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A Met hod of Treating a Perneabl e Menbrane Techni cal

Field The present invention generally relates to a
woredoioeseod treating a perneable menbrane, a trRet/8G2005/000430

per meabl e menbrane and to a process for separating

fluid m xtures using the nmenbrane. Background The

separati on ofoseI uid m xtures_has been acconplished by

vari ous meansMethad ofdrgating 4 Pepmesile Membrand on and

sol vent extraction. For separation of |iquid m Xxtures,
distillation nmethods are expensive as they require
hi gh amounts of ener gyTechnidal Eield a phase change in the

i qmed{)ﬁ'ké&ﬁ Lﬁh@enti%ﬁ_réeggrrggg Blatels! {ot 5%&@& %?C{Irelsaﬁrllg " %Jermeable

extracti on may be inha ate 1 n satistactor _
mengtEfng: 4ttreatpdasnperidnmembranered to Mpndeanfor sepadtali fold mixtures

ik SeNALAHSSe have been utilized to separate m xtures of
usm%Wo o%‘gm)r% di fferent nol ecul es, such as, aqueous

m xtures, m xed hydrocarbons, azeotropic m xtures, and
the like. Some organic solvents, such as |ow nolecul ar
wei ght al cohol's, keton ackgremnds and acids, are

COMleakpirytidh SMBY erivthied hMEb&h RBGnHIRKE E% Gmdﬁt@ E:géns such as

wWth water. This makes it difficult to obtain _
disﬂr\{'ﬁfw’dﬁ%@imanﬁwseheﬁtrﬁégéc@anﬁwm@mbw ebligsd niynes, distillation
metRRB AFAPRAsi Y ACBSY Ry ARk ¥t %R&%f B Lpnak phase change in
rocesses, 1. e. I stillation or adsor 1 on,
the Hawig apierruae.i Birthesmarer filtptiomiasd sglvbetcausetiaf may decinadegyate in
satisFRYINY s GFAPREE cAMPolthBnglLECt | veness

Membrane separation techniques have been utilized to separate mixtures of two or
more different molecules, such as, aqueous mixtures, mixed hydrocarbons, azeotropic
mixtures, and the like.

Some organic solvents, such as Iow molecular weight alcohols, ketones, ethers and
acids, are completely miscible with water and form azeotropes with water. This makes it
difficult to obtain the anhydrous form of these compounds by conventional separation
processes. Compared to conventional processes, i.e. distillation or adsorption,
pervaporation is very promising because of its energy saving aspect and high effectiveness
for azeotropic separation and solvent recovery.

Pervaporation uses a membrane as a barrier to separate liquid mixtures, in which
one side of the membrane is in contact with feed liquid while the other side of the
membrane is subjected to vacuum or a carrier gas is applied. Among the polymeric
materials being investigated, polyvinyl alcohol (PVA) membranes are the most popular one
for alcohols or other organics. The most likely reason for {his 1s because PVA is a highly
hydrophilic polymer and has unique film-forming characteristics, controllable
hydrophilicity and good chemical-resistant properties. One known multilayer composite
membrane for pervaporation processes has been developed with a crosslinked PVA or
cellulose acetate thin layer on top of polyacrylonitrile, polysulfone. However, most PVA
membranes and other membranes made from highly hydrophilic materials, such as
cellulose acetate and chitosan, are restricted to use in feed waters having a low water
content. This because the PVA membranes tend to swell in aqueous solutions, which

dramatically reduces the selectivity of the PVA membrane.
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for azeotropic separation and sol vent recovery.

Pervaporation uses a nenbrane as a barrier to separate
WO 2@paioaBors xt ures, in which one side of the nmenPCEHRE2(05000430

in contact with feed liquid while the other side of

the nenbrane is subj ect ed to vacuumor a carrier gas
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Most research studies on pervaporation dehydration of alcohols have focused on
highly hydrophilic materials, such as poly(vinyl alcohol) (PVA), chitosan and alginate.
These kinds of materials usually have solubility parameters close to that of water. Thus,
water may act as a predominant plasticizer, swell the membrane chains, and reduce
membrane separation performance even if these materials were cross-linked.

Polyimides are promising materials for the pervaporation dehydration of alcohols
due to their superior chemical resistance, mechanical properties and lower hydrophilicity,
rendering allowing them to be independent of feedwater content. However, despite P84’s
solvent-resistant character, P84 films can be affected by solvents such as alcohols. For
example, one study found that pretreatment of P84 films by immersing the films into
different alcohol solutions for one day is capable of adjusting the gas-separation
performance of the derived polyimide membranes. It is thought that this may be due to
swelling problems swelling induced by the affinity between alcohol and P84 membranes.
Alcohols such as ethanol, IPA, and tert-butyl alcohol are important protic solvents with
high polarity and can form strong interactions with polymers containing imide groups
through polar-polar interaction, hydrogen bonding, or other interactions. These interactions

can alter the polymer chain packing density or chain mobility.
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Asymmetric nmenbranes with an ultra-thin selective
| ayer have been utilized because they have good
W@ 06068626 ty and the perneability. However, i nPCT/SG2005/000430
practice, it is difficult to obtain nenbranes with a
thin defect-free selective |layer. The dehydration of
al cqhol s usin ervaporati on processes has received
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naterlals usuaIIy have solubility paranmeters close to
that of water. Thus, water may act as a predom nant

pl asticizer, swell Othe mefbrane chains, and reduce

[ nce even if these

menbr ane separatiofj perfo

materials were crosis-|inked. Polyimdes are prom sing
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wherein R, and R, are aromatic hydrocarbon moieties, and

R; is an optional moiety and is selected from the group consisting of alkyls and
aromatic hydrocarbons;

(b) heating said permeable membrane for a period of time to increase the selectivity
of the permeable membrane relative to a membrane that has not undergone heating; and -

(c) forming a permeable sealant layer on at least one side of said membrane.

Advantageously, the permeable sealant layer covers any voids present in said
membrane to at least partially enhance the selectivity of the membrane.

In on embodiment, there is provided a method of treating a permeable membréne
comprising the steps of:

(a) providing a permeable membrane comprising a copolyimide polymer having (n)
repeating units, wherein between 10% to 90% of said imide linkages having the following
structural formula (IV):
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repeatifng
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; and
(b) heating said permeable membrane for a period of time to increase the selectivity
of the permeable membrane relative to a membrane that has not undergone heating; and
(c) forming a permeable sealant layer on at least one side of said membrane.
According to a second aspect, there is provided a membrane separation process for
separating mixtures of fluids having at least a two fluid components that permeate through
a membrane at different rates, the process comprising the steps of:
(a) providing a two-sided treated selectively permeable membrane made in the
method of the first aspect, as defined above;
b) contacting a first side of the membrane with a feed mixture comprising said
mixtures of fluids; and
(c) causing the feed mixture to selectively permeate through the membrane and
thereby form, on the second side of the membrane, a permeate composition
which has a concentration of one of the fluid components that is greater
than that of the feed mixture.
According to a third aspect, there is provided a membrane separation process for
separating a mixture of an aqueous liquid and an organic liquid comprising compounds
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R3 is an optional noiety and is selected fromthe
group consisting of al kyls and aronmati c hydrocarbons;
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time to increase the selectivity of the perneabl e
menbrane relative to a nenbrane that has not undergone
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repeating units, wherein pRetween 10%to 90% of said
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wherein R; and R, are aromatic hydrocarbon moieties,

R; is an optional moiety and is selected from the group consisting of alkyls and
aromatic hydrocarbons, and

wherein said permeable membrane has undergone heat treatment for a period of
time to increase the selectivity of the permeable membrane relative to a membrane that has
not undergone heating;

(b) providing, on a first side of the membrane, a feed mixture comprising said
mixtures of aqueous liquid and organic liquid; and V

(c) causing said feed mixture to selectively permeate through the membrane and
thereby form, on the second side of the membrane, a permeate composition which has a
lower organic liquid concentration than that of the feed mixture. Optionally in said third
aspect, said permeable membrane comprises a permeable sealant layer on at least one side

of said membrane.

Definitions

The following words and terms used herein shall have the meaning indicated:

The term “moiety”, and grammatical variations thereof, is used to refer to a specific
segment or part of a molecule.

The term "aromatic hydrocarbon moiety”, and grammatical variations thereof, is
used herein to designate a hydrocarbon-based organic moiety containing one or more
aromatic rings, e.g. fused and/or bridged, having at least one hydrogen atom removed. An
aromatic ring is typified by benzene having a single aromatic nucleus with at least one

hydrogen removed from the ring. Aromatic hydrocarbon moieties having more than one
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According to a second aspect, there is provided a
nmenbr ane separation process for separating m xtures of
w0 bawsdesob@vi ng at | east a two flui d conponent SPETI86G2005/000430
perneate through a nmenbrane at different rates, the
process conprising the steps of: (a) providing a
two-sided treated sel ectively perneabl e nmenbrane nmade
aromftid Heg ieilied fof extahpld irididalsashHeghthabkae dafthnesheabtovBxemplary

w5 BB b
arofn8tic 19@dSi Ng the feed mxture to selectively perneate

through the nenbrane and. thereby form on the second..
si dEofermaloilnBF s WHbipofsBating BIBBEIEH FRf P isalent

(“alyled*§ @fgi%lﬁtc.hﬂﬁ 0P braBARdRhaih Bfudatedial pﬁ%ﬁ’i@%&ﬁ)@ thivihg Bbmi 1510 10
greater than that of the feed m xture. According to a
carhoni tenn sgebi2, 3t heh &, 7s8.5h ov il Y eurben atersr Bereexampler tieitgm alkyl

o RSERS TR 100, B ) g 0L by,
terttbatdt i,m(ﬁeeth_wppmyl,at birslim¢thdproppth r axantylsepiapmlt)d),n hexyl, 4-
o BERSEE, CHIMAARE DRSNS Bi hmp 35
dimegt@ibatyil,ng 1 2rditnsthgTougenen sl difmethibugyl,( | 1,2, % HnvigngbpylR 1,1,2-
inGOIRRRN 5B E LY B BT bl RDiogY o gy dimetiylpenty
3,380shAbédg, of salikvih§ipeMgl, 1,2-dimethylpentyl, 1,3-dimethylpentyl, 1,4-
dimethylpentyl, 1,2,3-trimethylbutyl, 1,12-trimethylbutyl, 1,1,3-trimethylbutyl, 5-
methylheptyl, 1-methylheptyl, octyl, nonyl, decyl, and the like.

The term "ether” and grammatical variations thereof includes moieties which
contain an oxygen bonded to two different carbon atoms.

The term "epoxide” and grammatical variations thereof is to be understood to mean
a moiety that contains an oxirane three member ring containing an oxygen that is bonded to
two carbon atoms in a chain.

The term "ester" includes moieties which contain a carbon bound to an oxygen
atom which is bonded to the carbon of a carbonyl group.

The term "sulfonyl"”, as used herein, means a -SO2 group.

The term "carbonyl", as used herein, means a —C=0 group or a—~CHO group.

The term "organic liquid" is used to describe compounds mainly comprising at least
three carbon atoms, hydrogen atoms, and, in some cases, containing oxygen atoms, sulfur
atoms or nitrogen atoms. Exemplary classes of organic liquids which can be used include
alcohols, ketones, aromatic hydrocarbons, aliphatic unsaturated hydrocarbons, ethers,
esters, cycloaliphatic hydrocarbons, and mixtures thereof.

Unless specified otherwise, the terms "comprising" and "comprise”, and
grammatical variants thereof, are intended to represent "open” or "inclusive" language such
that they include recited elements but also permit inclusion of additional, unrecited
elements.

