ASYMMVETRI C MEMBRANES FOR USE | N NANOFI LTRATION Field of the Invention The
present invention relates to asymretric nenbranes for nanofiltration,

parti cul avbyoranaesss| trati on of sol utes dissolved in orgaorGeol vsdss, and
particularly the nanofiltration of solutes dissolved in strongly basic and
acidic organi c solvent environnments. Background to the Invention Menbrane
processes are well_known in the art of separation_science, and can be

appl i ed topasYM%%TBﬁCSMEM%WﬁS(ﬁOBpIég N NANQIF%--EWQN:UI ar wei ghts
in liquid and gas phases (see for exanple "Menbrane Technol ogy and
Applications"” 2nd Edition, R WBaker, John Wley and Sons Ltd, | SBN
0-470-85445-6). Nanofiltration is a nenbrane process utilising nenbranes
whose Rores.ar enerally in the range 0.5-5 nm and which have nol ecul ar
meight—#ﬂ&gggﬁiﬂgﬁﬁ¥¥e regi on of 200-2,000 Daltons. Ml ecul ar wei ght
cut-off of a nenbrane is generally defined as the nol ecul ar wei ght of a
nol ecul e that would exhibit a rejection of 90% when subjected to

nanof i [Theagiresnt byentien nadatbs &mesynNapioici thembranes fdrasnb&bratiwh dpdrjicelppy i ed to
filtration.of .aqueous fluids, but due t | ack of suitable solvent stable
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or gani of séluteeaissolvddinSstiofiglg@apic tafd béi@icf @Edni¢ haler@e@ARItn@l. vent
nanofiltration (OSN) has many potential applications in manufacturing

i ndustry including solvent exchange, catalyst recovery and recycling,
purifig@%kggﬁzl@qg gQ@ﬁggirations. US Pat. Nos. 5,174,899 5, 215, 667,

5, 288, oD, ; , 395,979 di scl ose the separation of
organonetal i ¢ conpounds and/or netal carbonyls fromtheir solutions in
organi ¢ nedia. UK Patent No. GB2373743 describhes the application of OSN to
sol ventMERRIAAH GECCIRS PEt Tt Kngyvn P oAt 1sepuaten paecentd gl hecaplish of oSN
to rec . . 1 . rJ

bl | ot o s R e im0 e o R A o PRI B PARS 1 e
synt hegses. folanmempte, “Mhmbmnar”éeahoohogpmnﬂsAppiiqaabﬁ”dﬁgdidiﬁbngfWié%akppl i cation

of OSN.in st.rongly basic cjdi nic solvent WO
2012/0f@@%gégfﬂg%§ﬁﬁ§ﬁ6%5§%i%éh®ﬁ%%%§gﬁts. Pol yi mi des have been used widely
to form nenbranes used in separation processes, particularly gas

separations, and also for separations of liquids. US 5,264,166 and US
6, 180, 00®otlrtioh he a prayelwgseprocess uthigingroembranemwbései prregamgl geperaky mmed

e R R R e Rt S R e i

whi ch mesihs. SMbRc@dr Welghtchtdfh of aimédhRhe &f géiRealBSIHTIHRY fak ChdTRIGHCANRE
characteri sed by pore sizes below 5 nmin dianeter. After formation, the

menbr arvedghdr ef tar aalecale)ithay woulshewlibit o | icctioni afi 8ATngvhggetrbiestess$® ved in
sol ven : | tioni e i 0t-ai rti .
manor | TEPRRBATEY [ ERlcRboARM ManfPialifh 13, FELVARE, BEARE & BahBlof s and
al | ows aheuselnhisamne die tdhe 4ok o€ esigbit, sobtent edblantbnitands &éds hot tredwydedy at e. The
application of these nenbranes to solvent recovery from|lubhe oil filtrates
are desEPigety M7 W8 UPHERM RBYCSsIN3BEABISGROIwNo4 TBBE'S deriits Tssincg Al G

2, 431, %}g?anﬁcepalcélﬁ TIROPLARGS ({)QNEi% s Wan@kiﬁﬁéltfap\éﬁlﬁfaﬁgnsofn &%ﬁéﬂa&hﬁﬁ%r e

solutions, followed by crosslinking of "tthe resulting polyrmde nme

and t hemdustrgancteding wolvhntacxvbargeo kathlyserecovaty tandnenyglingemtrifghgswl vedl i n

over sieareeat ats: Uk B Borys T B8ER IR et B e B ags P Rea dedor i ng
to B ikthbe HIsephfutidArds i&gﬁrﬁhletarlllf@}{orﬁﬁ&da@tan%ﬁlﬁ{e@alid&rtﬁ)tngl%%lﬁ th@si ¢ or
aci dic organic environnents. Pol ybenzi m dazol e nenbranes have been w dely

r epor t eédlufions wswgimc gedias dfaPateitdNe. GRE3 /8¢ dessirihgs e apgliessigs of IQENIs. US
3,699,038, US 3,720 6 a4 448, 687 _and _US 4 24 report
the foraPoR Srehfeedls Rt s  baltsst i R ETRath S8 & rea by
phase irgMeleSdfPhale @ahster d9fis, SAH UEP DID0365descriBds the Applefaadh of OS®I foaheat i on of
pol ybenzi m dzol e nmenbranes by phase inversion froma dope sol ution,

f ol | owseEPIstica{esanthaps duringephgonyelapteds ynthepis| Bageveraberetase PoBINSYs t€ he
revers S [+&: RERLO ai of ¢ then ﬂﬂﬁg. ; , 8 ep t he
produc??%nﬁgihgg’yggngln? ggb%é nengﬁgﬁgs r3%$§‘%b%§§§o ?ﬁ%n&%%%%aining
benzyl al cohol as an additive. It has been reported that crosslinking of
pol ybenzi m di zol e (PBI) menbranes inproves their chem cal resistance. US
4,666,996, US 6,986,844, US 4,734,46¢, and US 4,020, 142



al |l disclose nethods for the crosslinking PBI. However, these nmethods are
known to lead to a dramatic increase in the brittleness of the nenbranes,
maki ng t wo2diAdingsal t t o manuf acture and use. Summary ofPCrlgB20mvBsm6iion The
present invention provides asymetric pol ybenzi m dazol e nanofiltration
menbranes which are particularly suitable for use in organic solvents. In a
first aspect, the invention provides a nenbrane for nanofiltration of a
feed sCPEAPARBMti on conprising a solvent and di ssol ved sol utes and showi ng
preferential rejection of the solutes at anbient tenperature, conprising an
integrally skinned asymmetric pol ybenzi m dazol e nmenbrane which is

i npr egfatyeaidesthava twemdised ovidely tagenn. membmnpamusdéd ul agpasativodpnoedsses, t he

o 1 e PRRBFaSES RPYBEOR i ERe SedetOnt HETRVBsortS PrvePr R Tovi des.
the usg 0,0MsPALYEBEZHBEASKO S MRTIANRHSS dteldwalhekaingd f &ynich@ric

nanofiltration of a feed stream wherein the feed stream conprises a
sol ventrolpiingde membranghgliesachernbranes sier piepiigd washlat shael/ rembranes @ada st r eam

conpri se ] I re strongly.acidic st rongl I ¢ conpoun resent
it e 0oy el TR PRy 1St Bl MUY PR B IR s

met hod [9fer o€ pay alyhingetdt sRalbrat dnkditeBed bOPore §ieqtbadw Sammbiy diameter.
nanofiltration, said feed stream corrgéi sing a solvent which is strongly
aci di ¢ Adterstorgagery Hhasmeminarorarg Heatedeitht # i VAP | QBditigARZorEHbr e

st rongl L@ r ol YoR@SibGinG 0 ngds: pr: 1 h : . Wherein
sai d nggsﬁg@hgofr}rlp(rg?lsvglgt' passi(:r(#g&ﬁt%1 lﬁgm egg&? h{r?%ﬂ{g? lﬁs;erg%)lpif/{bag%z?r r?TB %Jg}é%[@gr menbr ane
as def inaedfilheti@ of 16w moletdier waphe cdlutdshzomnmgntic colyenoy iadé sillawprtheess f or

formng an integrally skinned asy tric polybenzin dazql e.msnﬁrane for

sol ventnTEHBRS [ PaPIEA ol Srtg T HEddp dplrorate. The SORlicaish phiieas

pol ybengd i 38z 0besHRRe &Lt Q8mCaRPLlISHRGes (hd dascRBby REMA PhdAZAbE

polymer, and (ii) a solvent "system for said pol ybenzi m dazol e which is

wat er Hi¥0iIBO0e5,494,566; and 5,651,877. GB 2,437,519 reports membranes formed by phase
inversion of polyimide solutions, followed by crosslinking of the resulting polyimide
membrane, and then treatment with a non-volatile conditioning agent dissolved in solvent.
However integrally skinned polyimide membranes formed by phase inversion are not

stable in all solvents, even when crosslinked according to GB 2,437,519. In particular,

they are not stable in strongly basic or acidic organic environments.

Polybenzimidazole membranes have been widely reported for use in gas separations and
processing of aqueous fluids. US 3,699,038, US 3,720,607, US 3,841,492, US 4,448,687
and US 4,693,824 report the formation of integrally skinned polybenzimidizole
membranes formed by phase inversion from a dope solution. US 3,737,402 reports the
formation of polybenzimidzole membranes by phase inversion from a dope solution,
followed by annealing at temperatures of at least 135°C to improve the reverse osmosis
performance of the membranes. US 4,693,825 reports the production of
polybenzimidazole membranes from a dope solution containing benzyl alcohol as an

additive.

