nvol ved i mrersi ng the nenbrane overnight into a conditioning agent bath
consi stThrgneffaciahvall ynrerizagibh ocasfioBisZepalaile hhlgl te tkegllace al thGierfasdmtwganol .

The menprane was then wi ped with tissue er .and air dri.ed. Far i on of
T e TRe FRE £ Bt Bvihoitel Srutib ot B bt aRe BB freBpine el Bion. ek s ones
wer e hae%'p'}%és. PACK !ﬂﬁas‘éftﬁﬁ kot RALNdITbEE BUBRRH tmdRIRE A8 EdHhH b
interfacial polynerization. The support nenbrane was taped to a glass plate

and pl dberdof. foaperrgtienust del dissobied ghomypgrwimay vary héanabasaditheriyseeni MRI,

o and g ot Pt 125 ! RLRLP et i Chua SRR e weo

sat ur atgehdmRdrdonBEn tSUBRN Nise WaSadtBRs lifiMBY SEFathé HhaseS Oldabtie tedhpeBatdi® 4ntd V)
trimesoyl chloride (TMC, 98% Sigma-Aldrich) in hexane. After 1 mn of

react i dRactiofdimes §reh rgylablasonan be cortrdlog to igFiagmher pioneitine of Eieamembengs i on
dri i . (whi t f fined
and ri ’ks.%?ﬁgm&n@@&g&aﬁ%gﬁ%% ia&@?tﬁi?& &sst Ponb@lisdd B tg‘}; E%ﬂgﬁgﬁ%&? I ne

her ein, I'mrersin ne 1 nto a quenching ne em cal
st ruct woksioa$ nidyeinohidebiitsadsed Ifmited te diarhi@ed and aliacpbhyliges) Tas iresultirgact i on

are shown jn Schene 1. ) )
reaction may form a polyamide selective layer on top of the support membrane.

In this invention, the polymer matrix of the top layer can comprise any three-dimensional
polymer network known to those of skill in the art. In one aspect, the thin film comprises at
least one of an aliphatic or aromatic polyamide, aromatic polyhydrazide, poly-
benzimidazolone, polyepiamine/amide,  polyepiamine/urea, poly-ethyleneimine/urea,
sulfonated polyfurane, polybenzimidazole, polypiperazine isophtalamide, a polyether, a
polyether-urea, a polyester, or a polyimide or a copolymer thereof or a mixture thereof.
Typically, the polymer selected to form the thin film can be formed by an interfacial

polymerization reaction.

In a further embodiment of this invention, the film comprises a polyamide. The polyamide
can be an aromatic polyamide or a non-aromatic polyamide. For example, the polyamide can
comprise residues of a phthaloyl (e.g. terephthaloyl or isophthaloyl) halide, a trimesyl halide,

or a mixture thereof. In another example, the polyamide can comprise residues of
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pol yam de network Schene 1. Interfacial polynerization reaction WO
2012/ 010889PCT/ GB2011/ 051364 Menbrane identification codes for the TFC
menbr aneswprepanessdi n this Exanple are as foll ows: EntrpCR&GB2Manis13ae

diaminobenzene, triaminobenzene, piperazine, poly-piperazine, polyetherimine or a mixture
thereof. In a further embodiment, the film comprises residues of a trimesoyl halide and
residues of a diaminobenzene. In a further embodiment, the film comprises residues of
trimesoyl chloride and m-phenylenediamine. In a further aspect, the film comprises the

reaction product of trimesoyl chloride and m-phenylenediamine.

The first reactive monomer solution may comprise an aqueous solution of a polyamine. This
aqueous amine solution may also contain other components, such as polyhydric compounds
as disclosed in U. S. Pat. No. 4,830,885. Examples of such compounds include ethylene
glycol, propylene glycol, glycerine, polyethylene glycol, polypropylene glycol, and
copolymers of ethylene glycol and propylene glycol. The aqueous amine solution may also

contain polar aprotic solvents.

Aqueous monomer solutions may include, but are not limited to, an aqueous solution
containing 1,6 hexenediamine, poly(ethyleneimine), an alternative aqueous monomer
solution, and/or combinations thereof. Concentrations of solutions used in the interfacial
polymerzation may be in a range from about 0.01 weight% to about 30 weight %. Preferably,
concentrations of the interfacial polymerization solutions may be in a range from about 0.1%

weight% to about 5 weight %.