Throughout this disclosure, certain embodiments may be disclosed in a range
format. It should be understood that the description in range format is merely for

convenience and brevity and should not be construed as an inflexible limitation on the
6



aromati ¢ hydrocarbons, and wherein said perneable
menbr ane has undergone heat treatnent for a period of
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menbrane relative to a nenbrane that has not undergone
heating; (b) providing, on a first side of the
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wherein R; and R; are aromatic hydrocarbon moieties, and
R; is an optional moiety and is selected from the group consisting of alkyls and
aromatic hydrocarbons;
(b) heating said permeable membrane for a period of time to increase the selectivity
20 of the permeable membrane relative to a membrane that has not undergone heating; and
(c) forming a permeable sealant layer on at least one side of said membrane.
In one embodiment, the R; moiety is of composition selected from the group

consisting of formula (A), formula (B), formula (C) and mixtures thereof,

(A)



hydr ogen renoved fromthe ring. Aromatic hydrocarbon
noi eti es having nore than onearomatic ring include,

wo cnocesssepl e, radi cal s of napht hal ene, ant hr acROIEFSGBIE000430
Exenpl ary aromati c hydrocarbons useful in the
di scl osed enbodi nents include those having 1 to 2
aromatic rings. The term"alkyl" includes within its
nmeani ng nonoval ent\("al kyl ") and di val ent-("al kyl ene")
straight chain or bry
groups having from \ ato R\
4, 5, 6, 7, 8, 9 10 caxon af/ons. F¥
term al kyl includes) 3
ethyl, 1-propyl, isoReepyl, 1-but
i sobutyl, tert-butyl, 1,2-dimethyl propyl,
1, 1-di net hyl propyl, pentyl, igBpentyl, hexyl, 4-
net hyl pentyl, 1-nethyl pentyl, 2-methyl pentyl
3- net hyl pent yl , ~22-digget hyl butyl, 3,3—seTet hyl butyl ,

1,2,2-trimeth
-et hyl pentyl, 3-

pyl, 1 2=k : H
2-e et hyl pentyl, hepty hyl hexyl ,
2, 2-di net hyl pentyl =3/ di met hy| pent )
4, 4-di met hyl pentyl , 1,2-dinetH§Dpentyl,
1, 3-di net hyl pentyl, 1,4- dinethylpentyl,
1,2,3-trinethylbutyl, 1,1,2-trinethylbutyl,
1, lwBertiniZe b ydidy satboted fromethdgriohe pangisting ofathdrs | epexites, esters,
octyl, nonyl, decyl,. and.the |like. The term "ether"
S5 car %@Pgﬁﬁﬁ%W@éPXW§§ﬁHFF s thereof includes noieties
Whi Gho08hddiman, 2Xp4genchapaaibnt @lécwn fitin flss grop caniisimg of
atons. The term "epoxide" and gr ical variations
formpla (B fornwla &) plermpwa )G FUXES AR e noi ety t hat
contains an oxirane three nenber ring containing an
oxygen that is bonded to two carbon atons in a chain.
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D) ®) (F)

In one embodiment, the Rz is a moiety of composition selected from the group

10  consisting of formula (G), formula (H), formula (I) and mixtures thereof,

I

H
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The term "ester” includes noieties which contain a
carbon bound to an oxygen atom which is bonded to the

W@ 2006068606 a car bonyl group. The term "sul f onyPCT/SGR05/000430
used herein, neans a -SQO2 group. The term "carbonyl ",
as used herein, neans a -C=0O group or a -CHO group.
The term"organic liquid' is used to describe
compounds mainly conprising af |east three carbon
atons, hydrogen atons, and, ip sonme cases, containing
oxygen atons, sulfur atonms orQjtrogen atons.
Exenpl ary cl asses of organic Ir?%ids whi ch can be used
i ncl ude al cohol s, ketones}t aromatji c hydrocar bons,
al i phatic unsaturated hydy s, ethers, esters,
cycl oal i phati ¢ hydrocar bons m xtures thereof.
Unl ess specified othervitse, the terns "conprising" and
“conprise", and grammatical vhariants thereof, are
i ntended to represent "open" @is "inclusive" |anguage
such that they include recited el enents but al so
permit inclusion of additiona) unrecited el enents.
Throughout this disclosure, certain enbodi nents may be
di sclosed in a range format. It should be understood
that the description in range format is nerely for
conveni ence and brevity ul d not be construed as
an inflexible limtationon thescope of the disclosed
ranges. Accordingly, th j
be considered to have 5 di scl osed all the
possi bl e sub-ranges as i ndividual nunerica
values within that range. For exanple, description of
a range such as from1 to 6Cdhoul d be considered to
have specifically disclosed sub-ranges such as from1
to 3, from1l to 4, from @

In one embodiment, the R; is a moiety of composition selected from the group

5  consisting of formula (J), formula (K), formula (L), formula (M), formula (N), formula O)

and mixtures thereof,

R ehoy

Q) X) @)
CH, CH;
SRR O
Z =
M) ™) 0)

In one embodiment, R; has the composition of formula (P)

9
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of the breadth of the range. Detailed D sclosure of

Enbodi ments Exenplary, non-limting enbodi nents of a

nmet hod of treating a perneable nenbrane, will now be

di scl osed. The method conpl ses the steps of: A nethod

of treating a perneabl e nmefprane conprising the steps

of: (a) providing a e menlane conprising a

copol ynmer havi ng C i Tig_uri Sxqf genera

formula (1): (1) [ are gronmatic

hydr ocar bon noi efi i ${ an optji onal noi ety and

Is selected fro

aromati ¢ hydrocar bon (b) heating-said perneabl e

menbrane for a period of tine to increase the

selectivity of the perneab(® nenbrane relative to a

menbrane that has not undergone heating; and (c)

f orlniong embpdimenta Bs bastba tampositigpof fmul(Qeast one si de

of said membrane. In one emypdi ment, the Rl noiety is

of conposition selected fromthe group consisting of

formula (A), formula (B), fprnmula (C) and m xtures

thereof, - (A (B) wherein kS a noiety selected from

the group consi sting of epoxi des, esters,

Q

In one embodiment, R, has the composition of formula (R)
Hy
C
®)
In one embodiment, the providing step (a) comprises the step of:

(al) providing the permeable membrane comprising a copolymer having (n)

repeating units of formula (VI):
o [e] CHj
L
T C-O0-0-0)
/ *
0

vV

O

o)

O,

e}

In one embodiment, the forming step (c) comprises the step of:

(c1) forming a water-permeable layer on said at least one side of said membrane.
The water permeable layer may be selected from the group consisting of

polysiloxanes, such as, for example, polydimethylsiloxanes or polysiloxanes comprising

10
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carbonyl s sul fonyls and m xtures thereof. hi one

enbodi nent, Z has a conposition selected fromthe
w@emapessensi sting of formula (D), formula (E) POY/8GL@5/000430

(F) and m xtures thereof, (D) (E) (F) hi one

enbodi nent, the R2 is a noiety of conposition selected

fromthe group consisting of formula (G, fornula (H),
alkyfll GindUdrl fdbstitaBls O the siticdh atod)f copblyhiers0 b€ dantrbdkiloxahe and

the R3 is a noiety of conposj.tion selected fromthe
Phe’@flm?gﬁ’é‘shsi SAPRYESES £ orNul a 3@@7@%@?%? a (Ryd foPﬂﬁ‘rfatham?

dolopolydirk A/ frer mebalylds; Her i§hefNgnd 1
orgobaly ik tr@%}gﬁbfm(ﬁ) (k) Y%L)S’(kpw@(%) Ih one | Foumes
therepfhodi nent, R has the conposition of fornula (P)(P)

I n i.pen . &%B}ﬁ [ b . formul a
(Q)IBE%? éﬁ%gﬁéﬁlﬁggﬁ,ﬂr}g@%ﬁ g?%as t gg%ggn%%g?ti on of
f or(a) tarnfiRy a @RYerrpeoneabédiliaingrelastomehiayqyromsatdi at deast ang side of
.{a) _gonprises..the of : I rqvidi ng t
soid mBRP  TRE b O Mt ] ShprBE 38 | Bt flogamey oot as 2
dialkgpibabhe golynet. S The foogamupaysilvkgne may be selected from the group of

organopolysiloxanes having the following average compositional formula:
RzSiO(4—z)/2

wherein the letter z is a positive mamber from 1.98 to 2.02

R, may be the same or different, and is a substituted or unsubstituted monovalent
hydrocarbon groups of 1 to 12 carbon atoms or 1 to 6 carbon atoms, for example, alkyl
groups such as methyl, ethyl, propyl and butyl; cycloalkyl groups such as cyclohexyl;
alkenyl groups such as vinyl, allyl, butenyl and hexenyl; aryl groups such as phenyl and
tolyl; aralkyl groups such as benzyl and B-phenylpropyl; and substituted ones of the
foregoing groups in which some or all of the hydrogen atoms attached to carbon atoms are
replaced by halogen atoms, cyano groups or the like, such as chloromethyl, trifluoropropyl
and cyanoethyl. The organopolysiloxane mﬁy have at least two alkenyl groupé per
molecule. The organopolysiloxane may be end-capped with trimethylsilyl,
dimethylvinylsilyl, dimethylhydroxysilyl or trivinylsilyl groups.

Exemplary organopolysiloxane may include dimethylpolysiloxane,
methylphenylpolysiloxane, copolymer of dimethylsiloxane and methylphenylsiloxane,
methylvinylpolysiloxane, and copolymer of dimethyl siloxane and methylvinylsiloxane of
which the terminal ends are blocked by silanol groups.

In one embodiment, the forming step () comprises the step of:

(c1) forming a polysiloxane layer on at least one side of said membrane. The
polysiloxine layer may be poly-dimethylsiloxane.

In one embodiment, the copolymer has between 10% to 90% imide linkages having
the following structural formula (11):

11



(VI) In one enbodinent, the formng step (c) conprises
the step of: (cl) formng a water-perneable | ayer on
W@ a00d/068626 east one side of said nmenbrane. The MEI/862005/000430
permeabl e | ayer may be selected fromthe group
consi sting of polysiloxanes, such as, for exanple,
pol ydi net hyl si | oxanes or pol ysil oxanes conpri si ngal kyl
and aryl substituent silicon atom copolyners
of dinethylsiloxane nd pheflyl enesi | ane; copol yners of

di met hyl si | oxa and hane
or ganopol ysi | oxa pol ﬁnﬁrs
pol yvi nyl pyri dijnes~an rs t hef In one
enbodi ment, the formjng ste (cl) conpri%kes the step
of : (c2) forn1ng a er - pefjmeabl e silicone el astoner
| ayer on said at | east one §l de of said nenbrane. The
silicone el astoner nay conprlse an or ganopol ysi | oxane,
such as a dlalkyIS|onane p&ﬁ mer. The

anopol ys ne .ng f

e peryar AR R e e SRR St B oRhula
conp05|t|onal fornol a: mhékeln t he Ietter zis a
positive nunber frgm 1.98{to 2.02 R, may be the sane
or different, and iis a su tituted or unsuybstituted
nmonoval ent hydr ar bon at ons

6. "l
or 1 to 6 carl Qanp ) &y groups such
as nethyl, ethyl, ropyl d but yl ; cycloankyl gr oups
such as cycl ohexyl ji al ken groups such as vinyl,
allyl, butenyl andchexenyk1 aryl groups such as phenyl
and tolyl; aral kyl groups such as benzyl and

b- phenyl propyl ; and substi®uted ones of the

wherein R; is not optional.
In one embodiment, the copolymer has between 10% to 90%, or 70 to 90%, imide

linkages having the following structural formula (IV):

AT T I AR

av)y

and wherein the remainder have imide linkages having the following structural formula

V)

@]
o

—

O
O——=0
O

O

o)
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atons attached to carbon atons are replaced by hal ogen
W@t@a®es6ee/ano groups or the like, such as chl oPCIeGIYE/P00430

trifluoropropyl and cyanoethyl. The organopol ysil oxane

may have at |east two al kenyl groups per nol ecule. The

or ganopol ysi | oxane nay be end-capped with

trimeth@lsilyl, dimethglvinylsilyl, o CHs

di met hyjll hydr oxysi | yl oﬁltrivinylsi yIJ roups.

3 0 ay 1 ncl

Xane | e

o o

. /)

i ' si | oxXane 1 metchyl vi nyl 'on\ﬁ§*
of whi the term nal ends are bl ocked} by sil ano
groups.gln one enbodi nent, the form ng step (c)
conprises the step of: (cl) formng a pol ysil oxane
| ayer on at |east one side of said nenbrane. The
pol ysi | oxi ne | ayer may be pol y-di net hyl sil oxane. In
one enbodi nent, the copolynmer has k@yween 10% to 90%

i mde |inkages having the follow ng structural fornula
(1139 9% sRrRodiEngntt B penehioratehash Aolavepmriitedd ilinkegye shaving the
foll s Rt i) fd%}nhf%V(’ir\]lﬁ‘)g structural formula (1): wherein R

is not optional. 'hi” one enbodi nent, the copol yner has
between 10% to 90% or 70 to 90% imde |inkages
hay ng the folj owi ng strycturalgyformula (FV): (1V) and
mhqrein t he rqnainder haye i m de |inkages having the

f old-aw got upef o | a
*Jr") ‘@ O N
/

(VD

The heating step (b) may comprise the step of:

(b1) heating said permeable membrane at a temperature in the range selected from
the group consisting of: 60°C to 400°C, 100°C to 400°C, 150°C to 400°C, 200°C to 400°C,
250°C to 400°C, 300°C to 400°C, 200°C to 300°and 200°C to 350°C.