It has been reported that crosslinking of polybenzimidizole (PBI) membranes improves

their chemical resistance. US 4,666,996, US 6,986,844, US 4,734,466, and US 4,020,142



(b) casting a filmof said dope solution onto a supporting substrate; (c)
all ow ng the dope solution to evaporate over an evaporation period and then
i mrer si ngwohe14dibssscast on the substrate into a coagul aPcmgBrediosniér (d)
optionally, treating the resulting asynmetric nmenbrane with a sol vent
conprising one or nore crosslinking agents for polybenzinidazole and (e)
treatin asynne ric menbrane wiith a wash path o ath rjsing a
condi t i ﬁrfflwgosag%to SITAC hercipsphring ERE HowEr: ;ﬂ? fltﬂﬁvﬁéﬁ PRH des a
menbr apge Ohh#HaAah&e A% ANheMW1RuSest e HELAGHS AT IniiehNBIe8] RifribMe 3o f ur t her
aspect the present invention provides a nenbrane obtained by any one of the
met hodsnadefachedamkuei n. In a further aspect the present invention provides
a nmenbrane directly obtained by any one of the nethods defined herein.
Menbranes of the invention can be used for nanofiltration operations in

or gani GuahMeF the Thien@i@dhti cul ar, they can be used for nanofiltration
operations 1n solvents 1 n which the base pol ybenzi m dazole is soluble. This
i s advant ageous mﬁth respect to nany of the prior art asymetric sol vent

nanof i | nes, . which I l. ve |n cal dope
B L R R L B
sone ckch matpaﬂlcamlrlyeﬁitsaleftﬁmaﬁq stgahit @cslomt.hane. Further, menbranes of
the present invention can be enployed in a feed streamfor nanofiltration
in which the solvent is strongly acidic or basic, or in which the feed
St r eamyf Qg Ry Qﬁac 'Eil%olfﬁ%ﬁt%n‘g(ﬁvo@ﬁeé‘ﬁ%éh&%@ kot If’a%bﬂlt&u% o?%%é?d stin$ 1S
advant ageous w respect prior art asymmetric sol vent
nanoflBbmabnoampnmhgamebwnMBMthbb&dsshmmcmMnmown¢]ﬂb&ﬂﬂﬁMhﬁ@ﬂﬂenoﬁtrongly
acidic or si c condi.tions. Menbranes of the res;ﬁ/ﬁgnventlon however are
a

st abl e % SP e b AR CORFEIEn SRR BN o INGES Ingd RSYMERRTIC vet a

fur t her, AA¥ANEARE o RImdMGrand RARL 3DESp O natew R §S6MitibAINEMdn@N 1S that they
may exh|b|t hi gher fluxes than known Trenbranes when mxtures of water and

organlc sol vent are bei ng processed. Brief Description of the Draw ngs

Fi gure 1 shows I ntrinsi.c vi.scosit th d pol ybenzi m dazol e
reasur 4 5 FTHHSL T) P RRE R e UFESE e arRly, P S TRRE S5 RO PR e
poIybe@ﬁhﬁkgﬁ%g@@naeanh@ﬁﬁﬁm@me30 bar with a nanoflltratlon feed stream
conprising acetone as a solvent and with pol ystyrene oligoners as sol utes.

In yet a further aspect, the present invention provides the use of a polybenzimidazole
membrane as defined herein for the nanofiltration of a feed stream, wherein the feed
stream comprises a solvent which is strongly acidic or strongly basic and/or the feed
stream comprises one or more strongly acidic or strongly basic compounds present in the

solvent.

In yet another aspect, the present invention provides a method of separating dissolved
solutes from a feed stream by nanofiltration, said feed stream comprising a solvent which
is strongly acidic or strongly basic and/or the feed stream comprises one or more strongly
acidic or strongly basic compounds present in the solvent; wherein said method comprises

passing the feed through a polybenzimidazole membrane as defined herein.

In another aspect, the invention provides a process for forming an integrally skinned
asymmetric polybenzimidazole membrane for solvent nanofiltration, comprising the steps

of:



Figure 3 shows flux and rejection data for various pol ybenzi m dazol e
menbr anes prepared froma dope sol ution containing 17w % pol ybenzi m dazol e
at 30 barwwi2ote/mossanofiltration feed stream conpri si ng RCEIGBE11AS1H1S0| vent
and with polystyrene oligoners as solutes. Figures 4(a) and 4(b) show fl ux
and rejection data for a various polybenzinidazole menbr anes prepared from
a dope solution containin ‘benzi m dazole at 30 bar with a
nanof i |<%>r1%{f:@86wgfae@ @P%@&%%Zemﬂ% O%E%‘PBIH%H%I'S a solvent and with
pol ystyrene ag%b%ngﬁnﬁﬂo}g SolyfikMUnRd S (§ OzWS sd10&f lste@ndofrol g ul ar
wei ght cut o f curves of polyben2|n1 azol e nmenbranes prepared from
15 and 17 V\lq)%}df’ﬁmﬂnmtalzuhvdnsh wivdterDMAcibles a sol vent. Nanofiltration of a
feed solution c n rene oI| Qner s solved in THF has been
bor f or gt st ARpt SHifSabto i Pl s SRR RHIES and MICO curves of
p0|ybeméﬁﬁngﬁﬁﬁmgwﬁﬁg&{%Bﬁﬁoﬁr@p@ﬁgﬂnﬁéQﬂkﬂ5m&@dq%ﬂnmhp?gﬂﬂﬁaﬁ@Hﬁ&hOﬂS with
a m xture of at aratio 1 as a solvent. Nanofiltration of a feed
sol ut i emmesng theifihg qassl gpsthy pentratgling@mepgulaingsoedisa; i n THE has been
perfor d W R n an Figure 7
shows t Ongl%éi R&% %‘gsru \I/te fih elhlcbré%rzni%%n arz%i §Ol t%bl%é}mg )SB%r ed from
15 andoiﬁum&&bdﬂmkn@@gumt@@quﬂkhmﬁw&&oﬁsaﬂdsoIvent hbnof|ltrat|on of a
feed solutlon conpri sing pol ystyrene ollgoners di ssol ved i n dichl oronet hane
has bed®) pErfirg B wmwt%-‘arm%méa%mlt Iri JurashgbathoRs Rafhs CPHRIIGAY MNCO
curves m dazol e nenbranes prepared from 15 and 17 wt % dope
solutlggémgﬁéﬁggg%hxture of DMAc: THF at a ratio 4:1 as a sol vent.
Nanofiltration of a feed solution conprising polystyrene ol i goners
dissolie n. di chl or onmet hane has been %3rforn%d at qir and 30C %%)R on
the y- k@ uﬁB%rr?ssp%trﬂéﬁ BESSFT Ay VenEPR BFY Ofbr%&a GBY RANCEME 6 ves of
crossl ignk@emBa! yRRA hBsaz0l e menbranes prepared from 17 wt % dope sol utions
with a DMAc as a solvent. Nanofiltration of feed solutions conprising
pol ystyrene ol i goners dlssolved in THF and DMF has been perfornmed at 30 bar
and 30 %R on th - axi s S %rejection 0 shows fl ux
Ver sus Tt pru A bsP g 0 TR TS Bt HE R e PRt PRE Bt 6% o 17
qde@@ﬁﬁﬂhQ&ﬁﬁaﬁhMbmh a DMAc as a solvent. Nanofiltration of feed
sol utions conprising polystyrene oligoners dissolved in DWW has been
performed at 30 bar and 30C. Descrlptlon of Various Enbodi nents Asymetric
menbr a of skill 1n.thi an
ent i tyrhg % fm'}thl:r ?s%ggtqﬁ% H’%‘éﬂt 1 }[f?nat} i provi éspl,t nlée%lbﬁgﬁ dl%chy%%garlhéal‘f t) Q%Q
porousoﬁHbﬁ&kUﬁahmﬁcmﬁn&hﬁx&ane material, i.e. as be|ng integrally sk|nned.
Typically, the asymmetric nenbrane is supported on a suitable porous
backi ng or support material. Pol ybenzi m dazol e nenbranes of the invention
can be Mérﬂﬂldgé‘sdofft va@nt'iBH'B%rbeQIse@%rmﬁ t{ﬁlgﬁ%gérﬁticﬂﬁ'i}{%&? anrOd ‘?% The
identities of such polyners are presented in the prior art, Inc ing US
3, 699, 03PartidHaB, tHAOc G066, uddd £8; TBibfilkORion UPetiBALlindDPyentdSndyidI8 tHeSHhse US

4,693, 824 and 693, 8 roce ses for producing suita

pol ybe w9l YHF%%CFaégledF é°1iéﬁ]8wﬁ 184S phBEEEERTY wegla r‘?sﬁe‘it&% Ogﬁge PH®! Yle those
descri hed,nBuldSoRRht FandBRra# 08 mddtbrBak eRhichPosB. rd8uRehd dilRoBe3d B pldB, US
3,509, 108, US 3,555,389, US 3,433,772, US 3,408, 336, US 3, 549, 603, US

3, 708, dope solushta sn@nas thh)da®11m1@e76)h@$)5am11®xmu12 lowsSr 51058ux 150mad in t he
Jour nalchf%nnatedygli.\ven Claon Gs AR lororhet%algees e-r 51’1’:13691’1’1 rgl'r?efssl%f the present

invention can be employed in a feed stream for nanofiltration in which the solvent is

strongly acidic or basic, or in which the feed stream contains components which are

strongly acidic or basic. This is advantageous with respect to the prior art asymmetric

solvent nanofiltration membranes, which lose structure and dissolve under strongly acidic

or basic conditions. Membranes of the present invention however are stable in these

solvents, offering acceptable flux and rejections. Yet a further advantage of the



A preferred class of pol ybenzi m dazol e pol yner useful to prepare the
menbr anes of the invention has the foll ow ng general repeat structure |
shown belw®r2012/010886NN CRc. Rl \ / \ / NN Il HH where RPC3/GB20aEIISE36a] ent
aromatic nucl eus, typically symretrically substituted, with the nitrogen
atons formng the benzi m dazole ri ngs bei ng pai red upon adj acent carbon

atons of the aromatic nucleus, and R _is a di stit selected
from alfSFRRIRRS, of; Z‘EF YSeRCInARRfioRy 1§ Fadt they g&ﬁycfa@? h%r fﬁv 4{ HEXROYR oup i n
the genghdlrah&RERN mibkbled St veatdr ﬁﬁ%‘i‘ﬁhr@cb%@en%& Heﬂf‘g ;%Eéé%d.” e shown bel ow.

Brief Description of the Drawings

Figure 1 shows the intrinsic viscosity of synthesised polybenzimidazole measured in

dimethylacetimide at 30°C.

Figure 2 shows flux for various polybenzimidazole membranes at 30 bar with a
nanofiltration feed stream comprising acetone as a solvent and with polystyrene

oligomers as solutes.

Figure 3 shows flux and rejection data for various polybenzimidazole membranes
prepared from a dope solution containing 17wt% polybenzimidazole at 30 bar with a
nanofiltration feed stream comprising acetone as a solvent and with polystyrene

oligomers as solutes.

Figures 4(a) and 4(b) show flux and rejection data for a various polybenzimidazole
membranes prepared from a dope solution containing 15wt% polybenzimidazole at 30 bar
with a nanofiltration feed stream comprising acetone as a solvent and with polystyrene

oligomers as solutes.

Figure 5 shows the flux and molecular weight cut off (MWCO) curves of
polybenzimidazole membranes prepared from 15 and 17 wt% dope solutions with DMAc
as a solvent. Nanofiltration of a feed solution comprising polystyrene oligomers dissolved

in THF has been performed at 30 bar and 30°C.