The second reactive monomer solution may contain di- or triacyl chlorides such as trimesoyl
chloride or other monomers, dissolved in a nonpolar solvent such as hexane, heptane, toluene
or xylene. Further, the second reactive monomer solution may include, but is not limited to, a
xylene solution of iso-phthaloyl dichloride, sebacoyl chloride, an alternative organic

monomer solution, and/or combinations thereof.

The disclosed interfacial polymerization reaction time of step (b) may vary. For example, an
interfacial polymerization reaction time may be in a range from about 5 seconds to about 2

hours.
The quenching step (c) includes contacting or treating the membrane after the interfacial

polymerisation reaction with a quenching medium. The quenching medium quenches any

un-reacted functional groups present following the interfacial polymerisation reaction.
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Menbrane code 1 TFC nenbrane prepared on crosslinked Pl as support

| npregnated with polyethylene glycol (PEG MPD-n Were n identifies

menbr anesworede/iiossPndependent batch n. Treatnent of TFCPoEMB2andS136itt h
activating solvent (step d). A post-formation treatnent step was carried
out on the c osite menbranes in which the menbranes were contacted with
an act ilgé‘flieﬁg’gg’é‘il%ﬁ]ﬂ? qyehching medpup Ly Watthe activating sol vent was DVF. The
contact tine was 10 mnutes via either filtration or inmersion. Conposite
menbrane perfornmance. The perfornmance of TFC nenbranes in DMF and in THF
wer e evEleuatcachibg frediaina nuy afl toecomprsa tamertohel. t Thdpesase af an@tdohelt wilgcap

sol vent. The rej,ection curves and fl s .for, tthe TKE nbranes in [ PS
ol ut 1 Y ARG RUTEH BBl S TerP ot PR I lrRre BT RernE s e Chown | n
Fi gur essultaBlethicbholsiigélnge, dub heWdt Tigile td, B OHIr AeOH2 A ohd18 ¥pliéalll Rathlbife
nmenbr anes i n THF/ Al kanes sol uti on. The TFC nenbranes showed no flux with

THF befdr BoppStlorawt sebttuedts, halsph@s tWilatangg 05 gneig nhaloispbstigucatse Ainctuding

cont actyigi b8 AEABIAROM bHetE, RCUT YR BRuB P Bhe SPRAIE S ekt urdRAVPLE

replaced by fluorine atoms), where R includes but is not limited to alkyl, alkene, haloalkyl

(e.g. Rp), or Si-O-Si; and Ar is aryl (e.g. phenyl).

The quenching medium may also comprise one or more capping monomers as quenching
agents. Such capping monomers may include amines. Suitable amines include but are not
limited to R-NH,, Ar-NH,, amines with siloxane-substituents, alkylamines with halo-
substituents including fluorine RpNH, (where Rg is an alkyl group in which one or more
hydrogen atoms are replaced by fluorine atoms), where R includes but is not limited to alkyl,

alkene, Rg, Si-O-Si .

The quenching medium may also comprise a solution containing R-acyl halides or Ar-acyl

halides, where R includes but is not limited to alkyl, alkene, Ry, Si-O-Si.

In the above definitions, suitable alkyl groups or moieties comprise 1-20 carbon atoms and

suitable alkene groups or moieties comprise 2-20 carbon atoms.

A post treatment step (d) includes contacting the composite membranes prior to use for
nanofiltration with an activating solvent, including, but not limited to, polar aprotic solvents.
In particular, activating solvents include DMAc, NMP, DMF and DMSO. The activating
solvent in this art is defined as a liquid that enhances the composite membrane flux after
treatment. The choice of activating solvent depends on the top layer and membrane support
stability. Contacting may be effected through any practical means, including passing the
composite membrane through a bath of the activating solvent, or filtering the activating

solvent through the composite membrane.
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TFC nenbranes were fabricated as per EXAMPLE 1. Post-formation step (d)
(contacting wwth DMF as an activating solvent) was only perfornmed for sone
of the nmewbrareas08s¥he performance of TFC nmenbranes w t hramaBaMtBLI64t he
activation step (d) contacting with DVF was eval uated in different