The heating step (b) may comprise the step of:

(b1) heating said permeable membrane for a time selected from the group
consisting of 1 minute to 1500 minutes, 100 minutes to 1500 minutes, 250 minutes to 1500
minutes, 350 minutes to 1500 minutes, 500 minutes to 1500 minutes, 1000 minutes to 1500
minutes.

In one embodiment, there is provided a membrane separation process for separating
a mixture of an aqueous liquid and an organic liquid comprising compounds having at least
three carbon atoms, the membrane separation process comprising the steps of:

(a) providing a permeable membrane comprising a copolymer having (n) repeating

units of general formula (I):
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(M):(V) In one enbodi nent, the copol yner has between

i mde |inkages having the follow ng structural fornula
W@ opo686 ) The heating step (b) may conprise PECES62085000430

of: (bl) heating said perneabl e nenbrane at a

tenperature in the range selected fromthe group

consisting of: 600C to 4000C, 1000C to 4000C, 1500Cto

4000C, 2000C to 400DC, 25QG0C to 400C, 3000C to 4000C,

2000C to 300and 20QpPC to 00C. The heating step (b)

may conpri se he s of bI) heati ng sakd perneabl e

menbr ane f consi sting

cte
of 1 mnute t 100 mnutes tto 1500
m nut es, 250 m nut 1 O m nutes, 350 Minutes to
1500 m nut es, nut es 1500 m nutes, 1000

mnutes to 1500 m ®ut es. IQW one enbodi nent, there is
provi ded a nenbrane separati on process for separating
a mxture of an aqueous |iMguid and an organic liquid

Coméréhﬁ %%w&nﬁﬁ‘ﬂ B%cAbon RSt hr €€ car bon

t ons rane sepa Pation process conprising the
st dhsisain: oftmpalpnoietydinigis acloerdnimil thengnty eomsisting of alkyls and

oA 5801 o 1219, (1) gt ng i o

hy dwisein b;@ral pmmeﬁblemenmram s mﬁérlg&ﬁmhealﬁmmeﬂménﬂﬁﬁ d period of
tlmes ’S)l Sgrtegs% e se ec“éur)l(tey g{ t?xe germe Ie?lgelmr{) ane re atlvé/ %osa I%Qrglbrane that has
not undergone heating;

(b) contacting a first side of the membrane with a feed mixture comprising said
mixtures of aqueous liquid and organic liquid; and

(c) causing the feed mixture to selectively permeate through the membrane and
thereby form, on the second side of the membrane, a permeate composition which has a
lower organic liquid concentration than that of the feed mixture.

In one embodiment, the membrane separation process further comprises the step of:

(d) heating said feed mixture to cause one of said aqueous hiquid to form a vapor
and permeate through said membrane.

In one embodiment, the membrane separation process further comprises the step of:

(e) removing, from the second side of the membrane, said vapor that has permeated
through said membrane.

The aqueous liquid may be water. The organic liquid may include organic
compounds having at least 3 carbon atoms. In one embodiment, the organic liquid
comprises organic compounds having 3 carbon atoms, 3 to 12 carbon atoms, or 4 to 12
carbon atoms, or 5 to 12 carbon atoms, or 6 to 12 carbon atoms, or 3 to 4 carbon atoms or 3
to 5 carbon atoms, or 3 to 6 carbon atoms, or 3 to 7 carbon atoms, or 3 to 8 carbon atoms.
Exemplary organic liquids include alcohols, ketones, aromatic hydrocarbons, aliphatic
unsaturated hydrocarbons, ethers, esters, cycloaliphatic hydrocarbons, and mixtures
thereof. _

The organic liquid may be an alcohol selected from the group consisting of
saturated aliphatic alcohols having a carbon atom of between 3 to 8, unsaturated aliphatic

alcohols having a carbon atom of between 3 to 8, alicyclic alcohols having a carbon atom
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aromati ¢ hydrocarbons, and wherein said perneable
menbr ane has undergone heat treatnent for a period of

W@ 2098/068826 ncr ease the selectivity of the pernerdi/eG2005/000430
menbrane relative to a nenbrane that has not undergone
heating; (b) contacting a first side of the nenbrane
wth a feed m xture conprising said m xtures of

of batyreo Ggo 18] gumdtiaaldolwigybaving 4 ¢aeincatomrnd betwjeen 3uis Bnheterheyclic

fe mxture t elactivel er thy o h
alocpfiip g fiop RoPEeFebloeR o R BT Brch T AU EA Bty gtoohols
whitk i B¢ @sedaas peganialiguido inphslke tshinratathaliphatia sicahdlowweh as propyl

rgani c |iquid.concentration. than that of the fee
atechof pipreors] diegh” BRED A hRth FobHal Ashbitnie- Risapaiognerbuyl
aledhoR eﬁ?;s alcbllidl,igsan®@ HRIohSE Setyl @lcohalPetof, unéirald@alipigic alcohols
said feed m xture to cause one of said agueogus |iquid

such @s falfyhplgohphpaptyh alsohedr prorereyt Acepinctsaidicyrismieabels such as

cycRPEtEHR O 1BRBE anol, N&c MBFRIMARCIGHBR! Rbh O} R¥SRCASohol, cinnamyl
farther conprises the step of: (e) renoving, fromthe
alcchob sttd heferheydic aldpbokyendr asrferfurybalephph stsr; and aixtizes thereof.
per - i.aui D
e BT iy KON SPL RS 8 LA Ll
ket@egpocinds adedorien gnetityl legind tke®ne ambibpl ptopyls ketbme, anghyl isopropyl

enbodi t e or i.c. Liqui.d conprises qrgan
ke PSNU L L P S S A o P B dfiereabi o BiPRERT e, et
uns@furafed QliflAtic akdIGHts AHRAB as Qhiethylt Oind ketnbOAnaitPiNM®xide mhethyl

to 12 carbon _atoms, or_ 3 to 4 carbon atons or 3
heptenone, etc.; alicyclic kgtones such as cyclobutanone, cyclopentanone, cyclohexanone,
etc.; aromatic ketones such as acetophenone, propiophenone, butyrophenone, etc.; mixtures
thereof.

Exemplary esters which can be used as organic liquids are carboxylic acid esters

having at least three carbon atoms. Preferred carboxylic acids in the carboxylic acid esters

are organic carboxylic acids having 1 to 12 carbon atoms as long as the reactant is an

alcohol having 2 to 12 carbon atoms to form a condensation ester product having at least 3

_carbon atoms. Examples include saturated aliphatic carboxylic acids, unsaturated aliphatic

carboxylic acids, aromatic carboxylic acids, etc. Examples of alcohols in the esters are
preferably alcohols having 1 to 10 carbon atoms as long as the reactant is a carboxylic acid
to form a condensation ester product having at least 3 carbon atoms.

Exemplary ethers which can be used as organic liquids are saturated aliphatic ethers
such as diethyl ether, dipropyl ether, diisopropyl ether, dibutyl ether, diisobutyl ether,
methyl isopropyl ether, methyl butyl ether, methyl isobutyl ether, methyl n-amyl ether,
methyl isoamyl ether, ethyl propyl ether, ethyl isopropyl ether, ethyl butyl ether, ethyl
isoamyl ether, etc.; unsaturated aliphatic ethers such as diallyl ether, methyl allyl ether,
ethyl allyl ether, etc.; aromatic ethers such as anisole, phenetole, dipheny! ether, etc.; cyclic
ethers such as trimethylene oxide, tetrahydrofuran, tetrahydropyran, dioxane, and mixtures
thereof.

Exemplary unsaturated aliphatic hydrocarbons which can be used as organic liquids
are straight chain, branched chain and cyclic unsaturated aliphatic hydrocarbons such as
cyclohexene, dodecene, cycloheptene, cyclopentadiene, cyclopentene, cycloheptadiene,

cyclooctatetraene, cyclohexadiene, decene, tetradecene, etc.
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to 5 carbon atons, or 3 to 6 carbon atons, or 3 to 7
carbon atons, or 3 to 8 carbon atons. Exenpl ary
wWo@e@ansss2d i qui ds i ncl ude al cohol s, ketones, arPOESGL05/000430

hydr ocar bons, aliphatic unsaturated hydrocarbons,

ethers, esters, cycloaliphatic hydrocarbons, and

m xtures thereof. The organic liquid my be an al cohol

seEsaunplds fof ammidtie Iydogprboonsitiehi pan bé used as argagic liquids are

oh a carbon atom of between 3

bau%” Q?Q%ﬁs ?%%ﬁ?a%éigéﬁﬁg??c al cohol s having a carbon

at @he oveigietpueentage ©b oSganmI ligyid| ihcsadd odttotesmhp\bienig the range

on at onof bet wee t,0 h n
soleef GBS GPGrBr B et 18 o5 SRRSO LRI D% Rl B
25%1a\950g 38%CRII308) 33YOM THY%, MEAMERE598, 153 So 8P, BI% bl 1968%, 5% to
0th(pre,ofd Exegplar al cohol s whi ch can be used as
90%or Gdn Fe”%0 msA7ete 99961 ude saturated aliphatic al cohol s

Su N@lvéﬁa@% |salﬁ|h%5ﬁ}%| stepl BPRBRYHakRh ﬁpzb@ efdiry bnd for a time
al cohol , al cohol , " sec-butyl al coho
to ingxepse the tS‘;lIBCﬁa’ItE %me memlene fos aHpixture eb isaptiopariot GRG) and water,
r 0
w5 SERDS s .t |AURSEION PSS B Bl SOl an
wateaimnhml (Et@HE1,0) aid weﬂlmﬂatamm ok sresMOREL0).

Cy oglgg%egﬂsj%/,lsal Cltﬁ%es)t(e%c@k ﬁ%ﬁwd g)'n'&r onPt I((%‘,)[ e‘tlhance(%ixe flax of

said hﬁ:hﬂfrd Ay dhe ﬁleﬁiﬁf&ﬁb Q#a‘;* be ld:hiralétSniddEﬁ thay, lwhai\;ﬁzﬁhl ﬁhxtm%h@ at 60°C,
..and m xtures thereo ar et ones I ch,C
said Jaerpbrare &y pavcde e Uiogts SO e Sh et I RO plﬁat pg at least
700 E@PRFE s fUGE: S99 gafalbne, nethyl ethyl ketone, nethyl
propyl ketone, nethyl isopropyl ketone, nethyl butyl
ket one” nethyl I sobutyl ketone, butyrone, diisopropyl
ket one, etc.; unsaturated aliphatic ketones such as

nethyl Vi nyl ketone nesityl oxide, nethyl heptenone,
etc.; alicyclic Bekﬁﬁ@sIQUNh(éﬁDUyuhgbutanone

Cycflhg cc&%{;‘a%%g 4% n%lg CHANHE 2 disclosed embodiment and serves to

explain the principles of the disclosed embodiment. It is to be understood, however, that the

drawings are designed for purposes of illustration only, and not as a definition of the limits
of the invention.

Figure 1 shows one-month and three-month sorption results of dense P84™
membranes at room temperature;

Figure 2 shows pervaporation performance at various feed aqueous alcohol
mixtures and different temperatures (continuous line, separation factor; dotted line,
selectivity);

Figure 3 shows water and alcohol permeances at various feed aqueous alcohol
mixtures and different temperatures; and

Figure 4 shows comparison of XRD spectra of dense P84™ membranes after
immersion in (a) 85 wt % ethanol/water; (b) 85 wt % IPA/water; (c) 85 wt % tert-butyl
alcohol/water; and (d) original dense film.