Figure 6 shows the flux and MWCO curves of polybenzimidazole membranes prepared
from 15 and 17 wt% dope solutions with a mixture of DMAc:THF at a ratio 4:1 as a
solvent. Nanofiltration of a feed solution comprising polystyrene oligomers dissolved in

THF has been performed at 30 bar and 30°C (% R on the y-axis means % rejection).



wherein Qis a direct bond between the adjacent rings or an al kyl ene |inker
and * marks the point of attachnent with the N atons of the fused i m dazol e
rings. |rwaroerbessnment, Qis a direct bond. The 1Z1 sebItGR20eM5$36ilN t he
general repeat structure | can include (1) an aromatic ring, (2) an arylene
group, (3) an al kylene group, (4) an arylene-ether group, and (5) a
heterocyclic¢c ring. A _suitable anple of an arompatic ring i s phenyl. A

Sui tab|Fég%§§nS&P@Sdhe QHX&PQMWf CBUSS i° Pﬁﬁ’@ﬁ%l@ﬁu?o}?ﬁéﬂfl ARTS IFRYFFPEne
group” faelyded (71weR Qopa!skikiSE wihatREAC Ada 3BIvERD bR MatioRI5f Al #¥4 Ene
group is a (1-6C) alkyl «gne group. An arylene-ether group 1s suitably a
group cblutine gemwrsaig fpotystyrenel loligotfigrs| Yisydeedkiin dakloraiietbaneZBagrbeep i s

hydr ogen or rocar byl,substituent group (suitably a (1-6C)hydrocar byl
gr oup. P@W’f%“‘%za?%ﬁg’aﬁa‘fé;%’ipocycl icring, it is suitably a saturated,
unsaturated or partially saturated nonocyclic or bicyclic ring containing 4
to 12 atoms of which 1, 2, 3 or 4 ring atons are chosen from nitrogen,

sul phurfigire Sﬁixg\émhew(amdMW@%Wb%ogmlﬂwnzmldatﬂdermg@hrambmkréﬁqred\her ein a
-CH2- qr i, opal | e repl : (e AaNnd,. inh aring

it rogdieb s S KRR Bttt PR SRR Bl i e Bl RBE R Dt e o

S- oxi deflgnt. Rafidfiletli@l ofex@spbastiaf cdreprasimcydtldtgrehié olggonmdie Hiseldvayini di ne,
pyrazi ne, furan, quinoline, thiophene, or ran. A further preferred cl ass
of pol FaHAPHEdarhas %P?%@r@eds@éﬁglbalt@dﬁ(ﬁ%é?%Rpﬁéh%ﬁﬁﬁéfﬁéﬁs% t he

i nvent iragctp)ql. the follow ng general repeat structure Il shown below. \ere
Z is an-aromatic nucl eus having the nitrogen atons form ng the

benzi m dazol e ring paired upon adjacent carbon atonms of the aromatic

e A TR S o R iR

prepared from 17 wt% dope solutions with a DMAc as a solvent. Nanofiltration of feed

solutions comprising polystyrene oligomers dissolved in THF and DMF has been

performed at 30 bar and 30°C (% R on the y-axis means % rejection).

Figure 10 shows the flux versus time for crosslinked polybenzimidazole membranes
prepared from 17 wt% dope solutions with a DMAc as a solvent. Nanofiltration of feed
solutions comprising polystyrene oligomers dissolved in DMF has been performed at 30

bar and 30°C.

Description of Various Embodiments

Asymmetric membranes will be familiar to one of skill in this art and include an entity
composed of a dense ultra-thin top "skin" layer over a thicker porous substructure of the
same material, i.e. as being integrally skinned. Typically, the asymmetric membrane is

supported on a suitable porous backing or support material.

Polybenzimidazole membranes of the invention can be produced from a number of
polybenzimidazole polymer sources. The identities of such polymers are presented in the
prior art, including US 3,699,038, US 3,720,607, US 3,737,402, US 3,841,492, US
4,448,687, US 4,693,824 and US 4,693,825. Processes for producing suitable



Suitably Z is a fused phenyl ring. A preferred pol ybenzi m dazol e for
formng the nenbranes of the invention is poly(2,2'-

[ m phenylwoep2/@od86- bi s- benzi m dazol e whi ch has t he for roraGEhovesiisel ow.
wherein n is an integer. Suitably, n is an integer wthin the range of 10
to 5000, nmore typically 20 to 3000 and even nore typically 50 to 2000.
Menbr anes of the inventjon can_be made by dissolving the desired, .

pol ybem2lihreEzefao 6|agﬁn%rf0wmt0ath§6q Viehed ’c“o%‘étaﬁte"?'n%nflﬁ 6&(}86&5?@@?@ ddsity
e“ha“CQI§Pat%0$9509h%' U‘S%a%rﬁ%%@%é@w1U§'30!319F/t8800§'3' 300%ioRCUSILs PRIdo €l es of
an imrmscibié matrix, to give a viscous dope’'soi ution, spreadlng
t he solUff Bgd3{ipanUa 340, $iHpo4e.60H lﬂS)Brﬁoé #39.,ny)S 6311‘5141 a19.y4, élﬂa% ating

t he sol e fil er. This precipitates e pol ymer
ond £ olE a0 BLE SR b G i Pt B REbine st HOIDICL B8R S e

i nventisgp (igghudes a process for formng an integrally skinned asymretric
crosslinked pol ybenzi m dazol e sol vent nanofiltration nenbrane, conprising
the steps of: (a) preparlng a polyben2|n1dazole dope squtlon consi sting
essentiall £l b | W ts of 5to
30% b A V\Bre}lqr' ed Cg:]la(sg glf ﬁolgo%né rg i lﬁrﬂ: ggl 816? 1(1&:?131 tg%reé)? eetﬁg memb an%ngg ?1 said

pol ybenlz\temld@n@d tBe ¥bllos¥ing genwadl @épeat saichlre] shdvwr balowpt i onal ly, a viscosity
enhancer present in anounts |less than 5 w % of said dope solution, (iv)
optionally, a void suppressor present in amounts of |ess than 10% by wei ght
of said dope splutign, optional Iy, a surfactant present in anmounts of
| ess t han 5@6&5 gg\\o;f &S dope s¢l ution,

I C“R]“““'

where R is a tetravalent aromatic nucleus, typically symmetrically substituted, with the
nitrogen atoms forming the benzimidazole rings being paired upon adjacent carbon atoms
of the aromatic nucleus, and R' is a divalent substituent selected from aliphatic, alicyclic

and aromatic radicals.

Suitably, the R group in the general repeat structure I shown above has the structure

shown below:

wherein Q is a direct bond between the adjacent rings or an alkylene linker and * marks

the point of attachment with the N atoms of the fused imidazole rings.

In an embodiment, Q is a direct bond.



(vi) optionally, a discrete inorganic or organic matrix suspended in the
dope solution at an anount of |ess than 20% by wei ght of the said dope

sol uti on;wo(2bj)2/messsi ng a fil mof said dope sol uti on ont @Ca/GR2ppAsiicng
substrate; (c) allowing the dope solution to evaporate over an evaporation
period, and then inmmersing the filmcast on the substrate into a

coagul atin optionally, treating th sul ting . asy tric
menbr ard® t%%%%ltgﬁ}t%éh&lec%‘ﬂ?{? { perg s eug: | sigriacip s I RPRGIQHEELS) f or
pol ybenzi t r

Coni T o g e B by etk e
step (frl)ngf (A Bmwbbgexsnﬂﬁ ‘(feﬂ)l arimethmhg/tsqﬂmnyﬂl d%zmtaélep@daym ofdopeykot ut i on

R R R T S R e P Rl

sol Vemeﬁmboﬁin%tﬁ“ zﬁ?ﬁlﬂﬂeﬁ@ gtaup day (1abSPalkleBE oRshpt OAﬁi%ﬂMP@ether group is

Nmet hy1- 2- pyrrolldone hereinafter referred to as N t et rahydr of ur an,
herelnéﬂﬁ@ﬂyﬂ@ﬂé@ﬂéﬁbqgﬁm¥?1ﬁHkaRHB+d|nethylfornanlde hereinafter referred
to as DWF, dinethylsul foxide, 1,4 dioxane, gamm.-butyrol actone, water,

al cohol s, ketones, and f or mani d&.22 The aei ght percent of the

pol ybenzi m dazol e pol ynmer in solutiory may [range from5%to 30%in the

br oadest sense, although a 12% t drande is preferable and 14%to 18%
range is even nore preferred. A &s sych as viscosity enhancers may be
present in amounts up to 10% by|wgi ghy of |the said pol ybenzi m dazol e

pol ymer dope sol ution and theselizhcl ude pdlyvinyl pyrrolidones,

pol yet hyl ene gl ycols and urethanes. Additionally additives such as void
suppressors nay be used in amounts dphto 5% of the weight of said

pol ybenzi m.daz mer d sol ution, includ mal ei ¢ agi Addi tives
such adV&tfif & t‘g% BTN PTG EHBen pyflrogssb e ngfﬁtl?}tft‘l&ﬁ@“%%tag]é Ysed in
anount g1 lgpr ﬁﬁ&@&% 131 of Wﬁh&hkl8%&%&&&3@9&MH@WFB%hQQﬂ?E%mBEh&ﬁEr dope

sol ution, or exanpl én%rlton X-100 (avail abl @ from Sigma-A drich UK Ltd.
(octyl plhmﬁmscdm IpyettaHp xytetateaimod) eyl ganeslioringrongame4 fat? itows of n t he

pol y o BB 2 a1 18 sy W5 A TR RT A 2Pl TR P1 UE At b BF epar ed by

pyr ol yshs, 8 cadin srhiidaRheinked, Q&He@ém@SC bhpesh dptioksl rePRiceBb P85, 802.
Zeollteggés descrlbedﬁgn US Pat . ) 9?%. @ néﬂ al§§aiebﬁged gs an

i nor ganttOheand; whergip aginggyiregan or §ulcphwa£§0m it antimwﬂm iogidisgd to farpcthe-de and

e L B N A

M xed ﬁahﬁhy@mﬂdesm&qmauﬁ@rﬁmmhures of cerium Z|rcon|un1 and nagnesi um nay
be used. Preferred matrices will be particles less than 1.0 mcron in

di aneter, preferably less than 0.1 mcrons in dianeter, and preferably |ess
than 0.0 ' to
a0, 0, OhyHEFRRS gl ATRSShen  AATEpEAER, AT B BUNEAL DS

pr ef er albkhe iavenviogdns thesollarveing gexdralt riepeat staunduit Aeshoswuldsdguent | y add thi s
solution to the dope solution containing the polyner. In a preferred

enbodi nent crystals or nanoparticles of an inorganic matrix, for exanple
zeolites or netal oxides, may be grown to a selected size in a separate
solution fromthe dope solutiqn, and t hi g, di spersion solution subsequently
added to the dope sol ution coift ai they pol yner. This separate sol ution
may conprise water or an orga ic¢2blgq M th nanoparticles dispersed in
Cyet a Ehﬁ-her preferred enbodi nent, the

« dhgpe;&ed may be volatile, and it may be
prigg to ngnbrane casting by evaporation.