sol vents, including.acetone, rreth oI, .e?tgh acetate and tol ueng, r the
MACO cuFtiFetecat cpditioning peqmh opemallyadinlish el stegl (G Ay B RRIRgat f‘é’c@lmaf with
and W tHQHbrafOBY aftnhd¥dn tltlé"TPM:mel%bgilﬁE iReWMRD oPRADIMANESVART Bathest REh:at
each time and the resulis for both rejection and fTux were reproducible. WO
2012/ 0 x0889POE/tEB0e1d OBLBENiHg apene 4 shows rej ection curves and flux for
TFC nmenbranes in acetone/ PS without treating the nenbrane with an
activating solvent. Figure 5 shows rejection curves and flux for TFC

nmenbr ange filtang hidn Ak [sehafeleabl TECEheABLMSs OIthd iBRnAbH ein bEadtd Mg t he
menbranes with Figure 6 shows rejection curves and flux for TFC

menbr aresoldiiafiag OPRIAEITS| RarieylRy BrOTRADHSBENA. ARG trore pasETlARY paroHEHisane

W th a:h?glcagloxé’;\%l arsaBLO\{%rl, lve esgure 7 shows rejection curves and flux for
I'ng

TFC menbranes nano rati on of MeOH PS solution after treating the
menbranes wi th DVF. The TFC menbr anes that were not treated with DVF showed
no flux in toluene and ethyl acetate. Figure 8 shows rejection curves_ and

flux fdiy theceimentngHltion” w gsARYy aa@e@ara&lﬁ iPEoresy Wéwhtw@aﬁﬂlpwgh? R&ssags Rl anes

W th uring
ronor PFpaFLAUAE, RUERSIS BhSEL) Qs VAR |, T ERLANAF 110

menbr arepplischowess the r[nbmbra‘na. This usme bordefhér in &oets atf eneEMANPLrEe@ionVBptr ane
supports were fabricat edtr % ger. \VPLE 1@;&? were not conditioned with
PEG TR Khepd by ihp 1B HE 5 8%idi ti oned support
menbranes as per EXAMPLE 1. The performance of TFC nenbranes prepared on
nmenbrane supports with and w thout PEG was then eval uated and conpared.
Menbrane i denti fi cation codes for the TFC nmenbranes prepared in this
Exanpl eRaf '&'Ff@”l%% Entry No. 1

where Cp; = concentration of species i in the permeate, permeate being the liquid which has
passed through the membrane, and Cg; = concentration of species i in the retentate, retentate
being the liquid which has not passed through the membrane. It will be appreciated that a
membrane is selectively permeable for a species i if R; > 0. It is well understood by those
skilled in the art that nanofiltration is a process in which at least one solute molecule i with a
molecular weight in the range 100-2,000 g mol™ is retained at the surface of the membrane
over at least one solvent, so that R; > 0. Typical applied pressures in nanofiltration range from

5 bar to 50 bar.

The term “solvent” will be well understood by the average skilled reader and includes an
organic or aqueous liquid with molecular weight less than 300 Daltons. It is understood that

the term solvent also includes a mixture of solvents.

By way of non-limiting example, solvents include aromatics, alkanes, ketones, glycols,
chlorinated solvents, esters, ethers, amines, nitriles, aldehydes, phenols, amides, carboxylic
acids, alcohols, furans, and polar protic and polar aprotic solvents, water, and mixtures

thereof.
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Menbrane Menbrane code 2 TFC nenbrane prepared on crosslinked P

as support

I npregnated wit hPEG MPD-n 3 TFC nenbr ane prepared on crosslinked Pl support
not i npr eyoavedivgsvh PEG MPD- NP- n PCT/GB2011/051364

By way of non-limiting example, specific examples of solvents include toluene, xylene,

benzene, styrene, anisole, chlorobenzene, dichlorobenzene, chloroform, dichloromethane,

dichloroethane, methyl acetate, ethyl acetate, butyl acetate, methyl ether ketone (MEK),

methyl iso butyl ketone (MIBK), acetone, ethylene glycols, ethanol, methanol, propanol,

butanol, hexane, cyclohexane, dimethoxyethane, methyl tert butyl ether (MTBE), diethyl

ether, adiponitrile, N,N dimethylformamide, dimethylsulfoxide, N,N dimethylacetamide,

dioxane, nitromethane, nitrobenzene, pyridine, carbon disulfide, tetrahydrofuran,

methyltetrahydrofuran, N-methyl pyrrolidone, acetonitrile, water, and mixtures thereof.