Preparation of membranes
Non-limiting examples of a method for preparing the membranes will be further

described.
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etc.; aromati c ketones such as acetophenone,

pr opi ophenone, butyrophenone, etc.; m xtures thereof.
wEx@apbsaee esters which can be used as organi cPCT/§G2085000430

are carboxylic acid esters having at |east three

carbon atons. Preferred carboxylic acids in the

carboxylic acid esters are organi c carboxylic acids
Polbyeyiing 1 to 12 carbon atons as long as the reactant is

. i . 1 .
St oDt 182 dn St e e AR A e D Ppmers, flly
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dianh9dsde BTIRPLTY Ah@ilre JEIRARIBAIPHEAFIRAShIMII 260 t618¢heBamine or
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the separespendgige tdispeyanaiesy | 4.0 peBpigpebisipheny] dpqcyepigpypd toluene
--&5g§g di butyl ether, diisobutyl ether, methyl
dnslsopf%pyl et her, nmethyl butyl ether, nethyl isobutyl
10 et hidre, smtgblaydopplymmigdé hes ireide linkinpssl whishangpl betrdpegsented by the
t hyl. pr th hyl 1.0 Ry t.hyl ..but vl
sraGill RO v F T, St L GREORY il Mg % i dnborura
fornalla iVat i ¢ ethers such as diallyl ether, nethyl ally
ether, ethyl allyl ether, etc.; aromatic ethers such
as ani sol e, phenetol e, diphenyl ether, etc.; cyclic
ethers such as trinethyl ene oxi de, tetrahydrofuran,
t et rahydr opyran, _di oxane, and m xtures thereof.
Exe@plary unsat ufjat ed aliphaw ¢ hydrocarbons whi ch can
be

sed a organEc i gqu ds i __
+ 00
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15 av)

and wherein about 80% have structural formula (V):

ﬁ I
AL

V)

The suitable copolyimide is available commercially as P84™ available from P84™

CHs

\_A

O\ /O:O

®)

20  available from HP Polymer GmBH of Lenzing, Austria. It will however be appreciated
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are straight chain, branched chain and cyclic
unsaturated aliphatic hydrocarbons such as
weywbobtssxene, dodecene, cycl oheptene, cycl opene@s&r®s/000430
cycl opent ene, cycl ohept adi ene, cycl ooct at et r aene,
cycl ohexadi ene, decene, tetradecene, etc.Exanples of
aromati ¢ hydrocarbons which can be used as organic
that | gotyumeds havieg lsenitae nesuctuads ueilieglsok pé enigblé pdigners in the disclosed
tetralin, etc. The weight percentage of organic liquid
methqll- said nixture may be in the range sel ected from the
The PEOWPcoCfBlgingdd Waks dicd H¥night A9%D°A fiddr 92Dl bet&¥aited
95% 20%to 95% 25%to 95% 30%to 95% 35%to 95%
Prepfd¥iditof I Wse ApdAsy@in@n Flollfehbrafa? 5% to 90% 5%to
85% and 5% to 80% Advantageously, said heating step
(b)BotiS denstenhdkRpmadert HOMRRLMrAS whe ﬁx%?ar@d.t The Aga™ co-
increase the selectivity of the nenbrane tor a mxture
polygpide dig, rfp](lm gﬁéq')lv%q p;gfelgcﬁ@i selvet, with X gy ithogip ingn-solvent mixtures,

befo?@i)&ﬁ% %i%’%a&s%d bAGhht brford mbmBihe fa%}‘i% idnl MES the

sel ec ty factor of an ethanol and water m xture
( EtTDe/depOjorants isimpartaahior thaskiarfomiationr B340 Ve@kpH>)issolved in

A e ON T A

is noeplefasrde na winysly chaocloer baBap paint Ralventwhe praice a defect-free

i xture.is at. 600C, . said nmenbrane flux nmay be at. | east
mersH Y raLeI e 184 gL BBBghARTent 6 DeRRlg e Sk Srpout
the GAGIEKH of aOfolaile b6RSEIVEAGuED aé lacetone, B i@prolle 36d bwipbRHon and

Drawi. ngs The acconpanying drawi ngs illustrate a

O
fa"ﬂd‘ia‘_seéhi)@%‘&l @mBbeh-ment and serves to explain the
priTieivelek ﬁn—%ﬁ\%n%a%%hs@%ﬁgctgmb%d shrfictiu? of heRfembrane.

under st ood, however, that th
The suitable polymer concentration may be between 15 to 40 wt%, but 18 to 30wt% is

preferred.

For a flat sheet membrane: the solution was cast onto a glass plate or other support
substrate with a casting knife. The particularly suitable membrane thickness is about
20~300pm. The nascent films are blown with air (25 -150 °C) and free evaporate for a
certain period (0.001 sec to 10 min) before immersing the film into a coagulation bath. The
coagulating medium may consist of water.

To stabilize the membrane and to achieve a better separation performance, the
asymmetric membranes were heat-treated with a rate of 0.6 °C/min to 250 °C under
vacuum and held there for 6 h prior to use.

For hollow fibre fabrication: both polymer solution and bore fluid may be extruded
through a spinneret into a coagulation bath to produce hollow fiber membranes. The
temperature of coagulation bath and spinneret can be varied from 5 to 80 °C and from 15 to
90 °C, respectively.

The asymmetric flat sheet or hollow fiber polyimide membranes can be solvent
exchanged in water and dried in air or solvent exchanged with low surface tension liquids
e.g. methanol and followed by 10wt% SYLGARD™ 184 in hexane solution, and dried

naturally in the air.
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the membrane before or after heat treatment.

15 Example 1

Peyvaporation Experiments and Data Analysis

P84™ co-polyimide membranes were fabricated according to the methods
disclosed in Qiao[1] and were heat-treated at a rate of 0.6 °C/min to 250 °C under vacuum
for 6 hours. A layer of poly-dimethylsiloxane was then applied to the heat treated P84™

20 co-polyimide membranes.

Pervaporation tests were conducted using a labscale Sulzer pervaporation unit [3]
and the detailed experimental procedures were reported elsewhere.[1],[2].

An 85/15 (in weight ratio) alcohol/water mixtures were used as the feed. Flux and

separation factors were calculated by the following equations

25 7=£ (1)

@

where J is the flux, Q is the total mass transferred over time t, A is the membrane
area, X, and y, are the mole fractions of water in the feed and permeate, respectively, and x,
and y; are the mole fractions of alcohol in the feed and permeate, respectively.
30 On the basis of the solution-diffusion mechanism, the

basic transport equation for pervaporation can be written as follows
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The surfaces of swollen samples were blotted between tissue papers then weighéd
in a closed container at different time intervals. The degree of swelling was calculated from
the difference between the wet weight M, after equilibrium sorption and the dry weight
My, as follows:

M, —M

il (4)

wet

M

dry

For the sorption experiments in 85 wt % alcohol solutions, the sorbed liquid in the
membrane was removed by vacuum with aid of heating by boiling water and then collected
by cold traps immersed in liquid nitrogen. The sorption selectivity was determined as

follows,

C,/C,

X, /%,

sorption —
water ] alcohol ™

&)

where C indicates the weight fraction of a sorbed component in the membrane.

Membrane Characterizations

Wide-angle Xray diffraction (XRD) measurements of the membranes were carried
out by a Shimadzu XRD-6000 X-ray diffractometer using the Cu' KR radiation wavelength
(L=1.54 A) at 40 kV and 30 mA. The average intersegmental distance of polymer chains
was reflected by the broad peak center on each X-ray pattern. The d-space was calculated

by the Bragg’s equation:
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media, the membrane immersed in water had the highest degree of swelling. Afier a 3-

month immersion, the membrane immersed in ethanol exhibited the highest degree of
swelling. For the membranes immersed in the same medium for different immersion times,
the degrees of swelling after the 3-month immersion was higher than those for the 1- month
immersion.

Among the different media, ethanol had the highest increase in the degree of
swelling with a prolonged immersion time. This indicates that it takes a long time for
P84™ membranes to reach the sorption equilibrium because of the rigid and tight glassy
polymer chains.

In a short-term sorption, water molecules diffuse faster than alcohol molecules;
therefore, the sorption of water in the membrane reached its- equilibrium much faster than
that of alcohols. Long-term sorption indicates P84™ may have a stronger affinity to
ethanol than to watér. This phenomeﬁon is in agreement with the solubility parameters
listed in Table 1 below , which shows that P§4™ and ethanol have the closest solubility

parameter.

Table 1. Solubility parameters of P84™, Water, Ethanol, IPA, and ferz-Butyl Alcohol

Properties P84™  water  ethanol IPA tert-

Butyl

Alcohol

solubility parameter (MPa)'? 2687 4790 2600 2350 2170
Asolubility parameter* (MPa)'? 21.1 0.7 3.4 5.1
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the aqueous tert-butyl alcohol system.

Table 2. Sorption Results of Dense P84™ membranes in 85 wt % Aqueous Alcohol
solutions

Degree of swelling Sorption selectivity
Alcohols (g/(g of dry membrane) (water/alcohol)
Ethanol 0.037 56
IPA 0.024 660
Tert-butyl alcohol 0.029 4146

The large solubility parameter difference between P84™ and tert-butyl alcohol and
the steric hindrance induced by tert-butyl alcohol’s large molecular size make P84™
potentially suitable for the pervaporation dehydration of aqueous tert-butyl alcohol

mixtures.

Separation Performances of P84™ Asyinmetric Membranes in Various Alcohol/Water
Mixtures ‘

The pervaporation results for feed alcohol mixtures containing 85 wt % alcohols
are shown in Figure 2. The separation factor/selectivity for the three systems is in the order
of ethanol < IPA < tert-butyl alcohol. Accordingly, it can be concluded that the larger the
molecular size, the higher is the separation factor that can be achieved. The other factor
belping P84™ 1o have a superior separation factor/selectivity for the pervaporation
dehydration of aqueous IPA and tert-butyl alcohol mixtures is its small interstitial space
among P84™ polymer chains, which can effectively discriminate molecules with different

sizes. Accordingly, P84™ is a particularly advantageous copolymer for separating higher
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molgct:u zEre sigen dofp Sirfglge%% ea'lcohols. However, the flux cannot reflect the intrinsic
separation properties of a membrane because it is a combination of membrane permeance
and the driving force (partial pressure difference across the membrane) as discussed in the
previous literature.[1],[3](5]

Figure 3 replots the data in terms of water permeance and alcohol permeance. The
water permeance (close to total permeance due to a very small amount of alcohol
permeance) of three alcohol systems follows the reverse order of flux, i.e., ethanol > IPA >
tert-butyl alcohol. This is consistent with the highest sorption of membrane in the
ethanol/water system and the faster diffusion rate of ethanol. This again supports the view
that permeance is a more meaningful tool than flux when we investigate membrane
intrinsic properties.[5],{31.[7]

Clearly, in accordance with alcohols’ physicochemical properties, Figure 3 also
indicates that the order of alcohol permeance is as follows: ethanol > IPA > tert-butyl
alcohol.

To simulate the membrane status and investigate P84™ molecular changes under
high operating temperatures, dense P84™ membranes were immersed in three closed
containers containing 85 wt % various alcohol solutions at 100 °C for about 10 h; these
membranes were then immediately tested by XRD and DSC.

The XRD spectra shown in Figure 4 clearly illustrate that the peaks of membranes
immersed in aqueous alcohol solutions shift to the left compared to the original dense film.
This indicates that PS4™ membrane swells in these solutions and the swelling makes the
interstitial space of polymer chains increase. Additionally, the peak of membranes
immersed in the ethanol/water solution significantly differs from the peaks of membranes

immersed in IPA/ water and tert-butyl alcohol/water solutions. This reveals that the d-space

of the membrane in the ethanol/water solution expands greatly compared to those in the
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alcohol solutions.

Table 3. Glass Transition Temperatures of P84™ original Dense Film and P84™

Dense Film Immersed in Various Alcohol Solutions.

alcohol/water mixtures T: (CC)
P84™ original dense film 317
ethanol/water 298
IPA/water 303
tert-butyl alcohol/water 303

It can be concluded that P84™ membranes can be significantly swollen by ethanol
because of their strong affinity, as suggested by their close solubility parameters. XRD and
DSC resuits confirm that P84™ undergoes significant swelling and chain relaxation in
aqueous ethanol solutions at operating conditions. Consequently, both water permeance
and ethanol permeance are the highest, while the selectivity is the lowest, among the three
alcohol/water systems. On the other hand, these results surprisingly indicate that P84™
membranes exhibit impressive separation performance in 2-propanol/water and tert-butyl
alcohol/water systems because of the small interstitial d-space in P84™ membranes, the
lower affinity between IPA/tert-butyl alcohol and the membrane, the higher sorption
selectivity, and the larger molecular sizes.

pP84™ heatl treated co-polymer membranes are therefore ideal for separating
aqueous/organic liquid mixtures, wherein the organic compounds in the liquid mixture

have 3 or more carbon atoms.
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0. 6°Aﬁmm toadﬁ'erent temperatures, held for 6hrs. The heat treated membranes and the
original membrane were tested as flat sheet coupon at 55°C with around 85wt% IPA in

water mixture. Results are shown in Table 4 below.