I
H

t he continuous |iquid phases
solvent in which the matrix i
renoved fromthe dope solutio

Where Z is an aromatic nucleus having the nitrogen atoms forming the benzimidazole

ring paired upon adjacent carbon atoms of the aromatic nucleus. Further



Once the pol ybenzi m dazol e polyner is dissolved in the solvent system
descri bed, and optionally organic or inorganic matrices are added into the
dope sol wwpani12gogshat the matrices are well di spersed, PCTIGB20a#513Mt 0 a
sui t abl e porous support or substrate. The support can take the form of an
inert porous material which does not hinder the passage of perneate through

t he nenb ne .and does not. react wi.th the nmenbra material, the_ casting
sol ut| (PHY e GiF B Hﬁ%mw@wn a1 PR S RAHDS SWHITCHICHES Fafihr ane

Wi | | ogg&gg@hh@gu&ﬁ“Hﬁe Typi cal of such inert supports are metal nesh,
sintered ‘nmetal, porous ceramc, sintered glass, paper, porous nondi ssol ved
pl astic, and woven or non-woven material. Preferably, the support materi al
is a ngn-waven paql ic. material, such as a pol yester, polyethylene,
poIyprgﬁ?&@ﬁ??sﬁgP%%Eﬁg?ng@r ket one (PEEK), pol yphenyline sul phi de (PPS),
Et hyl ene- Chl or oTri Fl uor oEt hyl ene (Hal ar ECTFE), or carbon fibre material.

Fol owi ng the casting operation, a portion of the solvent may be evaporated

under cé’omﬁfqrrqglntsolmﬁmﬁr@dme fa fplfrmaia@@e @ea@r@és of  theriavertion, is pely(2.8ki n"

| ayer ¢ éhe%y]{%ﬁ }b{%%”%isr‘i&e%%fn%dgzo?%cﬁ% sthe gr&ﬁ L RYAPeL &L on condi tions
adequa ose’ 1 nc e exposu o1 @ durati on of |ess

t han 100 seconds, preferably | ess t han 30 seconds. In yet a further
preferred enbodinent, air is blown over the nbrane surface at 15Cto 25 C
for a duration of |ess than 30 seconds. _. oagul ati ng or quenchi ng nmedi um
may consi st of water, alcohol, Metone res thereof, as well as

addi tivjes suych as surfactants, ¢.0. r) X-100 (avail able from

Sigma-A drigh UK Ltd (octylpheqqu p et hanol)). The conditions for
effectijng CRPguIatlon are wel L» Knay skilled in the art. The
can be washed according to

asymret] vbepzi m daz6He
Wi =X g ol ubl e organi ¢ conpound such
as IOM/nDbi A s and ket ones fimcl uding but not limted to
met hanof t ha \ o , acetone, nethylethyl ketone or m xtures
t her eof | and bIenos with water can be used for renoving the residual casting
sol vent {e.g. DMAc) fromthe nenbrane. Alternatively the nenbrane may be
washed W ehgnwgggﬁnuﬁgpnval of the residual casting solvent may require
successi ve wash blends in a sequential solvent exchange process. Both
menbrane efficiency (solute rejection) and perneate flow rate can be

h d. th I h Sui t
agent s Pty Bt PhaeHe SBUNS Bisnor e abaoitB 00y mer Weealy Aad piverd' "
4,666, 296 mdR §pR8ely 8¢ 2048. 4, 734, 466, and US 4,020,142, and all are
|ncorporated Rerein. These include nultifunctional aIkyI hal i des, di vi nyl

sul fones, and strong pol yfunctional organic acids. Nhltlfunctlonal al kyl
halldeidln Iude Qse co ntalnln q% Le st two %akf sgltue and with
il 18 eSifed oly

the genard rafes of hﬁ:rlgvenﬂag % ¢ igsolvmg t nzttiidh2ole
polymer in a solvent together w1th optional viscosity enhancers, optional void
suppressors, and optionally discrete particles of an immiscible matrix, to give a viscous,
polymer dope solution, spreading the solution upon a porous support to form a film,
partially evaporating the solvent, and quenching the film in water. This precipitates the

polymer and forms an asymmetric membrane by the phase inversion process.

The invention includes a process for forming an integrally skinned asymmetric
crosslinked polybenzimidazole solvent nanofiltration membrane, comprising the steps of:
(a) preparing a polybenzimidazole dope solution consisting essentially of:

(1) a polybenzimidazole polymer present in amounts of 5 to 30% by weight of said

dope solution,



X. A+ (CAlI7)b. X where Xis Br or d, nis 1to 11, ais 1to 10, bis Oto
4, and c is O to 6. A preferred class of difunctional alkyl halides

conpri seswetomiigheséchai n, termnally di-substituted compoumaBRhzsi3eg t he
structure X--(CH2)".CH2--X where X and n are as defined above. A nost
preferred difunctional alkyl halide is dibronobutane (DBB). The al kyl
hal i de may al so contain three or nore halide substltuent Exenpl ary al kyl

hal i des wi (1) & $HRE St f Akl RAPeazimEfaz0l IS i igHRICIBr omopr opane,
trichlor Opri@ﬂ?%garl}a?ﬁrgtaaﬁg%tsﬂ ehHAncElefgfeggftqmaﬁi&)un?snﬁs@ﬁﬁhaﬁe%f%héﬂ tatd

tetrachl oride r suitable crosslinking agents include divinylsulfones
with the genpradluiormula: 0 Il CHCS GCHIIIII RL RL 0 R3 R4 wherein each

f R1L-1Z4 th iff t | 1- | kyl .
2oy oo YR RGBT Sig Db rRL e hedBf it AnREhE El 1 tapiolk BY wiztaRy ™'

invention isyaldegesole@soxyl i c acids, sulfonic acids, sulphurlc acid or
phosphoric acid. Representative exanples are quoro utaric acid,
benzene hexeceptivoaly.i & sudicthnt peaserine Jsequnitcelr g@@xmancwagaydweight of said
1,2,3,4- be%z net et racarboxyllc acid, 1,2, 3,5-benzenetetracarboxylic acid,
1,2,4,5- benzene e racarboxyllc aci d, 1,3 , 5-benzenetric arboxylic acid,

di br onos ucevini aptidgalty, Ppaliscaas yihdmgarﬁel 6k, odsaflicSmdtrhaphipeadenet ehd alops boxyl i c
acid, 2,6- naphthal enedisulfonic acid, aryl- sulfonic acids, aryl-sulfinic

aci ds, ar y/SOlHBR pranfneoué peless télﬁwo%ms\ﬁﬁéhﬁqf thee b doms ofuloe sol vent s f or

Cros sI nctional organic acids
are knoaﬂg%ga%%gégggﬁﬁ?Fg%ﬂﬁﬁhgﬁg%gggmgﬁgﬁgg%gB%%I%IaC|aI acetic acid. The
crossl i(okialhgwiagetie deye beludos ol svegorare @veolaw eestapoatibor pariadc aod sthemki ng

sol ution. The %gl%ent can. be .an oragnlc lﬁlvent -hosen from ket ones,
et her s /MEIeEdMDINE AlmGagiondhe spRptrats ifiaficoprapting B8 Pes t he crossli nki ng

agent . (ifbyfioRf. i DAy mhbiSRlbiBRcl il H&oieaRIshbAHEGNSO! UL i on

will al'so swel he asymetri ¢ nmenbrane to all ow good penetration of the
cr OS sl ion mqn(gcm@mkmgrﬂggnts her pedyHenainddazole; and;

(e) treating the asymmetric membrane with a conditioning agent.
Optionally, the membranes may be dried as a further step (f) following step (e).

The polybenzimidazole polymer dope solution may be prepared by dissolving the
polybenzimidazole polymer in one or a mixture of organic solvents, including the
following water-miscible solvents: N,N-dimethylacetamide, also referred to as DMAc, N-
methyl-2-pyrrolidone, hereinafter referred to as NMP, tetrahydrofuran, hereinafter
referred to as THF, N,N-dimethylformamide, hereinafter referred to as DMEF,
dimethylsulfoxide, 1,4 dioxane, gamma.-butyrolactone, water, alcohols, ketones, and

formamide.
The weight percent of the polybenzimidazole polymer in solution may range from 5% to
30% in the broadest sense, although a 12% to 20% range is preferable and 14% to 18%

range is even more preferred.

Additives such as viscosity enhancers may be present in amounts up to 10% by weight of

the said polybenzimidazole polymer dope solution and these include polyvinyl

10



The sol vent used to dissolve the al kyl halide should not react with the

al kyl halide and should not dissolve the uncrosslinked PBlI nenbrane.

Pr ef err eaweah12envssei ncl ude ket ones, such as acetone, nePh¥IGB280MF1361 ket one
(M BK), nethyl ethyl ketone (MEK), and pentanone; and ethers, such as

i sopropyl ether and butyl ether. The sol vent used to dissolved the

di vi nyl sufgne may optionally al so conprise a _strong base catal yst,

i ncl udipﬁgogﬁ%@ﬁopolaf@%wnﬁwﬁi a@su%aqe%&@%wﬁ%yaﬁ@%@éa%@%w& oxi de,
al C_()h()lswgfﬁ%s%brs%gﬁﬁb dest NaYh&hed 1P 89 of theSidigh Méaj&ﬁél?@éhzﬁhﬁ%olé‘mh as
sodi um net hoxi de,” sodi um et hoxi de, and al kyl a?yl am ne hydroxi des such as
parti cypobmiey ¢opef sorlnteeh, bealpgingt makest hyid. addotmies nyuial dasoxirtietanThevloels e

catal yst.is neral ly added in. amupts rangin r ut 5 percent to 150
or centnbicded Hioiter B0 dranar ghed oF “RETaNGh i, 2T e ReREH T acded.
The pr gbgbeAmidRER pSly@BOUbpe BoluBoR P texaRpRETERIM XOMOMRIvEDble Thgn
concentration of crossY|nk|ng agent in the crosslinking solution can be

adj ust edgmi-idiidisgkditd (ectyhbeneranpdlysthofyegengldenzi m dazol e asymmetric
menbrane to be added per volume of solution, in order to control the
extent of crosslinking that takes place, so that the ratio between reactive
gr oups Orariibeér dfopgmlid Msirkgs ag@Btfoandl pewydenzoldsdazobep@sdniat yidimgen
groups in the nenbrane treated is in the range 0.01 to 100, preferably in

the ran§doGopi%tf the syd pohsier fope splube GBPN melechiar pigrgyeabices can Be  The