The term “solute” will be well understood by the average skilled reader and includes an

organic molecule present in a liquid solution comprising a solvent and at least one solute

molecule such that the weight fraction of the solute in the liquid is less than the weight

fraction of the solvent, and where the molecular weight of the solute is at least 20 g mol

higher than that of the solvent.

The membrane of the present invention can be configured in accordance with any of the

designs known to those skilled in the art, such as spiral wound, plate and frame, shell and

tube, and derivative designs thereof.

The following examples illustrate the invention.

EXAMPLES

In the following examples, membrane performance was evaluated according to flux profiles

and molecular weight cut off (MWCO) curves. All nanofiltration experiments were carried

out at 30 bar using a cross-flow filtration system. Membrane discs, of active area 14 cm?,

were cut out from flat sheets and placed into 4 cross flow cells in series. Permeate samples

for flux measurements were collected at intervals of 1 h, and samples for rejection

evaluations were taken after steady permeate flux was achieved. The MWCO was determined

by interpolating from the plot of rejection against molecular weight of marker compounds.

The solute rejection test was carried out using two standard solutions. The first was a

standard feed solution comprised of a homologous series of styrene oligomers (PS) dissolved

in the selected solvent. The styrene oligomer mixture contained 1-2 g L™ each of PS 580 and
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66.7 Dalton respectively. Analysis of the alkanes was via gas chromatography.

Solvent flux (/) was determined by measuring permeate volume (V) per unit area (A) per unit
time (f) according to the following equation:

-V
T4 W

The rejection (R;) of markers was calculated from equation 2, where Cp; and Cr; correspond

to styrene concentrations in the permeate and the feed respectively.

C,,
R, =(1—CP’1)-100% (2)

F,i

EXAMPLE 1

In the following example, membranes of the present invention are formed through interfacial
polymerisation to form a polyamide on a crosslinked polyimide support membrane, as
follows:

Formation of crosslinked polvimide support membrane

A polymer dope solution was prepared by dissolving 24% (w/w) polyimide (P84 from
Evonik AG) in DMSO and stirring overnight until complete dissolution. A viscous solution
was formed, and allowed to stand for 10 hours to remove air bubbles. The dope solution was
then cast on a polyester or polypropylene (Viledon, Germany) non-woven backing material
taped to a glass plate using a casting knife (Elcometer 3700) set at a thickness of 250 pum.
Immediately after casting, the membrane was immersed in a water bath where phase
inversion occurred. After 15 minutes, it was changed to a new water bath and left for an hour.
The wet membrane was then immersed in a solvent exchange bath (isopropanol) to remove

any residual water and preparation solvents.
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sol ution was then cast on a polyester non-woven backing materi al
temperature. The support membrane was then removed from the crosslinking bath and

washed with isopropanol for 1 h to remove any residual hexanediamine (HDA).

The final step for preparing the crosslinked polyimide support membrane involved immersing
the membrane overnight into a conditioning agent bath consisting of a volume ratio of 3:2
polyethylene glycol 400/ isopropanol. The membrane was then wiped with tissue paper and

air dried.

Formation of thin film composite membranes by interfacial polymerisation:

TFC membranes were hand-cast on the crosslinked polyimide support membrane through
interfacial polymerization. The support membrane was taped to a glass plate and placed in an
aqueous solution of 2% (w/v) m-phenylenediamine (MPD, >99%, Sigma—Aldrich) for
approximately 2 min. The MPD loaded support membrane was then rolled with a roller to
remove excess solution. The MPD saturated membrane support was then immersed in a
solution of 0.1% (w/v) trimesoyl chloride (TMC, 98%, Sigma—Aldrich) in hexane. After 1
min of reaction, the resulting membranes were withdrawn from the hexane solution and
rinsed with water (which corresponds to step (c) of the process defined herein, i.e. immersing
the membrane into a quenching medium). The chemical structures of the monomers used for

the interfacial polymerization reaction are shown in Scheme 1.