Table 4. Pervaporation performance of P84™ membranes at different heat

treatment temperatures.
Heat treat Testing Feed | Permeate | Total Flux Separation factor
Temperature | Temperature | water water (g/m?hr) (water /IPA)
(°C) (°C) (wt%) (wt%) ,
0 55 15.2 70.9 2473.0 . 136
100 55 16 95.9 930.1 123
150 55 15.2 90.5 992.9 53.5
200 55 15.2 99.3 624.2 835.0
250 55 16.1 99.5 439.6 1051.2

Example 3
A P84™ membrane was prepared as in Example 2 with heat treatment in a vacuum
at 250°C. The sample was tested with aqueous IPA solutions of different water content at
60°C. Results are recorded in Table 5 below. It is clear from the data in Table 5 that the

membrane shows high selectivity to water at a broad water feed concentration range.
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Example 4

A P84™ membrane was prepared as in Example 2 with heat treatment in a vacuum
5 at 250°C. The sample was tested with 85wi% IPA solutions at 60-100°C. Results are
recorded in Table 6 below. It can be seen that at higher temperatures, the membrane

exhibits higher flux and higher separation factors.

Table 6. Pervaporation performance of P84™ membrane treated at 250°C at

10 different operating temperatures
ter-r:eZ?:t%re Total flux Separation factor
‘Z"C) (g/m?hr) (water /IPA)
100 2030.6 5756
80 1039.6 4116
60 432.3 3866
Example 5

A P84™ membrane was prepared as in Example 2 with heat treatment in a vacuum
15  oven at 100°C. The sample was tested with 85wi% IPA in water mixture at 60-100°C.

Results are recorded in Table 7 below.
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Table 8. Pervaporation performance for ethanol (EtOH)/water mixture of
P84™ membrane treated at 250°C at different operating temperatures

Testing .
temperature Totaizﬂux Separation factor
C) (g/m*hr) (water /EtOH)
100 1702.3 1112
80 900.7 1210
60 388.8 1393.5
Example 7

An annealed P84™ membrane was prepared as in Example 2 with heat treatment in
a vacuum oven at 250°C. The sample was tested with 85wt% tert-butanol water mixture
from 60-100°C. Results are listed in Table 9 below. A much higher separation factor was
achieved for aqueous tert-butanol system than aqueous IPA and ethanol solutions because

the larger size difference between water and tert-butanol molecules.

Table 9. Pervaporation performance for tert-butanol/water mixture of P84™ membrane
treated at 250°C at different operating temperatures

s | Tt | Sementaas
100 21256 " 9730
80 1112.2 9231
o0 461 9382
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O o (e AbovE tmbtancs werd b Gentol in 4 sacuoth oven bt certain
nmu
rate to different temperatures, hold for 1~2hrs. The heat treated membranes and the original
membrane were tested at 60°C with 85wt% IPA in water mixture.

Results are shown in Table 10. The separation factor of membranes heat treated at
300°C is much higher than that of the prior art, while the flux is also very high when
comparing membranes which have comparable separation factor in the prior art. Another
example is that commercial flat sheet PERVAP 2510 membrqne which 1s typically used for
neutral solvent dehydration, such as IPA, has a performance of flux 857g/m’hr and
separation factor of 1053 at 60°C with feed 85wt% IPA/water solution. The hollow fiber
membranes heat treated at 250°C and 300°C exhibited comparable flux and much higher

separation factor.
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than that of the latter, i.e., 5.36 Avs 6.72 A [l ]
Advant ageously, P84(tm nenbranes can achi eve a nuch
Wwheibo6s6sel ectivity than Matrim d nmenbranes f oPCT/R€2005/000430
depydration of aqueous tert-butyl alcohol and | PA
soj utijons: n conpati ngi menprane performance in
fl U |Fi girend s gws_t h% t hgl et hanol /water m xture
has e I%)@% f%lx,gf olggav\@l by the | PA/water m xture
and tde tedd iglt yivjal ©ohok| waler mixture. The trend is
i nst iZhct kvel $contirary to| thel sorption data and
no| eckil-ar—size of [differeht
fl ux("‘—j:annot reflect the intrijnsic separation
propé&siti es xof|a wenbganetpesause it is a conbination
of | m&br an§ BgBr neancg| arfd| t driving force (parti al
priessure di frefice a¢rds e nmenbrane) as di scussed
in_theg previous literatur ],[3][5] Figure 3 replots
thie ddtadn terns|of pate rnmeance and al cohol
per meganc & The wat er perpy e (close to total
per nc @f—tov'a anmount of al cohol
per mggnc &b% t hade ystens follows the
reveide ar deg|of | et hanol > | PA >
tert-a ut-y+—at-¢ohol- onsistent with the
hijghggt sorptiion of in the ethanol/water
syist gy andgﬁe fHst on rate of ethanol. This
adai i§{suppar £ tRe perneance is a nore
mdani ngf ul t&bl than {1 ux n we investigate nmenbrane
intridsic properties. [5] [7] Jearly, in
adcor ¢ si cochem cal properties,
Fi jguriH t he order of al cohol
pgr méanc nol > I PA > tert-butyl

kg
factor
teirt/:@@-_
w — =
699.6 o
% OO0
5.8 S
50 =
509.1.
[0 =)

wa

(

200°C heat tr
1072
1207
1032
1422

Flux
(g/m*hr)

Separati
on factor
(water/]
PA)
138.9
128.3
81.9

78

Without heat
freatment

Flux
(gim®hr)
1160
1442
1298
1625

Table 10. Pervaporation performance of P84™ hollow fiber membranes before and after heat treatment

Air Gap (mm)
0
5
10
156

Membrane
code
Sample 3
Sample 4

Sample 1
Sample 2
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al cohol . To simulate the nenbrane status and

i nvestigate P84(tm nol ecul ar changes under high
wWo@p@oationg tenperatures, dense P84(tm nenbr ankGI/8&2085/000430

imrersed in three closed containers containing 8 w %

various al cohol solutions at 100 OC for about 10O h;

t hese nenbranes were then i medi ately tested by XRD

and DSC. The XRD spectra shown in Figure 4 clearly

illustrate that the peaIEganplmenbr anes i mersed in

a

o PRy iP ol kb pes 45ertB1 by BRFRAR ot e
m@nm&mmm%ls in these sol ut| ons and the

CO
[1in the interstitial
5 chat e AL PR e e b S RE NE el BokiEpagsioxane
(Sylparaer Esan)l irl m\izﬂa@smmmwmaﬁ hefinb kbl@florsfog 0i5f hobd feh Yured in
. differs from he eaEg nmbranes i nersed in | PA/
air aEnop) temperats for 45{#1 1‘*3 S RE lrswéﬂ%?a@sﬂh??lsws Thi s
revealis 1&@@&1&&% AibbBassAg if Mo EEEIB’EI} %eréaacmg ehe defects and
et hanol /wat er sol uti on expands greatly conpared
improymg anguppratearstieEpancio sol utions. The strong rrerrbr ane
10 swelling in ethanol/water is due to the smaller
nol ecul ar size, the higher linearity of ethanol (as
i ndiabiet i dPéyapdraticgpumsiormaape of P34V hollow fibedyhemBppesdretbre and
the strong affinity between éthanol and P84(tm. As a
result, P84(tm) menbr ands™K&VE2hi gher wat er and

IS |n

et hanol ger meabi | ty buBefopvesatibgl ecti Vi ty. [ABer coating

results shown in able 3 cofip®epatdiengliasst r ansi|t iSeparation
Meheigrey at Ur @or G3) | of perbr apes faereer sed | nFidk T T ér entactor
codglueous sol yant) spl yginths) at  WalefPAYOr| 1@nitadr $. (Wéter/IPA)

Sahfpieyi dent that all Tg" s shift to a I'quwer tenperature
conpar ed to tghat of tgrgori gi nalpglgnse |fi kzgg 3The 353.2

Sahipes! iS—obsefved for menbranes in[the
et hanol /vJ/at ers sol Uiti giomhile 757 5756 456.5
Sample 7
10 630.4 82.7 377.8 568.5
Sample 8
15 1058 56.4 426.6 179

It will appreciated that the separation factor significantly increased on the

15 membrane when the poly-dimethylsiloxane coating was applied.

Example 10
The pervaporation performance of different known polyimide membranes was
assessed in order to compare the selectivity of the polyimide membranes with the treated
20  P84™ co-polyimide of Example 2. Table 12 below lists the perevaporation performance of

different polyimide membranes in aqueous solution.
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menbranes i mersed in | PA/water and tert-butyl

have sim/ ar

Tg' s.

al cohol

These results suggest that the
w@odogess2€hai n nobility and free vol unme of P84¥€THG2005/000430
menbranes are severely affected by aqueous et hanol
solutions but are not affected for aqueous |PA and

tert-butyl al cohol soluti .. Table 3. d ass
Transi ti on Tenperatures of? h?(tn) original Dense Film
and P84(tm lgen e m |} rf% I n]Vari ous [AI cohol
MR OnS. a'c§§§e i %{% e spiaf it
mtedid! nal g%ﬂl%ﬁo 11T gelof 9&!69@‘;\,1%‘ /i 99 I strupgt?éi,e!e | Ref.
Cortpardigd U - butiyr alcopot7water s05 {—cam bejconct uded
MénibréneP84(t N} nmenbrapes can be significantly swollen py
et hanol becausewef fheir|strong affinity, as suggested
PHbWitehelionO)c| o&e0dkatpi | ity paraneters. XRD and DSC
results confiirnert hat ®84(tm 20mder goess8si gni f itzasd [9]
Cogwetdtiveng and chain fel axation in agueous ethanol
solutions at operat|{ng conditions.|Consequently, both
:\D" Der mearfEV8hd| et hapol permeahce are tthe hi ghest,
e the se¢l'BRelR [y é's the | owest, anpngi{the three
al-cohot-+wat-er—syste B22-Oh—thePot-het—hadhd,  Haygmetic | [10]
&%ﬁﬁ%‘% surprisingly indfcate that|P84(tn) |menbranes
exnibit inpregsiye separation performance in
KadtoRHPpanol / wadksmpanp tert-butyl al cohol /water systeng
ecause of thesmal| y;terstygtyhal o-sggse ijn P84(tm
Coparkiwnes, fhe
Membrane 4:
90wt%
Kapton-H EtOH/wat.
er 75 12.12 850
Comparative
Membrane 5: 90wt%
PMDA-ODA EtOH/wat
er 75 81.90 230
Comparative
Membrane 6:
BPDA-ODA/DABA 90wt%
(8/2) EtOH/wat
er 75 18.49 1800
Comparative
Membrane 7:
BPDA-ODA/DABA 90wt%
(6/4) EtOH/wat
er 75 23.23 1600
Comparative
Membrane 8:
BPDA-ODA/DABA 90wt%
(4/6) EtOH/wat -
er 75 68.2 150 Dense [11]
Comparative ‘
Membrane 9: 95vol%
(~93wit%)
Paolyimide P12080 EtOH/wat
er 60 1000 ~900 Asymmetric | [8]
Comparative
Membrane 10:
95vol%
Polyimide prepared | (~93wit%)
from BTDA/ODA EtOH/wat
er 25 37 1300 Composite | [12]
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| ower affinity between | PA/tert-butyl alcohol and the
menbr ane, the higher sorption selectivity, and the

wo a00geesep®| ecul ar sizes. P84(tm heat treated PCT/SG2005/000430
co- pol ynmer nmenbranes are therefore ideal for

separating aqueous/organic |iquid mxtures,
the organic _conmpounds—in—thet-guid vt e o hoy

wher ei n

2

O

T J Y

Coﬁﬁﬂém@arbon at ons. Bxanplie 2 A sol ution confai ni ng 25
et co- pol yi mi d

e, 65% N-net hyl{-2- pyrro] i done
0% acet
lnt}‘wl:l\%)er ed (?P”

one was m xed hlonogenously and
ougifxa |5 mdgron filter. The so] ution was
pol§aehzafdi a | gtAswatd
Set gap of

| ate jusing a casting knjfe with g
200mm Af taer faboutrod 0 siecopis hptCampositd g
Com@hlaged by {10 seco
Meltraesied i n

nds firee evaporjation, the filmwa
a wat er
formed menbi

coagul ation bath at 25C. The
afieolilas
Polyiatids erepersl g

i mersed in water overhpight to
. : I(83wEe) vent s, then sol vent exchanged by
by diprpeptiidon i nEPHEEh
fnr 1 hour

anol fthreg tinmes ch 1i be ng
. ! 14
f OLQI!-O‘VA\IL' %}y’ | Hor—HA—TowWE24-SY |_\:r-\r\ t Il{v ]
ﬁrait‘Yf hexane sol ut
rane

[aaaaal
TITeT OT1T UTlT

treated i n &

D).

et

Birod" |
1 vaguuni

ion t
ed i
of th

oyEN

n air

hree tines
nat u
e above ne
at gsg ate

each t
rally af{
Tbr anes
of 50. 6G

er sol ven
were then
MsPmin@tric

me 1 hourfi

[15]

CHipafRrent T4
Méniteaieerd: ment]

tested as fl
Polyeiherimidaat er
(Utbest o I000F a3y q

m xt ur
4, Per

nper at u
ranes a
at shee

' es,

hd th
t cou
E. Re
vapor

e original

sults are
ati on perf

eld for 6

pbon at 550

hrs. The
menbr ang
C with al
Shown i n
Dr mance (

heat

wer e
ound 85wt
Tabl e 4
pf P84(tm

D

”

Do

cafppReselithes at

1€ rent h
electrodeposition

40

Pat

Ed?g wat

85wt%
EtOH/wat
er

65 50 Composite [16]

Treated P84: Co-

polyimide 60 388.8 1393

85wt%
IPAJwate
r
85wt%
T-
buOH/wa
ter
85wt%
Treated P84: Co- | IPA/wate
polyimide r 60 883.5
EtOH: ethanol, IPA: isopropanol, T-buOH: tert-butanol.