time f Sgd ki i e . Nnekel re
preferg%ﬁ%&%%§$égﬁhgg%Bgﬁap§8ﬂﬂgé?%#gﬁﬁgﬁt%ﬁ%@%ﬁtﬁ%gsdﬁgfﬂgq%i%és I nki ng
can be Zealifeeds detcvibedirDUSdtutl Ndveo, i, 900ngaypaisntbe afsed hears olovemic mprrf er abl y
bet ween 0C and 150C, yet nore preferably between 50C . and 120C. Th

asymmet Y5t G 3 FLERER UBRKFL P8Ry doHaE Aot Y e wi th a
condi t leQEh P (RORRALeridisSSMMRArbM Byl PeRssd Ad @r&@?@tlﬁld@@leﬂ‘?ﬁ@?&%ﬁ‘e; The

conditioning agent 1s a lowvolatility organic |iqu The condi ti oni ng
agent nrmy AsiNaohdsdemiukonVssedtrhestli axidds|sscl as gixtuges lof odref, riconiuhs andi | i cone
oi I's, pol yal.phaol ef.i ni c.ojl ol yi sobutyl.ene oils, synthetic.wax.isonerate
oi 15, BRePBRANGag by ey PrefornflapieRe el RuPEriss 165 1 TRLRITRG Sol vent
ref i nediMhdtsr, picfeRBET RS WSS EOmMBrORS Al didideter2it PRIfEADISURLWRGNI GOITET at e
oils), vegetable fats and oils, higher alcohols (such as decanol,
dodecamoironh épdiagetantil yomegeapeseit phay, beapdyaglageays §o gispaiese itheampiyisss tther eof
(such LyRIL lL.ene,. gl I .pol ene A p | k gl ycol s
o dor oG SEN AR FERF A2 B LAt R R g B SR pu RO MR MG 7, Y07
agent istsdeyaential adahbik Solukieh e, dopé eslation Sontdiyhganapbiomey. I0f prefsirtd es
thereof. The use of a conditioning agent in accordance with the invention
al | ows cEbedingeah |caysils OF ReRAIFIES Pb 2B NAREANE INMEY- ifoF exaimBle Zeelites ohnd

or oduc ‘ . . Lo ing
charac?%??S%%%%ﬁ P i%?g¥%p%§g?1?%%R%%E%F?¥§ﬁfﬁ%ﬁgggh%&%%st éH?P%E%ed from
t he nenbluéine, and. this ditpersanshlttionsubgequgetht addedtthitlse dopeesniuton eatandsgt he

pur pose, of intignin t he desired nenbrane structure to. preserve. the

per f or e @_LYBIAr Y[ &0 %‘hnfaﬁ’ec‘?@%ﬁeaﬁ’éwf LI PRy §fﬁ§‘?“ét‘§l,th and it
i's not anSAMRANCRALspBised R fHENESABRABLS ”E][HHH MRgse@n yots e drfi@kr tfiereREd Pose of
sol vent nanofi | tratpl on. This contrasts the conditioning agents of the

pr esentembadiamnit,ghe felyentageritich theanathadedsppagd may be velatilmend aabky henbr ane.
Followi ng treatment . with the conditioni ng agen t he nbrane is typically
ari ed TG T S R PEPORETEDPRYGUE R Y HIIRE vent . Head
treatment may al so be used to increase the nenbrane rejection of solutes.
After the conditioning step, the nenbrane may be heated to between 150C and

300C f é&mncpdhgypekybanzimifizzele iodyrperhio fissolvee b e vestt sypem; ¢pseikddoandan be
used far.. fi at | o [ articul i .0 ni C s. By
e, CORORIR b R hPRS, aRPLHER AL ICLOBRIE SRR, P,
t he passadesafre sSedlveinpasathiidl 8 ¢t andi OHguitdbe: passagepmit dbiandsirawoilté e

nol ecul es, when a tBressure gradient is applied across . the nmenbrane. This
may be SHRRATHEH ke the form offanaeih paious pafesiat vhichmoes Botddnaes therdswge f known by

those %%hhéa?éj tﬂrguéﬂqﬁleaﬁltenﬁ’)%edﬁfdi 064 5t reR¥ with the membrane material, the

11



R = 1-x100% 1) CRi where Cp,, = concentration of species i in the
perneate, perneate being the liquid which has passed through the nenbrane,

and CR, i wocormanmssati on of species i in the retentate, PCEIGBWHIIS1IB@I Nng t he
| i quid which has not passed through the nenbrane. It will be appreciated
that a menmbrane is selectively perneable for a species i if Rl >0. It is

wel | under st ood. by th e.skilled in the art that nofiltration a
pr oces Sty HipNathe gEalonghth selvete OfHicetolye@ty wiich he, ettt ‘é(%i i ght in
the r arsi') ﬁn@a@g 2m 900 19p MR of Such8héat ofts a}@ﬁleéyh{e%esnﬁérehhﬁetﬂe oﬁE‘e over

at | east one oI vent,” so that R > Typi cal appli'ed pressure

nanof i Icermatig, onnuemdggam; ®apS, lparous 008 Giskdved Phastic, eadh Wevﬂm/elnnbnwdvbn be wel |
understo y,t e sk eader and includes an arganic or aqueous
G @ N B B TR MBESia] Rt 1900 R PO e MRS TIRGBESEObd ¢ hat
the t ey eaky eﬁﬁly@hﬁ@né f}S‘dlﬂﬁ‘@ﬁyl@nem p@ldyb’ﬂ@eréthers ebosgOtPEERY, e pRényline
non-1limting exanple, solvents inclu aronatlc al kanes, ket ones,

gl ycol gyipgafdeorpppt %ihﬁ@ﬂevembmrﬁqﬁ&ﬁﬁthy%ee(ma AAMESE), Wt Edrb&s fitak dehydes,
phenol s, "am des, carboxylic acids, alcohols, furans, and di pol ar aprotic
sol ventgyepat €r, and m xtures t her eof . By way of non-limting exanple,
specific exanples of solvents include toluene, xylene, benzene, styrene,

ani sol e, chlorobenzene di chl or obenzene, chloroforn1 di chl or onet hane,

di chl oroet hane, net h acet at e, tat but acetate et her
et one TORIINE. st Rt <BEGURDT Bt Fumarrryeal didinbe SeRyRsHe R col s

et hano |cond1ﬁbﬂiba nﬁkﬁmé}{to F@@n?j]gdu@élt an@énse NexaAehin C Yo OhgiaNelayél et haxyet hane
met hyl tert but et her BE), diethyl ether, adiponitrile, NN

di met hyehbenzmi oleorrlembrﬁw sTapient |e&1@0rwlqn @indﬁtomy ladeaatatenfon éhis gutnesse,

nitro e I r1di | f t r uran

o hyrt‘%‘%{?éd“%ex A @éﬁgﬁa’}zﬁ?%e (%Lﬁiylt d bf“i;%% ﬁlgg 2@6 sggoqua ‘)r%?e’r?bl? 1&%‘*@{% 6

m Xt ur ggcdndernegtt a ﬁh@eﬂpﬁf)ﬁ@ﬂ%&b@ﬂmﬁm 40 I8 HEWn dVeY €l inembAhe sﬁl@z[dela@m arly
suited t9 nanofiltration operations in which the solvent is strongly acidic
or basile,C 823§ {mrrdhratie of ksgthep SO8Rs®ERt ai ns conponents whi ch are
strongly acidic or basic. The term"strongly acidic" is used herein to
refer to a conpound which has a pKa of less than 5. The term "strongly

basi c" Tihs casgdatingr@iquetchingmediutromay camso ofiehateh, alctuhlohsketampé(ar afxtgeeat er

t han 9. The strongl idic o ba5| corrpound nay b nd/ or a
conpourd¥Tefits 86 g2 2y ﬁgfﬁtlg?ﬂ %‘htas fev a5 So - Eno b ioPf & f&? &yaﬁ%a I 1r "ecific
st r onglgyohAR&ricGolKeankS (dc%h ?’b&%&ox&&h%ﬁ)t)'% &ndfldnanet &mcags. al kyl
am nes, and pol yam nes, such as a diam nes, alkyl triam nes, piperidine
and dercpymtlitioasirg wclhkdowg teathioyd dﬂlécdi ipitheat.di ne, pyridine and al kyI

pyridines including al kyl, dialkyl and trial kyl pyridines, and incl uding
and including ethyl am ne, ethyl enediam ne, diethylenetrian ne,

tri et hyihengl@hicaid pslybdRNRIARLINY htfiighes TomBidYHnaE WesHetl ABSAMgad1 thE

nonoet hyl am ne, di et% | am ne, triet h)ll)l am ne, isopropylam ne ,

d| i soprf@lbwmmmémqm ynwpﬂbpwasﬁﬁsrqbl leorepnip comppEnd sieh as fovw melscaley| ani ne |

O DY AR b BB oo R RS YA ﬂag%@nsmo%ﬁﬁsaxmm ne,

pent arrat:dstylllejlrpartmaytlh§hﬁétbncam Agxtuteltthaset nd H]epdiS)WhaVz&éIf tanbengsed for
benzyl di net hyl am ne, tetranethyl bi s(am noet hyI )eth

N, N- di ﬁ%fflﬁ‘ylﬂlg ﬁ(ezneé}ﬁv%:éﬁtmgx%@ph&r@ Mzca foppth r“@f‘é%l?’fé‘lle Altesratyrhrebhy | ani ne,
2-etho r I hyl pro
1y ania B Nt e %ﬁ%ﬁ@’}dﬁéﬁsﬁéﬁﬁ% Mg AT ahi ne.
3-net hmwmeapydeaﬂvmwaslﬁbl(:ﬁdmweqmy3olx1eqnlemq:lmngcnpmcss Both membrane

B R A A
bi s-2- gt @gﬁg@m ne, diethyl methyl am ne, N-nethylisopropyl am ne,

di benzyl hydroxyl am ne, nonoet hanol am ne, di et hanol am ne, triethanol am ne,
di et hyl et hanol am ne, Nnet hyI di et hanol anmi ne, nononet hyl et hanol ami ne

ot phol R SRR RO BBT (Ha e RGP ORGPk Tt o i o

oxi de, 42866r9B! OBy bY86 81| USe4, 784466 indieUSand2@ 042t inansll Q.fre mcﬁqmitemt al
al koxi des havi ng fromone to six al kyl car bon atoms such as sodi um

nmet hoxi de, sodi um et hoxi de, and al kyl aryl am ne hydroxi des such as
particularly preferred benzyl trimethyl amoni um hydroxi de. By way of
non-limting exanple, specific strongly acidic solvents include carboxylic
acids and their derivatives, incorporating trifluoroacetic acid and acetic
aci d.