NH, cooc. . _cocl
s

y 1

S

TeTTNH, cocl T .

MPD TMC

polyamide network

Scheme 1. Interfacial polymerization reaction
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treatment with DMF as an activating solvent. The rejection curves and fluxes for the TFC
membranes in DMF/PS solution and in THF/PS solution after post-treatment with DMF are
shown in Figures 1 and 2. Figure 3 shows rejection curves and flux for the TFC membranes
in THF/Alkanes solution. The TFC membranes showed no flux with THF before post-
treatment with an activating solvent. It is clear that contacting the membrane with the

activating solvent enhances flux.

EXAMPLE 2

TFC membranes were fabricated as per EXAMPLE 1. Post-formation step (d) (contacting
with DMF as an activating solvent) was only performed for some of the membranes. The
performance of TFC membranes with and without the activation step (d) contacting with
DMF was evaluated in different solvents, including acetone, methanol, ethyl acetate and

toluene.
For the MWCO curves and flux test in MeOH, acetone, toluene and ethyl acetate with and

without contacting with DMF, eight new MPD membranes were tested at each time and the

results for both rejection and flux were reproducible.
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t hrough capping). Cga.Cl-1;3 ;C .1-1.3 KIGi---CH----- 0---1-1---0 .'nj L
-, WO 2012/010889 PCT/GB2011/051364

Figure 4 shows rejection curves and flux for TFC membranes in acetone/PS without treating
the membrane with an activating solvent. Figure 5 shows rejection curves and flux for TFC
membranes during nanofiltration of acetone/PS solution after treating the membranes with

DMF.

Figure 6 shows rejection curves and flux for TFC membranes during nanofiltration of
MeOH/PS without treating the membrane with an activating solvent. Figure 7 shows
rejection curves and flux for TFC membranes during nanofiltration of MeOH/PS solution

after treating the membranes with DMF.

The TFC membranes that were not treated with DMF showed no flux in toluene and ethyl
acetate. Figure 8 shows rejection curves and flux for TFC membranes in Toluene/PS solution

after treating the membranes with DMF.

Figure 9 shows rejection curves and flux for TFC membranes during nanofiltration of ethyl
acetate/PS solution. Without DMF treatment the TFC membranes showed no flux in toluene

or ethyl acetate.

EXAMPLE 3

Membrane supports were fabricated as per EXAMPLE 1 but were not conditioned with PEG.
TFC membranes were fabricated on these non-conditioned support membranes as per
EXAMPLE 1. The performance of TFC membranes prepared on membrane supports with

and without PEG was then evaluated and compared.

Membrane identification codes for the TFC membranes prepared in this Example are as

follows:
Entry Membrane Membrane
No. code
2 TFC membrane prepared on crosslinked PI as support MPD-n
impregnated withPEG
3 TFC membrane prepared on crosslinked PI support not MPD-NP-n
impregnated with PEG
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Menbrane identification codes for the TFC nenbranes prepared in this

Exanple are as follows: Entry No. Menbrane Menbrane code 4 TFC nenbrane
prepar ed wo 20r2088889nked Pl as support inpregnated wth PEGGBPD/I1H4TFC
menbr ane prepared on crosslinked Pl as support inpregnated with PEG The

TFC nme ane s ost t reat ed solutjon of 2,2, 3,3, 3-
pent af mg?%&léw nranbrane én 1@8%8?#%@ WPD-n 6

Figure 10 shows rejection curves and flux for TFC membranes prepared on membrane
supports without PEG in DMF/PS solution. Figure 11 shows rejection curves and flux for
TFC membranes prepared on membrane supports with PEG in DMF/PS solution. An
increase in flux can be observed when TFC membranes are prepared on membrane supports

containing PEG.