60 432.3 3866

60 461 9382 Asymmetric

10584 Hollow fiber

Tt can be clearly seen from Table 12 that the treated P84 copolyimide of the present
invention has superior selectivity over known polyimide membranes that are currently
available commercially. Furthermore, the treated P84 copolyimide has superior flux over

those of the known prior art or, alternatively, a relatively high flux with better selectivity.
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15

treatment tenperatures. Exanple 3 A P84(tm menbrane
was prepared as in Exanple 2 with heat treatnent in a
wo awdoeseaé 250C. The sanple was tested w th agReDs62005800430
solutions of different water content at 600C. Results
are recorded in Table 5 below. It is clear fromthe
data in Table 5 that the nenbrane shows high
selectivity to water at ARpHestioaswat er feed f
con j r [ tio rfo nce . .
at O PpLRbi, (B0fsdan tndnod HUARY & LR EEIG! ThRReuic
meipBeape nvithre s retre-thia ssepactparlegkrasshich Bxanghenc2d Weldetivity and

o ' t 250 T sanple wa
porfiERbty' 3} el Pl RGN BorrC Reheds SR BrB e kbstiried treated
membmene escothite shbistaniTalyl dafeot-red, ulective ncembh _r%@tlﬁy%ﬁ.n L hat f Iat

hi gh t t rane exhi bi.ts higher ux
AR DS S Einsed el Srodnass aslsatily eSnrle msthbranc

thatP&inf ¥ 5RA 66 s€ardrS dfchiit ORPHURN haling at & stohre 2986 Atoms form
different o eratin temeratures Exanple 5 A P84

(t
aqueRiials Wikt BYQidiag eepblans asseiaiehith Zwallng oﬁélmmergzrane over

o84 R . 6 LS 05, TP s

the meambirans can be pred dortacotiopiciatiees7suble howatFadiddsopropanol. |
Per yapor. at i rf. ce,of, P t rane treate
ot SRR A PR SR preb i oS B el ggrane

that is capable of separating higher alcohols, such as isopropanol, butanol, pentanol, etc,

without undue swelling of the treated P84 copolyimide. Accordingly, membranes of the
disclosed method produces membranes that are ideal candidates for pervaporation of
aqueous solutions of alcohols having three or more carbon atoms.

It will be apparent that various other modifications and adaptations of the invention
will be apparent to the person skilled in the art after reading the foregoing disclosure
without departing from the spirit and scope of the invention and it is intended that all such

modifications and adaptations come within the scope of the appended claims.
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An anneal ed P84(tn) menbrane was prepared as in

Exanple 2 with heat treatnent in a vacuum oven at
WQa00s86Ihe sanpl e was tested wi th 85wt % et hanedT/862005/000430

m xture from 60-1000C. Results are listed in Table 8

bel ow. Tabl e 8. Pervaporation performance for ethanol

(EtOH)/water m xture of P84(tm nenbrane treated at
Refe2&@€5:at different o eratin temeratures Exanple 7 An

Reft

nnegl. P84t ). nbr a repared, as in Ex I _
11 G ey SaerETat & Jad R e, Dek e P RpE P a DA
TDIBBEDP(BSAWS dogsdhgrhidsl tiamBimnks/fdre the- pervapuorhtionatdekydration of 2-

m xture from.60-1000C. _Results are listed in Table 9
Proﬂ?é?é%ﬁ?{ngﬁug]ﬂ' 2‘?(&h2$4’§%‘§ar ation factor was achi eved

for aqueous tert-butanol systemthan agueous |PA and

et hanol_ sol_utions because the |l arger size difference

(2] by WeeRidarer ChHBet Br - Hint detslormsiieelufiel pevapneicg £84™ co-
polyisiay %95»@?7%%& 4}?? %eﬂfa 68 ohydy & wgﬁﬂg)ﬁﬁyﬁt@{em. Eng. Sci.

m xture o nbrane treated at 250C at
2008i60f &¥7dnt o eratin tem eraturesExanple 8 A sol ution

cont ai ni ng 28% P84(tn) co-polyimde, 72%

N- et hyl - 2- pyrrol i done (NMP) was prepared by the
[3] Gab,| WiRgChurgg 80 B ;,eMaledaé t T) Ppobpymretiorpowdeps theddydration of

first dispersed in a col.d NVP_solvent (0-3 0C) wth
quige PUBEL oLy of oMo Bt EEPETEE ot ligheladtor vs
selebtigtyd]. 93@hmriScorooatasand. prevent ed aggl oneration of

pol ymer powders. The solution was agitated until the

pol ynmer was fully dissolved. The bore fluid
[4] GREPRSIF Gingas. 85130k WIM. Brchy Wl HaWNRrBREoMBE BE hysteresis
behavior of polyimide membranes in the thermal cycle process of pervaporation
separation. J. Membr. Sci. 2005, 253, 13.

[5] Qiao, X.; Chung, T. S.; Guo, W. F.; Matsuura, T.; Teoh, M. M. Dehydration of
isopropanol and its comparison with dehydration of butanol isomers from thermodynamic
and molecular aspects. J. Membr. Sci. 2005, 252, 37.

(14) Qiao, X.; Chung, T. S.; Pramoda, K.

[6] Marcus, Y. The Properties of Solvents; John Wiley &
Sons: New York, 1998.

[7] Wijmans, J. G.; Baker, R. W. 4 simple predictive treatment of the permeation process
in pervaporation. J. Membr. Sci. 1993, 79, 101.

[8] H. Yanagishita, C. Maejima, D. Kitamoto, T. Nakane, Preparation of asymmetric
polyimide membrane for water/ethanol separation in pervaporation by phase inversion

process, J. Membr. Sci., 86 (1994) 231.

[9] R.Y.M. Huang, X. Feng, Pervaporation of water/ethanol mixtures by an aromatic
polyetherimide membrane, Sep. Sci. Technol., 27 (1992) 1583.

[10] R.Y.M. Huang, X. Feng, Dehydration of isopropanol by pervaporation using aromatic
polyetherimide membranes, Sep. Sci. Technol., 28 (1993) 2035.
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Tap water (26C) was used as coagul ant. Both pol yner
sol ution and bore fluid were extruded through a
W@ pioaioesoed at room tenperature with an air gapP€T/8GR005/000430
to 1.5 cm The hollow fibers were stored in water for
3 days, then solvent exchanged by washing wth
net hanol three tinmes, each tinme 0.5 hour, foll owed by
[111,8 sQkarepton -l anifiiraoHo W atambe. i Tapelee, Hh Kilex AnNakesiue,i o rikusuki,
K. Nlragaws Ve, pamestian eed persaneseion Senerdtioh |afwdidrbashapol mixtures
thrayeh aolimidemembranes daMerdr. Sgi.a6% @P9DBy ent exchange. A
series of the above nmenbranes were then treated in a
[12)E cYianagioia . iitamotw 1. dlamyn At ANdkeng T Tewchiyia, N. Koura, Preparation
andipgrwgperation peformahce bfpoblimacempdsive neeeirake Betaper deposition and
pobmerbetiong ¥ Dipd. MemborSoi tad (10&Hlicane were tested at
600C with 85wt % I PA in water m xture. Results are
(135 hdlmKiim) Kiablleel Q.Y TREmS epaupsiafon fsasdrafion b wead f)%}ﬁsethanol
thrdaglpolyinfid @thpakitc3BRks ahss, MGEmBH S&1€N 69 D %inat of the
prior art, while the flux is also very high when
[14T thgignﬁenbrﬁﬁﬁﬁoﬁehu&m& ﬁolﬁa%ébke (ﬁ&@i@ Bt MBiyda, Y.
Ideth&6! QI Kébuta tS&Farf@z[‘zbﬁﬁe ﬁnan&n imfle @ 9511’637 ne, prepared by
dip COIE bRdcals, | vadmishs 10" e ane

typlcally used for neutr ent dehydratlon such

nbr anes heat

[16]t ;e q tar?cg hatR %% que, Ly get'o Qp%afeliércrsgl ! egb ?:r%ar %gcli %erf'vlagg(mzton of
watlelhgagh ’F”éﬁ " BaPE éneafbrm(% HH B 999 EF-
menbr anes before and after heat treatnentExanple 9
P84(tm hollow fiber nmenbranes were prepared as
described in Exanple 8 but the coagul ati on bath
tenperature was 6C.
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A series of the above nenbranes were coated wth 3wt %
pol y-di net hyl si | oxane (Sylgard(tm 184) in 10wt %
WEX0@E06H0¢6 M) 184 in hexane solution for 0.5 hoRCT/$GEN5/000430
cured in air at roomtenperature for 24 hrs. Results
are listed in Table 11 below. A thin layer silicone
rubber coating is al soQlelopf ul for reducing the
defects and i nprovi ng nmenbrane performance. Table 11
Per vapor ati on performance of P84(tm hollow fiber
1. & fyiivaes resaingrapeaneattd membematomprididg e klepagipr eci at ed

that the separati factor significantly increased on
{ @b PRVERENS REFEFAAY, SNFBPRIG | REPHYPS # SORATED apg @

5 repeatmg%i@sqmgg@é;almt@ 10 The pervaporation performnce
o

10

15

di fferent known pol yi m de nmenbranes was assessed in
order to conpare the selectivity of the polyimde
menbranes with tge treaped P84(tm co-polyim de of

Exanpl e 2. Tabl e}}12 bel gw I i sts the perevaporation

performance of djjfferent] polyi m de nenbranes in

aqueous solfuti or.Fabl t OH et hanol ,} | PA:
-buCRitert - TaanT—1Ff%Fn'be clearly

i sopropa ;

seen from TFabl e he treated P84' gopol yi m de of
the present invefjtion hs superior selectivity over
known pol yi m de nbrangs that are currently avail abl e
commercially. Furthernore, the treated P84 copol yi m de
has superior flux over P ose of the known prior art

or, alternatively, a relatively high flux with better

seheciniRjiang RAprs! aromsticonsirotdden nagdsssig, the di scl osed
“ﬁ§ Psoa% &i)rtico)lqa %Sosiet?f an al‘S: §& egté %E)l% he'3 orlgl;’)rectorrxslis%ng of alkyls and

aromatic hydrocarbons;

(b) heating said permeable membrane for a period of time to increase the
selectivity of the permeable membrane relative to a membrane that has not undergone
heating; and

(c) forming a permeable sealant layer on at least one side of said membrane.