Sol vent can be understood to nean sol vents, acidic solvents or basic

sol vents and m xtures thereof. The term"solute"” will be well understood by
t he aver a0 28ievidibs8d r eader and i ncludes an organi c nol e®UTGROEISNIG6II N a
l'iquid solution conprising a solvent and at | east one solute nol ecul e such
that the weight fraction of the solute in the liquid is less than the

wei ght fraction of the solvent, and ere_the nol ecul wei ght of the

sol ut e FEinyt T %S&stm%feg %ﬁfum?%e%l Y li§fiar 1] HeToBFveHI SFRBE nenbr ane
of the BB@&Q@bngqygﬁﬁédi§an be configured in accordance with any of the
designg Known to those skilled in the art, such as spiral wound, plate and
frame, shell and tube, and derivative designs thereof. The foll ow ng

Exanpl i.l.l ustrat .jnventjon. In Exanples 1-4 .l abpratory scal e

o obr AR Bl Pk iidedhese Bu AT oL o b SRR SR mr ane

di scs, vath @ebbxalaifauld cnm2, were cut out fromflat sheets and placed
into 4 cross flowcells in series. A feed solution consisting of <1 wt % of
test solutes was charged into a 5 L feed tank and re-circulated at a fl ow
rate of 1.5 L m n-1 using a diaphragm punp (Hydra-Cell, Wanner, USA).
Pressure iH{Lhex@?¥hs_wqﬁ‘gengfatgg usi ng a backpressure regul ator which
was | ocat ed” down-'str®am 0f “a pressure gauge. The pressure drop across the 4

cells was measured.to be.less . 1 0. §-bar. The re-circulating |iquid was
kept at 30§Eby é?ﬂ%ﬁi eighangékﬁﬁgﬁrln start-up, the conditioning agent

was renoved by re-circulfating pure solvent for an hour w thout applying any
pressure and discarding;ﬂﬁgcinitial pernmeate. During operation, perneate
sanpl es were coll ected f[romindi vidual sanpling ports for each cross-fl ow
cell and the retentate sanple was taken fromthe feed tank.

Pre-condi tioning of the fibr anes was necessary to reduce the effects of
conpaction to achi eve steady state fluxes and rejections. The solvent fl ux
Nv was cal cul ated fromthe equation: N - V(2) v At Wiere V = volune of a

l'iquid sanpl.e collected fr t he peryreate stream from a specifi.c. cross-flow
el oM s BEOE RS ot L 0 BB Y S OB PRE A b hne ar ea.
A feedc$ Ohﬁﬁﬁ&i&nﬂorhfﬂi@t hAGdQT BmPARR Q@alht SEfaieS @hisdiy eRSuBlttgeder s was

used to obtain the curve during nanofiltration with polystyrene

sol ut esomphendsthayimgethe sirgdwierX niGi 1. €Heoltvaiane X andm reeugsedeined apovgi PS580
and PS 1050 rch d_from Pql [.Labs a f .a-nmet hyl styrene
i mor - (hiiPer ARG AR RERT TR s Rt SR B i R Rl ity &' 1
fully stbubhgid thrdeh® @8 helidesalbyv@iatms. dxehiplfy QT Bilided bt GnthieXAMRidre 1

halide substituents include tribromopropane, trichloropropane, pentaerythrityl

tetrabromide, and pentaerythrityl tetrachloride.

Further suitable crosslinking agents include divinylsulfones with the general formula:

i
CH=(C~—8§—(C=CH
] | 1 }
Ry R: O Ri Ry

wherein each of R;-R, is the same or different and is selected from H or C,-C; alkyl.

Strong polyfunctional organic acids suitable for use in the present invention include
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Pol ybenzi m dazol e pol yner was synt hesised as follows. 625 gm of

Pol yphosporic acid (PPA) was weighted in a 1 liter 3 neck round bottom
flask at woam2mngser at ure fol l owed by the fixing of flagkTiGB20h@5036er head
stirring assenbly equi pped with oil bath. The oil was heated to 155 C, at
around 125 C the addition of tetra-am ne was started under the constant
flow of dry nitrogen. The addition was very slow in such a way that it

| ast ed FOPXHES @ciRafilent; ftesu DRI r i eicB PB?%&%? RERSPICHGH Tre

addi ti %Qaﬁlbﬁstea!?@egﬂﬂ{{o%gﬁ%riéuﬁchﬁf BabaRd h&atdBofy1RNdKEPt bepRRL ant for
45 mnutes flowed by diacid addition. The reaction was further kept

stiffi pgnthcarboreptic adidad 2, h#-beT@nSetrafarleaxylic hreil, | A3, 7-bartehentracarpayht ur e was

he. ondB T et PoR eHESRERBR 5ol y ABR sol ot g AR BAPSE S 1SHpe excess

?f ] W?t Ql'ibrbﬂloﬁtt&;@l_nflé? raﬁlclﬂ_{ pdcl%g&?ylfco @,Eig[‘ Kl'lol,_ﬂ-l,?,Sfﬂa?ﬁih-aleneteﬁracarbox&h@ adid,, 2.6- H J>"
naphthalenedisulfonic acid, aryl-sulfonic acids, aryl-sulfinic acids, aryl-phosphinic acids,
aryl-phosphonic acids. Suitable solvents for crosslinking polybenzimidazole using strong
polyfunctional organic acids are known to those skilled in the art and include glacial

acetic acid.

The crosslinking agent may be dissolved in a solvent to form a crosslinking solution. The
solvent can be an organic solvent chosen from ketones, ethers, alcohols, acids or any
solvent that dissolves the crosslinking agent. In a preferred embodiment, the solvent in the
crosslinking solution will also swell the asymmetric membrane to allow good penetration

of the crosslinking agent into the membrane.

The solvent used to dissolve the alkyl halide should not react with the alkyl halide and
should not dissolve the uncrosslinked PBI membrane. Preferred solvents include ketones,
such as acetone, methyl isobutyl ketone (MIBK), methyl ethyl ketone (MEK), and

pentanone; and ethers, such as isopropyl ether and butyl ether.

The solvent used to dissolved the divinylsufone may optionally also comprise a strong
base catalyst, including alcohol metal hydroxides such as sodium and potassium
hydroxide, alcohol metal alkoxides having from one to six alkyl carbon atoms such as
sodium methoxide, sodium ethoxide, and alkyl aryl amine hydroxides such as particularly
preferred benzyl trimethyl ammonium hydroxide. The base catalyst is generally added in
amounts ranging from about 5 percent to 150 percent based upon the total weight of the
divinylsulfone which is added. The preferred range is about 25 to about 50 percent by
weight.

The concentration of crosslinking agent in the crosslinking solution can be adjusted with

respect to the quantity of polybenzimidazole asymmetric membrane to be added per

14



The crude PBI fibers were crushed in to fine pieces and further
processed W th sodi um bi carbonate solution to neutralise the phosphoric
aci d. ThewDi2oe/absspped fi bers were crushed in m xture teCrB0foIesspowder
The fine powder of the polymer was washed further with water followed by
acetone and dried in vacuum oven overnight. The dry polyner mas further

purified by djssolving the pol I n hot di thyI eta (DvAc) foll owed
by cent'Pl urnftf'g%g %ﬂil&mar HEPHIFE o § ﬁ"fﬂlqeéffaé%ﬁr@é gk aﬁé&té?és PHE- 37 B8 pi t at ed
pol y mer,aagioWeahed r}é‘écrtlk'/e gﬁi}%‘a K ifh & Sodstifing @ &t%ﬁﬂ?@%ehﬂmﬁ&z&e%ﬂ%@mer

The fine powder of the pdl r was soaked [ to acetone to replace water
absor bélddmgem lgeoups iy ey meoibranagtaleg idriy itigyrange W utend Qb emfatablm te

over ni r whi ch bee nt hesi sed was characteri sed as
follo &%Vﬁﬁﬁég%@&W05EFf&&%1 35%@?5 é@%ﬁy GPC for nol ecul ar wei ght

detern1nat|on as shown below in Table 1: Table 1 WO

2012/010886PCT/GBZOll/051361 Entry No. @6%|eld Mv Wh Pol ydi spersity (Msi,n)
The time for crosslinking can be varied between 0.01 and 120 hours, more preferably

between 0.5 and 60 hours. The temperature of the crosslinking can be varied between 0°C
and the boiling point of the solvent, preferably between 0°C and 150°C, yet more
preferably between 50°C and 120°C.

The asymmetric membrane is then conditioned by contacting the membrane with a
conditioning agent dissolved in a solvent to impregnate the membrane. 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 or derivatives thereof (such as polypropylene
glycols, polyethylene glycols, polyalkylene glycols or derivatives thereof). Suitable
solvents for dissolving the conditioning agent include alcohols, ketones, aromatics,
hydrocarbons, or mixtures thereof. The use of a conditioning agent in accordance with the
invention allows a suitable pore structure to be maintained in a dry state, and produces a
flat sheet membrane with improved flexibility and handling characteristics. Prior to use,
the conditioning agent must be flushed from the membrane, i.e. the conditioning agent of
this invention serves the purpose of maintaining the desired membrane structure to
preserve the performance characteristics when the membrane is in the dry state, and it is
not a component of the functional membrane when used for the purpose of solvent
nanofiltration. This contrasts the conditioning agents of the present invention from agents

that become part of the functional membrane.

Following treatment with the conditioning agent, the membrane is typically dried in air at

ambient conditions to remove residual solvent.
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1V (di.g-1)* Batch 1* 93 324889 190578 13 1.08 The intrinsic viscosity of
the polyner was determ ned by the dilute solution nethod using DMAc as a
sol vent aw02012/0168%d i s shown in Figure 1. Menbranes wer @Craimotasesdifrom

t he pol ybenzi m dazol e pol yner as follows: Menbranes were formed using the
prepared polymer. The dope solution conposition was as given in Table 2.
The hi gh nol ecul ar weight of the starting polyner |imted the dope solution
concentration to 15 wt.-17wm % % of pol ynmer. The wei ghed quantity of the

DMAC Wgfeat ékﬁfheh@mﬁ& agk b_@rﬁgec{"ﬁ)aitngﬂa&othgQnegll;r.hﬁesltejecﬁgﬁ 6t Ld1ftet EARG L ur e of
the solvent attained desired tenperature the purified polynmer was added to

t he f| ashditiFineg diepsthk mdndmamsf mayke pedtgdrorbeswedni IPH°C engh0GCufoebetezaht ed in a
hi ghly .vi scous eﬁ£ nmer solution wthout any residue. After the conplete
di ssol dtTBRECH bl ymer the heating was renpved to cool the dope
solution. Once the dope solution was cooled it was transferred to a 50 ni
centrifuge tube to centrifuge the dope solution at 7000 rpm for 30 m nutes.
The dopéersbianes oh theamventicwean bo usechifier anofifiagion epsrationswpatticdadadgenent of
any_al I, bUBPLESn Mo 243k SuQbaERBEAN% SR%H W SBAM blRlR g o o ven
in Tabl - hable ntry

allow the passage of solvents while retarding the passage of larger solute molecules, when

a pressure gradient is applied across the membrane. This may be defined in terms of

membrane rejection R;, a common measure known by those skilled in the art and defined

as:

C,,
R, =[1—C—P’J x 100% ey

Ri

where Cp; = concentration of species 1 in the permeate, permeate being the liquid which
has passed through the membrane, and Cgr; = 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 1 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 200-2,000 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 dipolar aprotic solvents, water, and mixtures

thereof.
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No. Polymer (W.% Solvent used Volatile non- solvent used Sol vent/
non-sol vent ratio Evaporatio n tine
WO 2012/010886 PCT/GB2011/051361

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 membranes of the present invention are particularly suited to nanofiltration
operations in which the solvent is strongly acidic or basic, or in which the feed stream

contains components which are strongly acidic or basic.