In this example the salt rejection of TFC membranes prepared with PEG impregnated
support membranes was compared with those prepared with non-impregnated supports. For
flux and rejection test, 150mL of 0.2 % NaCl (2000 ppm) aqueous solution were used in a
dead-end cell filtration set-up at 30 bar pressure. It is clear that impregnating the support
with PEG prior to the interfacial polymerisation reaction enhances water flux without
changing salt rejection. The choice of the support membrane material depends on the
application. For water applications, it is not required to have a solvent stable support
membrane, so PEG-impregnated support membranes made from polysulfone and

polyethersulfone are suitable and lead to enhanced water flux without changing rejection.

Membrane NaCl NaCl aqueous solution
Rejection(%) Flux (L m2 h™) at 30 bar
MPD-NP 97.5 6.0
MPD 97.5 22.4
EXAMPLE 4

In this particular example TFC membranes were prepared on PEEK support membranes, as

follows:

Fabrication of membrane supports from polyetheretherketone (PEEK):

A polymer dope solution was prepared by dissolving 12.3% (w/w) PEEK in 79.4% methane
sulfonic acid (MSA) and 8.3% sulfuric acid (H,SO.). The solution was stirred overnight until
complete dissolution. A viscous solution was formed, and allowed to stand for 10 hours to

remove air bubbles. The solution was then cast on a polyester non-woven backing material
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Figure 12 shows rejection curves and flux for TFC membranes during nanofiltration of
THE/PS solution without treating the membrane with an activating solvent. Figure 13 shows
rejection curves and flux for TFC membranes during nanofiltration of THF/PS solution after

treating the membranes with DMF as an activating solvent.

EXAMPLE 5
TFC membranes were fabricated as per EXAMPLE 1. After the interfacial polymerisation
reaction the membranes were treated in a quenching medium comprising a reactive monomer

dissolved in a solvent (step c).

Treatment of TFC membranes in quenching medium

A post-formation treatment step was carried out on the composite membranes in which the
membranes were contacted with a quenching medium. In this example the quenching
medium was a solution of a fluoroamine or aminosiloxane in hexane. The contact time was 1
minute via immersion. The reactive monomer end-caps the free acyl chloride groups left in
the polyamide film. In this example, the quenching step modifies the membrane chemistry,
making it more hydrophobic by capping the unreacted acyl chloride groups with amines
comprising halo-, silyl- or siloxane- substituents. The chemical structures of the monomers

used for the interfacial polymerisation reaction are shown in Scheme 2.
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Schene 3. Polyam de with fluorinated backbone (incorporating fluoro-acid
chloride in organic phase). WD 2012/010889PCT/ GB2011/ 051364 Menbr ane

i denti fi cwiDi2ore/caosses for the TFC nenbranes prepared i n PhirGGERENSIB4are as
follows: Entry No. Menbrane Menbrane code 7

Q QN B F
NH NH F
c/o o\o CO—N F

F F

co
Fluoroamine NH
Qﬁ}n Qu}n
Polyamide
Scheme 2. Polyamide with fluorinated backbone (incorporating fluoroamine through
capping).

Membrane identification codes for the TFC membranes prepared in this Example are as

follows:
Entry Membrane Membrane code
No.

4 TFC membrane prepared on crosslinked PI as support MPD-n
impregnated with PEG.

5 TFC membrane prepared on crosslinked PI as support | Fluoroamine-MPD-n
impregnated with PEG. The TFC membrane is post-
treated with a solution of 2,2,3,3,3-
pentafluoropropylamine in hexane.

6 TFC membrane prepared on crosslinked PI as support Aminosiloxane-
impregnated with PEG. The TFC membrane is post- MPD-n
treated with a solution of poly[dimethylsiloxane-co-
(3-aminopropyl)methylsiloxane] in hexane.

Where n identifies membranes made in independent batch n.

The performance of the chemically modified TFC membranes was evaluated in toluene. For

the MWCO curves and flux test in Toluene eight new TFC membranes were tested at each
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results for both rejection and flux were reproduci ble. Figure 15 shows
rej ect%\gﬁ and flux for these hydrophobic TFC nenbranes in ethyl
acet at ion. WD 2012/ 010889PCT/ GB2011/ 051364 CLAI V5

Crosslinked polyimide supports were fabricated as per EXAMPLE 1 and impregnated with
PEG. During the interfacial polymerisation reaction the trimesoyl chlode was blended with a

fluoromonoacyl chloride to make the membrane more hydrophobic and more open.