2. A method as claimed in claim 1, wherein the R; moiety is of composition selected

from the group consisting of formula (A), formula (B), formula (C) and mixtures thereof,

(A)

(B)
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menbrane with an ultra-thin selective | ayer which has

enhanced selectivity and perneability over

w0 bab/0b8s2€ not been treated. Furthernore,
treated nenbrane is a thin,

sel ective nenbrane | ayer. Advantageously,
' per neabl e

di scl osed nethed._praduces a sel ect <
menbr ane that_

conmpounds _ha

with swelling of—=the/nenbrane ove

menbr anes
t he POHS$€2D05/000430

substantially defect-free,

t he

form

prof onged tine

exposure to the organic corffdunds. This is

particul arly advant ageous as the nmenbrane can be used
for azeotropic m xtures such as water and isopropanol .
Adhérst ZoRQUmloiety bdiectell HOMOBRLrots baisihg @l @frs) epoxides,

sel ectivel y perneabl e menbrane that

i s capabl e of

esters, EhpRYissPHYYE A SpxireEdEPY; such as i sopropanol

but anol

sop SPRARE

pent anol ,

treated P84 c
3. di sethed ad chie _ .
RIORAOAARR Y, KRR (PR ARHAROMUELONS Of

avingt

opol yi m de.

etc, wthout undue swelling of the

Accordi ngly, menbranes of the
eI foras reompRaition peeqterbfipm the
atons. It will be

ree nore ca

apparent that various othef© nodifications and

adapt ati ons of the inventii? Wil |
person skilled in the art

di scl osure wit hout depar#ing
of the invention and it

be apparent to the

ter reading the foregoing
omthe spirit and scope

is intended that al

such

nmodi fi cati ons and adaptati@hs cone within the scope of

t he appended cl ai ns. Ref er ences:
T. S.; Pranoda,
of BTDATDI/ Ml (P84(tm))

t he pervaporation dehydbafion f 2-

®

[1] Q ao,
K. P. Fabrication and characterization
-pofyi m de nmenbranes for

X.; Chung,

4, A method as claimed in claim 3, wherein R, is a moiety of composition selected

from the group consisting of formula (G), formula (H), formula (I) and mixtures thereof,

T
C

L

(&)
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propanol . J. Menbr. Sci. 2005, 264, 176. [2] Liu, R

Qao, X.; Chung, T. S. Tlie devel opnent of high
wpesoboessesice P84(tm copol yi mi de hol |l ow fi ber sP€8G2005/000430

per vapor ati on dehydration of isopropanol. Chem Eng.

Sci . 2005, 60, 6674. [3] Guo, W F.; Chung, T. S.;

Mat suura, T. Pervaporationjstudy on the dehydration of

aqueous butanol solutions:}{A conparison of flux vs

per neance, separation factl VS, selectivity. J.

Menbr. Sci . 2004, 245, 3 ?; @uo, W F.; Chung, T.

S.; Teoh, M M Study 4gnhd characterlzatlon of the

hyst eresi s behavi or of {pol yi mijde nenbranes in the

thermal cycl e process 0N 7apor ati on separation. J.

Menbr. Sci. 2005, 255, J[5] Qao, X.; Chung, T. S.;

Guo, W F.; Matsuura, T.; Jeoh, M M Dehydration of

I sopropanol and its conparggpen W th dehydration of

but anol isoners fromthernodynam ¢ and nol ecul ar

aspects. J. Menbr. Sci. 200% 252, 37. (14) Qao, X

Chung, T. S.; Pranoda, K [6] Marcus, Y. Tlie

Properties of Solvents; John Wley & Sons: New York,

1998. [7J Wjmans, J . ~. Baker, R W A sinple

predi ctive treatnent per meati on process in

pervaporation. J. M 1993, 79, 101. [8] H

Yanagi shita, C. Maeji itanoto, T. Nakane,

Preparati on of asy

5 5. A method as claimed in claim 1, wherein R is a moiety of composition selected
from the group consisting of formula (J), formula (K), formula (L), formula (M), formula
(N), formula (O) and mixtures thereof,

ooy

x) " (L)
CHs CHs,
L O O
\Q = =
(M) (N) (0)
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pol yi m de nmenbrane for water/ethanol separation in
pervaporation by phase inversion process, J. Menbr.
wW®e006/06886 (1994) 231. [9] R Y.M Huang, X FenpCT/SG2005/000430

Per vaporati on of water/ethanol m xtures by an aromatic
pol yet heri m de nmenbrane, Sep. Sci. Technol., 27 (1992)

6. 158 tholi k@ c1dindd M cldibher) Svhertin £ Beatibe 8P (B doipriéds the step
i sopropanol by pervaporatlon using aromatic

of  polyetherimn de nenbranes, Sep. Sci. Technol., 28

&ﬂﬂ%)mn?é)%’d }_#éﬂneﬁle Qéﬁ’lﬁ%@ at A\{emjﬁ@xﬁhﬂ@fﬂhe Hn%é/\?etl&%%m

Tanaka kamura, Y. KusuM kagawa
the growf peISFEREOEGOYA tadlld” @ewodbm%ﬁ)f’(érﬂ 58%p tr Hi0r@r2087C to 400°C
r anol m xtures throughpol yi m de nmenbranes , J.
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H. Yanagi shit a, D. Kitamoto, K Haraya T.
1500 nmmm 850 mimgri9al SOMmingies, JORminntes tgd PR grinutes, K¥Grminutes
to 150 tation performance of polyimde conposite
raneprepared by di p coatingprocess, J. Menbr. Sd.
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A S BB R Rt f i
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9. A method as claimed in claim 1, wherein R; has the composition of formula (Q)
CHs

«Q
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10.

11.

wat er / et hanol m xtures inpol yetheri m de nenbranes,
Polym Int. 48 (1999) 171.Clains 1. A nethod of
W0 e@an6ssge a per meabl e menbrane conpri si ng t he BCERG2005/000430
(a) providing a perneable nenbrane conprising a
copol ymer having (n) repeating units of genera
f D iBod a6 Eaiméd th IR ivReBinT0haRIRBmPbAHB bformula (R)
hydrocarbon noieties, and Ris an optional noiety and
is selected fy group co g of al kyls and
; j d perneabl e
7/

) ease the
sel ectivity of\=the/perneabl e nenbrafie relative to a
menbr ane t hat has not undergone heating; and (c)
form ng a perneabl e seafgnt | ayer on at | east one side
of said menbrane. 2. A nethod as clairned in claim1,
wherein the RL noiety is of conposition selected from

A reti it B S Ml B e bviging BB daprises e

stepofa NDi ety selected fromthe group consisting of ethers,

epoxi des, esters carbonyls sul fonyl s and, m xt ures
t@bpryidinga pamsbleoaemayarq et eqnelpile Robaraihavips

(n) re&%guﬁmkém PRevikh q@%eg, boam£ biga %mémﬂ@ge%l BivifiOthe

rmul a , formula (E), fornmula (F) and m xtures
following sirectfiral formu a (IV):
I I i
c c l

AT T~

o==0.

(V):

+ >

av)
‘and wherein the remainder have imide linkages having the following structural formula
c C ﬁ —

\_A.

Q=0

V)

40



(D (E) O-s- Ol | (F) 4. Anethod as clained in
claim3, wherein Ris a noiety of conposition selected

w0 p@ai6dees gr oup consi sting of formula (G, forpal/aGL0e/p00430

formula (1) and m xtures thereof,5. A nethod as
claimed in claim1, wherein Ris a noiety of
12. conptsdtasoheised éc claon fl; odetehesagd proyidimg st () pugitises the
ste 0forrrula (J), formula (K), formula (L), formula (M,
P TormJIa (N, formula (O and m xtures thereof, (J) (K

((h)) proWliingM) pdridefble AnditirhRcoatprising iangpolyimide gotpnder havmg

R AN MO S

5 fonowmgsmrmqegﬁﬂ& ct ed fromthe group consisting of.
600C to 4000C, 1000C to 4000C, 1500C to 4000C, 2000C

to 4000C and 2000C to 3500C. 7. A nethod as clained in
cbaim1, V\/nere@n sai d heati |Ong step (b) conprises the
s”ep of :

-0

av)
and wherein the remainder have imide linkages having the following structural formula

(V):

(ﬁ ﬁ o CHy
! ! [ -
/ AN
* N N /
<\ A.
0] O
10 )
13. A method as claimed in claim 1, wherein said forming layer (c) comprises the

step of:
(c1) forming a water-permeable layer on said at least one side of said
15 membrane. selected from the group conmsisting of polysiloxanes, copolymers of
dimethylsiloxane and phenylenesilane; copolymers of dimethylsiloxane and
polyurethane; organopolysiloxane/polycarbonate copolymers; polyvinylpyridines and
copolymers thereof.
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(bl) heating said perneabl e nenbrane for a tine
sel ected fromthe group consisting of 1 mnute to 1500
WORewaness26 100 m nutes to 1500 mi nutes, 250 m NECESGL005/000430
1500 m nutes, 350 mnutes to 1500 m nutes, 500 m nutes
to 1500 m nutes, 1000 m nutes to 1500 m nutes. A
14.  remtdd ascleimadie glaim le whemingthe {gaming steprcheomgiges the step
of conmposition of formula (P) (P) 9. A nethod as cl ai ned
" in claim1, wherein R3 has the conposition of formula
() o2 watereelroehbls silitaaie rebrdtormer édyei on daid whisasjone fde
£ .dhasbt he conposition of formula (R) (R) 11. A nethod as
ol sard B in claim 1, wherein said providing step (a)
5 conprises the step of: (a) providing a perneable
menbr ane conpri sin .copql yi.m de pol ymer hagvin n
15, & p‘@%‘??‘ﬁgasu jged \?ﬁe‘i?%‘?’fh qget‘Wé’é‘ﬁn 1‘8% %llbc B9 :}ﬁ‘mrgtgi(bs) an
organo%)&{rlé)if%xéﬂerﬂﬁaﬁg%J‘@‘_ﬂbﬂﬁlgten&aﬁ@&d sh@naltoaedar al formul a
['V): ) and wherein the renmai nder have imde |inkages

having the follow ng structural formula (V): (V)12. A
met hod as clainmed in q{zgi@g_z% wherein said providing
e st

step (a) conprises th p of :
10 .
wherein the letter z is a positive number from 1.98 to 2.02
R, is a substituted or unsubstituted aliphatic hydrocarbon of 1 to 12 carbon atoms
or 1 to 6 carbon atoms.
15 16 A method as claimed in claim 15, wherein the organopolysiloxane is selected

from the group consisitng of dimethylpolysiloxane, methylphenylpolysiloxane, and
copolymers thereof.

17. A method as claimed in claim 1, wherein the copolymer is of the following

20  structural formula (VI):

ﬁ ﬁ ﬁ CHj

c c )
,+N/ C\N He

/
ﬁ *
o} o
(Vb ‘

18. A membrane separation process for separating mixtures of fluids having at least a

two fluid components that permeate through a membrane at different rates, the process
comprising the steps of:
25 (c) providing a two-sided treated selectively permeable membrane made in
the method of claim 1;
(d)  contacting a first side of the membrane with a feed mixture comprising
said mixtures of fluids; and
(e) causing the feed mixture to selectively permeate through the membrane

30 and thereby form, on the second side of the membrane, a permeate

42



10

i5

20

25

(a) providing a perneable nenbrane conprising a
copol yi m de pol yner having (n) repeating units,

wob@sesss2het ween 10% to 30% of said i mde | i nke@ESG2005/000430

having the follow ng structural formula (1V): (1V) and
wherein the remai nder have i mde |inkages having the
f ol | owdmyppsgtonughioh dias faorondngratiag of M of the Muidedopdnerds

clainmed,in clai.m rein said formng | ayer (c)
conpr Eg’gﬁ%ergfagéha&ﬁﬁte?ﬁd%%&ng a wat er - per meabl e
| ayer on said at |east one side of said nmenbrane,
selected from.the group consi.stjn f pol.ysi.l.axanes
19 dopembites SPERUCH PEEFy e Frenedrie clyi | iyt g fredptore
compri§e RR bYBhSliRAd SR bighsit 1igX@RBmPASn 0bMpH RN BNGAG at least
or ganopol ysi | oxane/ pol ycarbonat e copol yners;

three casegnalms/| pyri di nes and copol yners thereof.14. A nethod
as clained in claiml 5wherein the formng step (cl)

conprises the step of: (c2) form ng a water-perneable
20. s\ imeprmeslcpartigoTe prdcassess daingdi i el ddswhowm Siedergytic
i O IR A2 P 0P 5 KR o ko,
aliphatiQ! GRBOROIdY diydroxabenshaudieng ¢shes, f ofcloaliphgicaltpdragebons, and

. co osfitional formul a:
mixtures thereol.