The term “strongly acidic” is used herein to refer to a compound which has a pKa of less
than 5. The term “strongly basic” is used herein to refer to a compound which has a pKa
of greater than 9. The strongly acidic or basic compound may be a solvent and/or a

compound dissolved in a solvent.

By way of non-limiting example, specific strongly basic solvents include amines, in
particular alkanolamines, alkyl amines, and polyamines, such as alkyl diamines, alkyl
triamines, piperidine and derivatives including alkylated piperidine, pyridine and alkyl
pyridines including alkyl, dialkyl and trialkyl pyridines, and including and including ethyl
amine, ethylenediamine, diethylenetriamine, triethylenetetramine, monomethylamine,
mimethylamine  trimethylamine, monoethylamine, diethylamine, triethylamine,
isopropylamine , diisopropylamine, mono-n-propylamine, di-n-propylamine , tri-n-
propylamine , di-n-butylamine , tri-n-butylamine , cyclohexylamine, dicyclohexylamine,
dimethylcyclohexylamine, pentamethyldiethylenetriamine,
pentamethyldipropylenetriamine, tetramethyldipropylenetriamine,, benzyldimethylamine,
tetramethylbis(aminoethyl)ether, =~ N,N-dimethyl-2(2-aminoethoxy)ethanol, = 3-amino
propanol, N-ethylmethylamine, 2-ethoxy ethylamine N,N-diethylhydroxylamine, N-ethyl-
N-(1,2-dimethylpropyl)amine, diisopropylmethylamine, 2-ethylhexylamine,

17



(Sec) Menbrane code 17 DDMAc - 1/0 60 17M4/0-04) X-0- Mem 1 17 DVA. THF

WO 2012/010886 PCT/GB2011/051361

dimethylbutyl amine, 3-methoxypropylamine, 3-(2-ethylhexoxy)-1-propanamine,
methylaminopropylamine, dimethylaminopropylamine, methoxypropylamine, 3-ethoxy
propylamine, N,N-diisopropylethylamine, dimethylisopropylamine, bis-2-
ethylhexylamine, diethylmethylamine, N-methylisopropylamine, dibenzyl hydroxyl
amine, monoethanolamine, diethanolamine, triethanolamine, dimethylethanolamine, N-
methyldiethanolamine, monomethylethanolamine, 2-(2-aminoethoxy)ethanol,
polyoxyalkyleneamines, monopropanol amines, morpholine;, N-methylmorpholine, N-
ethylmorpholine, N-methylmorpholine oxide, aminopropylmorpholine, quinoline, and
solutions of alcohol metal alkoxides having from one to six alkyl carbon atoms such as
sodium methoxide, sodium ethoxide, and alkyl aryl amine hydroxides such as particularly

preferred benzyl trimethyl ammonium hydroxide.

By way of non-limiting example, specific strongly acidic solvents include carboxylic

acids and their derivatives, incorporating trifluoroacetic acid and acetic acid.

Solvent can be understood to mean solvents, acidic solvents or basic solvents 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.

In Examples 1-4, a laboratory scale cross-flow nanofiltration unit was used with 4 cross

flow cells. Membrane discs, of active area 14 cmz, were cut out from flat sheets and
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4.09/1 60 17PB1-4.09/1-0-UX-0 I' em1 .3 15 DVA( - 60 15PBI-1/0
0- UX-0-Nelem 2 15 DVA
WO 2012/010886 PCT/GB2011/051361

placed into 4 cross flow cells in series. A feed solution consisting of <1 wt % of test
solutes was charged into a 5 L feed tank and re-circulated at a flow rate of 1.5 L min™
using a diaphragm pump (Hydra-Cell, Wanner, USA). Pressure in the cells was generated
using a backpressure regulator which was located down-stream of a pressure gauge. The
pressure drop across the 4 cells was measured to be less than 0.5 bar. The re-circulating
liquid was kept at 30°C by a heat exchanger. During start-up, the conditioning agent was
removed by re-circulating pure solvent for an hour without applying any pressure and
discarding the initial permeate. During operation, permeate samples were collected from
individual sampling ports for each cross-flow cell and the retentate sample was taken
from the feed tank. Pre-conditioning of the membranes was necessary to reduce the
effects of compaction to achieve steady state fluxes and rejections. The solvent flux Ny
was calculated from the equation:

vV

N,=—
At

2

Where V = volume of a liquid sample collected from the permeate stream from a specific

cross-flow cell, t = time over which the liquid sample is collected, A= membrane area.

A feed solution consisting of a homologous series of styrene oligomers was used to obtain
the MWCO curve during nanofiltration with polystyrene solutes. The styrene oligomer
mixture contained a mixture of 1 g of PS580 and PS1050 (purchased from Polymer Labs,
UK) and 0.1 g of o-methylstyrene dimer (purchased from Sigma Aldrich, UK). The

styrene oligomers were all fully soluble in the tested solvents at this concentration
EXAMPLE 1
Polybenzimidazole polymer was synthesised as follows.

625 gm of Polyphosporic acid (PPA) was weighted in a 1 liter 3 neck round bottom flask
at room temperature followed by the fixing of flask to the overhead stirring assembly
equipped with oil bath. The oil was heated to 155 °C, at around 125 °C the addition of
tetra-amine was started under the constant flow of dry nitrogen. The addition was very

slow in such a way that it lasted for more than 15 minutes. After the completion of
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THF 4.09/1 60 15PN-4.09/1-0-L1X-0- Mem 1l The codi ng used-signate the
menbranes were as follows, i'e0-0-1.1X-0 stands for Pol yner Sol vent/
Anneal i ngwOXe1eangsss! i nked Tenperat ure used crossli nki n@CWGEX Nas1®0l vent
ratio

tetraamine addition the temperature was further raised to 170 °C and kept constant for 45
minutes flowed by diacid addition. The reaction was further kept stirring for next 4 hrs at
170 °C. After 4 hrs the reaction temperature was further raised to 210 °C for next 2.5 hrs
followed by 230 °C for 2 hrs. At the end of reaction the viscous polymer solution was

poured in large excess of water in the form of fine continuous fiber.

O
HN -
. “[;i}' \::\ .‘J_;" sy ".\ H {) 5 _r\\
WA TR AT R
=== W" “‘_} 3 ¥
o , fNH, _ S
Tetramine - Dicarboxylio acid

i _ i J‘ r"' ‘Q, /;’ff n

The crude PBI fibers were crushed in to fine pieces and further processed with
sodium bicarbonate solution to neutralise the phosphoric acid. The fine chopped fibers
were crushed in mixture to make fine powder. The fine powder of the polymer was
washed further with water followed by acetone and dried in vacuum oven overnight. The
dry polymer was further purified by dissolving the polymer in hot dimethylacetamide
(DMAc) followed by centrifuge and precipitation in large excess of water. The
precipitated polymer was washed with water for 3 times and crushed in to fine powder.
The fine powder of the polymer was soaked into acetone to replace water absorbed in the

polymer followed by drying in vacuum oven at 120 °C overnight.
The polymer which had been synthesised was characterised as follows:
The synthesised PBI was characterised by GPC for molecular weight determination, as

shown below in Table 1:

Table 1
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Te Il p. CO X- crosslinked The dope solution was used to cast
films 250 i.tmthick on a polypropyl ene backing materi al using an
adj ust ablwocastiinggekni fe on an automatic fil m appli cat oPCTRIEDUANS1361

Instrunents). Solvent was allowed to evaporate fromthe surface of the film

at controlled tinme intervals after which the filmwas i mersed, parallel
to the surface, into a precipitation water bath at roomtenperature. The
menbr anestrvgme. sybseguagnt ey | nfreiveed| | obdlsyenty (Bxgiiangd bdtihestof
| Sopr oganglic, 10 NENDVE [T 85isdda) ;JMAC| and wat ef ; Fol f oW 1g [ Nigx, (e
menbr ane—was—nersed—+nto—a—bath—oef--HPA-polyethylene—gHycol—400-+40/ 60,
ViV 99 e iREiavie Miscelid dThOPélymEN & aBEBIMARES byVBleRlifufteddl@idn HéthedludiRg r enove
excess solvent. The rmenbraneS were then tested for flux and rejection in
cr ossf IRMAsanefspIventat BB, amhés dhawa if Fignre hese tests are shown in Figures
2-8. EXAMPLE 2 Menbranes were formed as in Exanple 1 above and then
crosslinked as follows. The nenbranes were imersed into a bath of nethyl
I sobut Wierkeiangrew @ dataicagd Ifionk e potiitenamdirbr®lyrha@ras¥dldws. at 60 C
tenperature. The nenbrane was then renoved fromthe crosslinking bath and
washed with I PA to renove any residual crosslinker. Followng this, the
menbr a LBL ' I I el : 40/ 60,
viv % ri\1%(:)1%\%1?1Iéélsent g((r?%llérﬁig} Sgltﬁat .hp%e@a%é%%ﬁ?%@@tsﬁgﬁmgic%é&gb?lfe}ggrfgsrem)ve
excess as@ivwearih Tablee2. drHeddghramidcaiae weaght fof Xledsthoing lpel ywhard inisddathe dape h t he

hel p of PVC tape and heated in _oven at 100 C f 1 hr, These crasslinked
menbr ari t%rcéﬁf%ﬁtl?%é?ég W&r”f“ft%kf%gﬁé Rl 166 wS2h GRAEE oddBve. The
data f rNmACheRGak&STSHIdsR ANl o BOIET €8¢, DO thel@mpESAVPIE 1 solvent

attained desired temperature the purified polymer was added to the flask. The dissolution

of the polymer at high temperature resulted in a highly viscous polymer solution without
any residue. After the complete dissolution of the polymer the heating was removed to
cool the dope solution. Once the dope solution was cooled it was transferred to a 50 ml
centrifuge tube to centrifuge the dope solution at 7000 rpm for 30 minutes. The dope
solution was allowed to stand overnight to allow disengagement of any air bubbles. The

details of membrane casting conditions are also given in Table 2.