Formation of thin film composite membranes by interfacial polymerisation:

TFC membranes were hand-cast on the crosslinked polyimide support membrane containing
PEG through interfacial polymerization. The support membrane was taped to a glass plate
and placed in an aqueous solution of 2% (w/v) m-phenylenediamine (MPD, >99%, Sigma—
Aldrich) for approximately 2 min. The MPD loaded support membrane was then rolled with
a roller to remove excess solution. The MPD saturated membrane support was then
immersed in a solution of 0.1% (w/v) trimesoyl chloride (TMC, 98%, Sigma—Aldrich)
blended with perfluorooctanoylchloride (7:1) in hexane. After 1 min of reaction, the resulting
membranes were withdrawn from the hexane solution and rinsed with water step (c)
(immersing membrane into quenching medium). The chemical structures of the monomers

used for the interfacial polymerization reaction are shown in Scheme 3.

F FF FF F Q

oC CcO
NH, ClOC COCI \Q/
@L N (; + FYW Lo

F FF FF F
NH, cocl NH

MPD + TMC + Fluoroacylchloride @\H FFF FF F T o
N

O FFF FFF

Scheme 3. Polyamide with fluorinated backbone (incorporating fluoro-acid chloride in
organic phase).
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1. A conposite nmenbrane for nanofiltration of a feed stream sol ution
conprising a solvent and di ssol ved sol utes and show ng preferenti al

rej ecti orvof20t2180880l ut es, wherein the conposite nenbran®@CTaR2oilgsEs36a t hin
pol ymer i c fi | mformed by interfacial polynerisation on a support rrerrbrane
wher ei ort menbr ane nated wth a condit.i ent and
e VP G iSAROL PRt oot b B meIce: HeAHG Sofioar BB dno | s
treat edomby/ft an activating solvent prior to use in nanofiltrati on. 2. A
menbrane according to claiml in which the support nenbrane is forned from
crossl | nEstlypal yi mi de, crossli Medbypoleybenzi mi dazol e, dr dehbrkecode
pol yacrylgnitrile, Teflon, polypropylene, or polyether |ether ketone (PEEK),
or sul fondfed |pol yether ether ketone (5-PEEK). 3. A nenbrane according to
claim [ or7 cTaIfR@ZmeMBEME p&é}ﬁrd@cﬂrﬂdrﬂﬂsﬁﬁkém%tsﬁ}l)ﬁ&{ m the crogpbLpked
pol yi m de support nenbrane is at | east one copol yner derived from(a) |the
co- conflensat i cnm@fegb@tnéwﬂid?ﬁﬁ}e 3,3, 4 4' -tet racar boxyl ic aC| d di anhydri de

and a mxtgre A=—afri n"p..e"‘" hane—and—tott di e e (1)
2" Xt r o ot 4 U e B Ty Ee A RHORY L and |dOVUGHG ThTord”

di i socyanat e; Qﬁlpfe@latts@evl&’lmmlﬂgQHteﬁffacﬁﬂ'b(ﬁ Beagiehl,(2- ¢ M#DbncC ']
di furanp-1, 3,5,/7 -tetronew th5,5"' -carbonyl bis |1, 3-i sobgnzof urandi one] |, 1, 3-

diis otyan at c-theﬁml,ﬁIWQ@Wéthmﬂ@rﬂOQﬂ?ﬂOyb@ Gﬂﬁﬁ tat o- ||- net hyl benzene,| 4.

The nepbrane a f reln the polyimde|is a
pol yi m de copc Je?lheqn&rg?rgflé/m% elﬁy“{%‘l@‘% aé]g‘%]lﬂ}hlgand firom 90% t o 10% of
MWCO

('\

Where n identifies membranes made in independent batch n.