21. A membrane separation process as claimed in claim 19, wherein aqueous liquid
comprises water and the organic liquid is an alcohol selected from the group consisting of
saturated aliphatic alcohols having a carbon atom of between 3 to 8, unsaturated aliphatic
alcohols having a carbon atom of between 3 to 8, alicyclic alcohols having a carbon atom
of between 3 to 8, aromatic alcohols having a carbon atom of between 3 to 8, heterocyclic

alcohols having a carbon atom of between 3 to 8 and mixtures thereof.

22. A membrane separation process for separating a mixture of an aqueous liquid and
an organic liquid comprising compounds having at least three carbon atoms, the
membrane separation process comprising the steps of: |

(a) providing a permeable membrane comprising a copolymer having (n)

repeating units of general formula (I):

o) o)
NN ]
+N\W/R1\~/N Rs— R, Jn
o) o)
@

wherein R, and R, are aromatic hydrocarbon moieties,
R; is an optional moiety and is selected from the group consisting of alkyls and

aromatic hydrocarbons, and
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RzSi 0(4-zy2 wherein the letter z is a positive nunber
from1l.98 to 2.02 R is a substituted or unsubstituted

w@bkdiophetse€ hydrocarbon of 1 to 12 carbon at onsPOF/SG2008000430

6 carbon atonms. 16. A nethod as clainmed in claiml15,
wherei n the organopol ysil oxane is selected fromthe
GFlRin 600 peiidably Mémbliaf®hitydrdelgysd hex aBetment for a period of

met hyl phenyl pol ysi_l oxane, nd c rs thereof. 17.
time toATFHEAR OFF SECCEPY AP perakal \%ﬁ% relftve e %@g?fayﬁébat
has noth®d&@EoreiRafh); | OW ng struct ural “formul a (VI): (M) 18.

A nenbrane separation process for separating m xtures

db) providing, kA At side|of éhft mgmbypef 4 fhed BighEe sempYsieg said
ng jat different rates, the
Imxtur&%rf g@?etoﬁs ltl @H&Poxgaﬁﬁe St eps

SS conprisin of: (c) providing a
_t(vxbe@sldg thet feed mugtuseicesidctivdly ppaaatsatbi@ighed mambrama ded
veren bl FESGRR Sl bontil, SO ASE BBl hilles
lower dtpanidiiqsd afncédttsitidn thannkht o8jhe Ceadshintyrd. he feed mxture
to selectively perneate through the nenbrane and
thereby form on the second side of the nenbrane, a

23.  PRIPBRLLeo ERABEd QLI 0 WASeR SaDEAt fndktu@NcahpriBe an
of 'the fluid conmponents
aqueous liquid and an organic liquid comprising compounds having at least three carbon

atoms.

24, A process as claimed in claim 22, wherein the organic liquid is selected from the
group consisting of alcohols, ketones, aromatic hydrocarbons, aliphatic unsaturated

hydrocarbons, ethers, esters, cycloaliphatic hydrocarbons, and mixtures thereof.

25. A process as claimed in claim 24, wherein aqueous liquid comprises water and the
organic liquid is an alcohol selected from the group consisting of saturated aliphatic
alcohols having a carbon atom of between 3 to §, unsaturated aliphatic alcohols having a
carbon atom of between 3 to 8, alicyclic alcohols having a carbon atom of between 3 to 8,
aromatic alcohols having a carbon atom of between 3 to 8, heterocyclic alcohols ha\-fing a

carbon atom of between 3 to 8§ and mixtures thereof.

26. A process as claimed in claim 22, wherein the R; moiety 1s of composition
selected from the group consisting of formula (A), formula (B), formula (C) and mixtures

thereof,

(8)
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that is greater than that of the feed m xture. 19 A

menbr ane separation process as clained in claiml18,
wob@sesss26ai d feed m xture conprises an aqueouBCT/BGUI0E000430

and an organic liquid conprising conmpounds havi ng at

| east three carbon atons. 20. A nenbrane separation

process as claiigd in claim 19, wherein the organic

liquidis selected fromthe group consSisting of

al cohol s, ketones// ar oNg al i phatic

unsaturated h drgé/ 5 ,

cycl oal i phatic hydrocarbons, ' res thereof. 2L
. . med in claim19,
wher ei n aqueous liquid conprlses wat er and the organic
liquid is an al cohol selectggl fromthe group
consisting of saturated aliphatic al cohols having a

carbon at om of—& ated al i phatic
al cohol s havi ng//a ca / &0 3 to 8,
alicyclic et ween 3
to 8, aronmatic\al cohols haV|ng a\car bon/at om of

between 3 to 8, yocyclic al coR Aavi ng a car bon
atom of between 3 to 8 and @)xtures thereof. 22. A

menbr ane separati on process for separating a mxture
of an aqueous liquid and an organic liquid conprising

Qﬂ{%ﬂ g Habidty salectb® &oin tHer @ouE doiiMlingtdinBhers, poxides,

nbr ane separatlon process conprising the steps of:
5 eﬁmgf%ﬁmE*ﬁW @méhﬁgPﬁﬁﬁg?EO nbrane conprising a
copol ynmer having (n) repeating units of genera

formul a (I?
27. A process as claimed in claim 26, wherein Z has a composition selected from the

group consisting of formula (D), formula (E), formula (F) and mixtures thereof,
I
C
/ \
D)
10

15 28. A process as claimed in claim 27, wherein R, is a moiety of composition selected

from the group consisting of formula (G), formula (H), formula (I) and mixtures thereof,
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(1) wherein R1 and R2 are aromati ¢ hydrocarbon
noi eties, Ris an optional noiety and is selected from
W b@enesseg consi sting of al kyls and aromatic PCT/SG2005/000430
hydr ocar bons, andwherein said perneabl e nmenbrane has
undergone heat treatnment for a period of tinme to
i ncrease the selegtivityHof the qeabl e nmenbr ane
relative to g MNnder gone heati ng;
(b) providig a\menbrane, a feed
m xture conp Zqueous |iquid and
organic |iquixktand (c) g%using re-/feed mxture to
sel ectively perneate through the nmenbrane and thereby
form on the second sid%?ff t he nenbrane, a perneate
conposi tion which has a‘T'ower organic |iquid
concentration than that of the feed m xture. 23. A
process as clainmed in claim22, wherein said feed

l'iquid conprising conmpounds having at |east three
carbon atons. 24. A proce as clainmed in claim 22,
idi%)selected fromthe group
consi sting of al cohol s|f{ ketonds, aromatic

hydr ocar bons, ali phati ¢ rated hydrocar bons,

et hers, esters, cyclodli ¢ hydrocarbons, and

m xtures thereof. 25. Aprofess as clained in claim24,
wher ei n aqueous |liquid conprises water and the organic
liquid is an al cohol selectd fromthe group

consi sting of saturated al&ghatic

@

29. A process as claimed in claim 22, wherein R; is a moiety of composition selected
from the group consisting of formula (J), formula (K), formula (L), formula (M), formula
(N), formula (O) and mixtures thereof,

M () @)
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30.
of:

al cohol s having a carbon atom of between 3 to 8,

unsaturated aliphatic al cohols having a carbon atom of
whedweess2ad to 8, alicyclic alcohols having a cBehe62005/000430

atom of between 3 to 8, aromatic al cohols having a

carbon atom of between 3 to 8, heterocyclic al cohols

. . A process claimed in claimZ6, wherein
Z has a conposition selected fromthe group consisting
of fomvmla (D), fornul E), formula (F) a m Xt ur es
thereof, (D) (X (E) (F) 28. A process as clained in
claim 27, wherein Ris a noiety of conposition

sel ected fromthe group consisting of formula (G
FoPTREAsa 2T HFimeddp flarma 22 yhexrr sy img% step HRcapwprigqs)thexep
A process as clained in claim?22, wherein R3is a

noi ety of conposition selected
(b1) heating said permeable membrane at a temperature in the range selected from

the group consisting of: 60°C to 400°C, 100°C to 400°C, 150°C to 400°C, 200°C to 400°C
and 200°C to 350°C.

31.
oft

A process as claimed in claim 22, wherein said heating step (b) comprises the step

(b1) heating said permeable membrane for a time selected from the group

consisting of 1 minute to 1500 minutes, 100 minutes to 1500 minutes, 250 minutes to

1500 minutes, 350 minutes to 1500 minutes, 500 minutes to 1500 minutes, 1000 minutes

to 1500 minutes.

32.

A process as claimed in claim 22, wherein R, has the composition of formula (P)
O

®)
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fromthe group consisting of formula (J), formula (K),
formula (L), formula (M, formula (N), formula (O and
wOorRoob1esss6 t hereof , (J) (K) (L)(M (N) (O 30. PCPs6285800430

as clainmed in claim?22, wherein said heating step (b)
conprises the step of: (bl) heating said perneable

33,  DPEBERNSs dhinfedlie BlaRh 2L Uvierdin Rt hes the B@epssatdaifgstniul2000)
t he group consisting of: 600C to 4000C, 1000C to
4000C, 1500C to 4000C, 2p0OC to 4000C and 200C to
3500C. 31. A process as ¢lainmed in claim?22, wherein
said heating step (b) crises the step of: (bl)
heati ng sai d perneabl Brvane for a tine sel ected
fromthe group consigqfing off 1 mnute to 1500 m nutes,
100 m nutes to 1500 250 m nutes to 1500
m nut es, 350 m nutes 0 minutes, 500 ninutes to
1500 m nutes, 1000 m nutes to 1500 m nutes. 32. A
process as clainmed in cl@ym 22, wherein R has the
conposition of formula (P) (P)33. A process as clained
in claim?22, wherein R has the conposition of fornula

3. Yoot @éb@%ﬁé@ﬁ%ﬁ%ﬂ?@@%@i S%t'h? %:Jng%%oznzdffg\pm%ﬁae&{)]

<: >~———C
(R) _

35. A process as claimed in claim 22, wherein said providing step (a) comprises the

step of:
(a) providing a permeable membrane comprising a copolyimide polymer having
10  (n) repeating units, wherein between 10% to 90% of said imide linkages having the
following structural formula (IV):

Ti _
T -0y

and wherein the remainder have imide linkages having the following structural formula

o]
15 (V)

O

O===0

o}

avy
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35. A process as clained in claim?22, wherein said
providing step (a) conprises the step of : (a)

Wee@sleiong a perneabl e menbrane conprising a PCT/SG2005/000430
copol yi m de pol yner having (n) repeating units,
wherei n between 10% to 90% of sai d imde Ii nkages

havpng the fol lowigg structural fogmula (I'VEH;(1V) and
V\,herlei n the remain F have |mde Il nkages 'havi ng the
foIIovm ng ctur fo 36. A Ss as

e Ilnkages havi ng t he Yol | ow structural

(WH (1'V) and wherein the remind have i m de

| i nkages having the followi ng structural fornula (V):
(V)37. A process as clained in claim?22, wherein said
formng layer (c) conprises the step of: (cl) formng
a polysiloxane |ayer on at |easgyypne side of said
menbr ane.

36. A process as claimed in claim 22, wherein said providing step (a) comprises the
step of:

(al) providing a permeable membrane comprising a copolyimide polymer having
(n) repeating units, wherein between 70% to 90% of said imide linkages having the
following structural formula (IV):

O
(@)
o

——

e}
O
@]

-
AN
RN
=z
(@]
/
A

av)

and wherein the remainder have imide linkages having the following structural formula

(V).

o
O]

QO=—==0

o
O
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38. A process as clained in claim?22, wherein the
copolynmer is of the followng structural fornmula (VI):

W@ R0dp/08826 A process as clainmed in claim22, con@r/s6200§000430

the step of: (d) heating said feed m xture to cause
one of said aqueous liquid to forma vapor and
37. peprodas as thindin dat22)ertierdm gaid 46kmide Piyec @3 Somprises the
claimed in claim39, conprising the step of: (e)
renovi ng, fromthe second side of the nmenbrane, said

YA P rmidpad pdligsloRATRRY 66 all 10400 si&Pb BB HRAR.

step of:

38. A process as claimed in claim 22, wherein the copolymer is of the following

structural formula (VI):
CH,
N 2 .
/

o]
lo]

o]
O

le]

[}

)

39. A process as claimed in claim 22, comprising the step of:
(d) heating said feed mixture to cause one of said aqueous liquid to form a vapor

and permeate through said membrane.
40. A process as claimed in claim 39, comprising the step of:

(¢) removing, from the second side of the membrane, said vapor that has

permeated through said membrane.
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