Table 2
Entry | Polymer [Sobvent| Volatile non- | Solvent/ [Evaporatio Membrane code
Mo, | {Wt%) | used solvent  mon-solvent]  ntime
used ratio {Sec)
1 17 DMAC - 1/G B0 17PBI-1/0-0-UK-G- Mam. 1
2 17 DiviAc THF 4.08/1 60 17PRI-4.08/1-0-UX-0- Mem. 1
3 15 DhiAc - 1/0 6Q 15PBE1/0-0-UK-0-Mem.2
4 15 DMAC THE 4.08/1 60 15F81-4.08/1-0-UX-0- Mem.1
The coding used o designate the membranes were as follows, i.e 15PBI-1/0-0-UX-0 stands for
Polymer Solvent/ Annsaling W-uncrosslinked Temperature used crosstinking
W% Non-solvent ratio | Temp. (°C) X- crosslinked

The dope solution was used to cast films 250 pum thick on a polypropylene backing
material using an adjustable casting knife on an automatic film applicator (Braive

Instruments). Solvent was allowed to evaporate from the surface of the film at controlled
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Crossl i nked pol ybenzi m dazol e nenbranes were prepared as per Exanple 3 and
were immersed into undiluted sol utions of nonoet hanol am ne and
trifluorosoeavizoniessrd and hel d at 30C. The nenbranes wer @CrgB20avsef or
stability over 4 weeks. No change in the nenbranes appearance or properties
was observed. WD 2012/010886 EXAMPLE 4 PCT/ (GB2011/051361 Crossl i nked

pol ybenzi m dazo| e nbranes were prepared as per anpl e 2. These were used
to t esttmf*?ah]&tf’ﬁ’vla{sr asrorhigh ghes Silme Mam 185%&%%%5&15%3@& S4face. iPet | al

2 ;J p 2 | ig%%c%taﬁ%YQagﬂ%t%%YgoaJagﬁgeﬁtuYe.C ghal QEMerREMIGL e TERSAfndY ssol ved

L-1I in a mxture of Butyl diglycol: Mnoethanol am ne: Wat er
(60: 20:iR@krsethe soleedicanssgs hathe df mopogindlve rempectesidnalfRMAdmdRhaseor esi st

(PR a hown i n Tabl e bel ow. Table.3. Perfo e, eyal uat i on
Cr obst TARBHBE nEOP ARBENT O SEPRRSEIER TR bR TR G B0 r y
(40/60, v/v %) to prevent drying out. The membranes were then air dried to remove

excess solvent.

The membranes were then tested for flux and rejection in crossflow nanofiltration. The

data from these tests are shown in Figures 2-8.
EXAMPLE 2
Membranes were formed as in Example 1 above and then crosslinked as follows.

The membranes were immersed into a bath of methyl isobutyl ketone and crosslinker
(dibromobutane) for 12 hrs. at 60 °C temperature. The membrane was then removed from
the crosslinking bath and washed with IPA to remove any residual crosslinker. Following
this, the membrane was immersed into a bath of IPA/polyethylene glycol 400 (40/60, v/v
%) to prevent drying out. The membranes were then air dried to remove excess solvent.
The dried membrane was fixed to the glass plate with the help of PVC tape and heated in
oven at 100 °C for 1 hr.

These crosslinked membranes were then tested for flux and rejection as described above.

The data from these tests is shown in Figures 9 and 10.
EXAMPLE 3

Crosslinked polybenzimidazole membranes were prepared as per Example 3 and were
immersed into undiluted solutions of monoethanolamine and trifluoroacetic acid and held
at 30°C. The membranes were monitored for stability over 4 weeks. No change in the

membranes appearance or properties was observed.
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No Menbrane used Flux at 4 hrs (1m2h-1) PR rejection (%9 MACO* 1
PBI - 15- Crosslinked (YB) 15 (at day 3) 70 (at day 3) 395 2
WO 2012/010886

EXAMPLE 4

PCT/GB2011/051361

Crosslinked polybenzimidazole membranes were prepared as per Example 2. These were

used to test nanofiltration of a solution containing a photoresist material supplied by

TOKYO OHKA KOGYO EUROPE B.V catalogue number TFR 970 dissolved at 1 g L™

in a mixture of Butyl diglycol: Monoethanolamine:Water (60:20:20). The membranes

showed a positive rejection for the Photoresist (PR) as shown in Table 3 below:

Table 3. Performance evaluation of crosslinked PBI membranes for separation of PR in

BDG:MEA:Water
Entry Membrane used Flux at 4 hrs PR rejection MWCO*
No (Im™h™) (%)
1 PBI-15-Crosslinked (YB) [ 15 (at day 3) 70 (at day 3) 395
2 | PBI-17-Crosslinked (YB) | 10.5 (atday 1) | 85.2 (atday 1) 236
% MWCO of the membrane based on standard PS rejection analysis after 24 hrs ol Tilration
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CLAIMS

1 A process for forming an integraly skinned asymmetric crosslinked
polybenzimidazole membrane for solvent nanofiltration, comprising the steps of:
(a) preparing a pol ybenzimidazol e dope solution comprising:
(i) apolybenzimidazole polymer, and (ii) a solvent system for said polybenzimidazole
which is water miscible;
(b) casting afilm of said dope solution onto a supporting substrate;
(c) dlowing the dope solution to evaporate for an evaporation period, and then immersing the
film cast on the substrate into a coagulating medium;
(d) treating the resulting asymmetric membrane with a solvent comprising one or more of a
multifunctional akyl halide, adivinyl sulfone, a strong polyfunctional organic acid;

(e) treating the asymmetric membrane with a conditioning agent.

2. A process according to claim 1, wherein the polybenzimidazole polymer is present in
amounts of 5 to 30% by weight of said dope solution.

3. A process according to claim 1 or claim 2 wherein the multifunctiona alkyl halide is

amono-,di-tri- functional akyl halide.

4, A process according to any one of claims 1, 2, or 3, further comprising (f) drying the
membrane;

and/or optionaly wherein the process further comprises a step of heating the membrane to
about 150°C or higher, preferably for up to 3 hours.

5. A process according to any preceding claim, wherein the polybenzimidazole has the

following formula:
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optionally wherein the polybenzimidazole dope solution comprises solvents chosen from N-
methyl-2-pyrrolidone, tetrahydrofuran, N,N-dimethylformamide, dimethylsulfoxide, N,N-
dimethylacetamide, 1,4 dioxane, gamma-butyrolactone, water, acohols, ketones, and

formamide.

6. A process according to any preceding claim, wherein the polybenzimidazole dope
solution further comprises a viscosity enhancer in amounts of up to 10% by weight of said
dope solution;

optionally wherein the polybenzimidazole dope solution further comprises a viscosity
enhancer chosen from polyvinyl pyrrolidones, polyethylene glycols and urethanes added to
the polybenzimidazole dope solution at amounts up to 10% by weight of said dope solution.
and/or optionally wherein the polybenzimidazole dope solution further comprises a void

suppressor used in amounts up to 5% of the weight of said polybenzimidazole dope solution.

7. A process according to any preceding claim, wherein the polybenzimidazole dope
solution further comprises a discrete organic or inorganic matrix dispersed in the
polybenzimidazol e dope solution at amounts up to 20 % by weight of said dope solution;
optionally wherein the average particle size of the discrete matrix is lessthan 0.1 micron;
and/or optionally wherein the discrete matrix is first dispersed in a solvent and subsequently
added to the dope solution;

optionally wherein the solvent used to disperse the discrete matrix is removed from the

polybenzimidazole dope solution by evaporation.

8. A process according to any preceding claim, wherein the crosslinking agent is chosen
from multifunctiona akyl halides, divinyl sulfones, strong polyfunctional organic acids,
optionally wherein the crosslinking agent is chosen from akyl halides (including
dibromobutane, tribromopropane, trichloropropane, pentaerythrityl tetrabromide, and
pentaerythrityl  tetrachloride), divinyl sulfones, perfluoroglutaric acid, benzene
hexacarboxylic acid, benzene pentacarboxylic acid, 1,2,3,4-benzenetetracarboxylic acid,
1,2,3,5-benzenetetracarboxylic  acid,  1,2,4,5-benzenetetracarboxylic  acid,  1,3,5-
benzenetricarboxylic ~ acid,  dibromosuccinic  acid, polyacrylic acid, 1,4,5,8-
naphthal enetetracarboxylic acid, 2,6-naphthalenedisulfonic acid, aryl-sulfonic acids, aryl-
sulfinic acids, aryl-phosphinic acids, aryl-phosphonic acids;

and/or optionally wherein the crosslinking agent is dissolved in a solvent;
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optionally wherein the crosslinking agent is dissolved in a solvent chosen from ketones,

ethers, carboxylic acids and alcohols

0. A process according to any preceding claim, wherein the quantity of crosslinking
agent used to treat the polybenzimidazole membrane is adjusted so that the reactive groupsin
the crosslinking agent and polybenzimidazole amine hydrogen groups in the membrane
treated isin the range 0.01 to 100;

optionally wherein the quantity of crosslinking agent used to treat the polybenzimidazole
membrane is adjusted so that the reactive groups in the crossinking agent and

polybenzimidazol e amine hydrogen groups in the membrane treated isin the range 0. 1 to 10.

10. A process according to any preceding claim, wherein the time for crossinking is
chosen from between 0.1 and 120 hours;

and/or optionally wherein the temperature of crosslinking solution is held between 20 and
150°C.

11. A process according to any preceding claim, wherein the conditioning agent is a non-
volatile liquid;

optionally wherein the conditioning agent is selected from one or more of synthetic oils
(including polyolefinic oils, silicone oils, polyaphaolefinic oils, polyisobutylene ails,
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 acohols (such as decanol, dodecanol, heptadecanal), glycerols,

and glycols (such as polypropylene glycols, polyethylene glycols, polyalkylene glycols).

12. A 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.
13. A membrane obtainable by the method of any preceding claim.
14. Use of a membrane according to claim 13 for nanofiltration of a feed stream solution

comprising an organic solvent and dissolved solutes, wherein the feed stream comprises at

least one strongly basic or strongly acidic solvent.
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15. A membrane for nanofiltration of a feed stream solution comprising an organic
solvent and dissolved solutes and showing preferential rejection of the solutes at ambient
temperature, comprising an integrally skinned asymmetric polybenzimidazole cast film
membrane, wherein the membrane is impregnated with a conditioning agent that maintains

the pore structure of the membrane prior to its use for nanofiltration.
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