The performance of the chemically modified TFC membranes was evaluated in ethyl acetate.
For the MWCO curves and flux test in ethyl acetate eight new TFC membranes were tested
at each time and the results for both rejection and flux were reproducible. Figure 15 shows

rejection curves and flux for these hydrophobic TFC membranes in ethyl acetate/PS solution.
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CLAIMS

1 An interfacial polymerisation process for forming a composite membrane for organic
solvent nanofiltration, the process comprising the steps of:
(a) impregnating a porous support membrane comprising afirst conditioning agent being a
low volatility organic liquid, with afirst reactive monomer solution comprising :
(i) afirst solvent for the said first reactive monomer; (ii) a first reactive monomer
and; (iii) optionally, an activating solvent, (iv) optionally, additives including
alcohols, ketones, ethers, esters, halogenated hydrocarbons, nitrogen-containing
compounds and sul phur-contai ning compounds, monohydric aromatic compounds,
wherein said support membrane is stable in polar aprotic solvents,
(b) contacting the impregnated support membrane with a second reactive monomer solution
comprising:
(i) asecond solvent for the second reactive monomer; (ii) a second reactive monomer;
(iii) optionaly, additives including alcohols, ketones, ethers, esters, halogenated
hydrocarbons, nitrogen-containing compounds and sulphur-containing compounds,
monohydric aromatic compounds;
wherein the first solvent and the second solvent form atwo phase system
(c) after areaction period, immersing resulting composite membrane into a quench medium;
(d) treating the resulting asymmetric membrane with an activating solvent being a polar
aprotic solvent, and:
(e) optionally, impregnating the resulting composite membrane with a second conditioning

agent being anon-volatile liquid.

2. The process according to claim 1, wherein the support membrane is formed from
crosslinked polyimide, crosslinked polybenzimidazole, crosslinked polyacrylonitrile, Teflon,
polypropylene, or polyether ether ketone (PEEK), or sulfonated polyether ether ketone (S
PEEK).

3. The process according to clam 1 or clam 2, wherein the first and/or second
conditioning agent is selected from one or more of synthetic oils (including polyolefinic ails,
silicone oils, polyalphaolefinic oils, polyisobutylene oils, synthetic wax isomerate oils, ester
oils and akyl aromatic oils), mineral oils (including solvent refined oils and hydroprocessed

minera oils and petroleum wax isomerate 0ils), vegetable fats and oils, higher acohols (such
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as decanol, dodecanol, heptadecanol), glycerols, and glycols (such as polypropylene glycols,

polyethylene glycols, polyalkylene glycols)

4, The process according to any one of claims 1, 2 or 3, wherein the first reactive

monomer solution comprises an aqueous solution of a polyamine.

5. The process according to any preceding claim, wherein the first reactive monomer
solution comprises an aqueous solution of a 1,6 hexenediamine or poly(ethyleneimine).

6. The process according to any preceding claim, wherein the first reactive monomer
solution contains ethylene glycol, propylene glycol, glycerine, polyethylene glycoal,
polypropylene glycol, and copolymers of ethylene glycol and propylene glycol, or polar

aprotic solvents.

7. The process according to any preceding claim, wherein the second reactive monomer
solution may contain mono-acyl chlorides, polyacyl chlorides or a mixture thereof, or other

mMOoNomers.

8. The process according to any preceding claim, wherein the second reactive monomer
solution may contain trimesoyl chloride, iso-phthaloyl dichloride, or sebacoyl chloride or a

mixture thereof.

0. The process according to any preceding claim, wherein composite membrane is
treated in step (d) with an activating solvent by immersion or washing in the activating

solvent, or by filtration through the membrane using the activating sol vent.
10.  The process according to any preceding claim, wherein composite membrane is
treated in step (d) with an activating solvent comprising dimethylformamide, N-methyl

pyrrolidone, dimethylsulfoxide, dimethylacetamide or a mixture thereof.

11.  The process according to any preceding claim, wherein the contacting time in step (b)
is chosen from between 5 seconds and 5 hours.
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12.  The process according to any preceding claim, wherein the temperature of the

contacting step (b) solution is held between 10 and 100°C.

13. The process according to any preceding claim, wherein the resulting membrane is

configured as spiral wound, plate and frame, shell and tube, or derivative designs thereof.

14. A composite membrane for nanofiltration obtainable by the process of any preceding

clam.

15. Use of membrane as claimed in claim 14 for nanofiltration of a feed stream solution
comprising a solvent and dissolved solutes, wherein the feed stream comprises at least one

polar aprotic solvent.
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