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i nvention relates to the chemcal nodification of polyim . In
parti‘cular it 5 relates to the chenical nodification of polyimnmde

menbranes which formone |ayer (preferably the outer- layer) of dual-Iayer
hol low fibres. Polyimdes are attractive nmenbrane materials for gas 10
separations because of their good gas é%paratlon and physical properties.
Ext ensi ve work, including tailoring the chenical structures and performng
cross-linking nodificatjons bx d'ff- en .met had u h..s_therna
treatenment, chemcal treER&f ' . n 15 carried out
ai ned at obtalnlng pol yi m de nenbr anes mnth better gas separation

properties. A all these efforts, .cross- nodi fication is
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Each hol:l ow fiher u uaII mEetric cross-section

nor phol ogy \/\hljt,aﬁe g‘ratgqbét Sl'."at’et qtoalg'eoﬁgeézy “Sct i ve | ayer and a porous
supporting substrate. The asymretric norphol ogy gives the advantage of
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nmenbr anes. scloses r ocess reparin
hol | ow ﬂ@bre geparations because of thelr good gas separa ion and

physical properties. Extensive work, including tailoring
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the chemical structures and performing cross-linking
" modifications by different methods such as thermal .
treatement, chemical treatment and UV irradiation, has been
15 carried out aimed at obtaining polyimide membranes with
better gas separation properties. Among all these efforts,
cross-linking modification is expected to be the most
promising approach to obtain better membranes which can be
used under complex and harsh environments because it can
20 impart polyimide membranes with anti-~plasticisation
properties and improved chemical resistance.

Most commercial membranes are in the form of hollow
fibres because they offer a higher surface to volume
25 ratio. Each hollow fiber membrane usually has an
asymmetric cross-section morphology which consists of
2 thin dense selective layer and a porous supporting
substrate. The asymmetric morphology gives the
advantage of high flux which is required for practical
30 applications of such membranes. US 5,085,676 discloses
a process for preparing dual-layer hollow fibre gas
separation membranes which structurally consist of a
thin selective layer (usually the outer-layer} and a
porous supporting substrate (usually the inner-layer).
35 Not only‘do these dual-layer membranes have high flux
advantages as for other asymmetric membranes, they



separation nmenbranes which structurally consist of a thin Es&l ect!i ;@dfyer
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advant ages as for other asymmetric nempranes, they 8 August, 2006 2 also
optimse materials, performance and reduce nmaterials costs. However, nost

polyi m des suffer plasticization or 5 chem cal attack induced by the
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cross-linking nodifications of polyimdes to enhance chem cal resi st ance
and anti-pl aft@¢t@raivrceddPacteristics have been conducted on thick and
flat dense filns, 10 which may have very |imted applications for the

nodi fication of hollow fibre mepbranes. For exanple,, US 41717,393 presents
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modification of hollow fibre membranes. For example,
US 4,717,393 presents photo-chemical methods for the
cross-linking modification of particular polyimides
containing benzophenone groups and hydrogen donor

15 groups such as methyl groups. Although this method
produces cross-linked polyimides with high gas
permselectivity, the gas permeability of these cross-
linked polyimides is too low. US 4,981,497 describes a
process to modify polyimide membranes with amino

20 compounds. The modification results in lower gas
permeation rates as compared to the uncross-linked
membranes but is limited to thick dense polyimide
films and requires thermal treatment in order to
complete the reaction. US 4,931,182 discloses a class

25 of polyimide membranes centaining copolymerizable,
surface-modifiable units containing both aromatic
diamines and alkenylated diamines having a vinyl or
vinylaryl group preferably positioned ortho to an
amlne functionality. The polyimide membranes can be

30 cross-linked by treatment with an activating force
such as high energy electromagnetic¢ irradiation or
with a free radical socurce to impart high selectivity
to the membranes with a large decrease in composite
permeance. Unfortunately, hollow fibres from these

335 kinds of polyimides cannot be easily fabricated.
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essentially of a polyimide and a second layer
consisting essentially of a polymer which is
substantially unaffected by the chemical modification
process, which process comprises contacting said

polyimide layer with a polyamine.

As used herein the term “polyimide” includes blends
of two or more different polyimides.

As used herein the term “polymer” includes copolymers
and blends of two or more different polymers and/or

copolymers.

As used herein, the term “substantially unaffected by
the chemical modification process” when used to
qualify the nature of the polymer, means that the
physical and/or chemical properties of the polymer
which make it suitable for use as a suppoxt layer for
the polyimide remain unaffected by the chemical
modification process or are only affected to an extent
which does not significantly affect its performance as
a support layer for the polyimide.

In a preferred embodiment, the polyimide forms the
outer-layer of the dual-layer hollow fibre and the
polymer which is substantially unaffected by the
chemical modification process forms the inner-layer of

the dual-layer hollow fibre.



20 and blends of two or nore different polyners and/or !éners @i§USEd
herein, the term "substantially unaffected by the chen1ca

process" when used to 25 qualify the nature of the polynmer, neans that the
physi cal and/or chem cal properties of, the polyner which nake it suitable

for use as a support layer for the péﬁylnide remai n unaffected by the
chem cal nodification process or are only affected to an extent 30 which

does not significantly affect er f.ormance as , | ayer for the
pol yi ni de. g Mt Pref %QF%%%Bd?ie %%%eBB%QFﬁ15€e Bﬁ¥39ﬁ8 y@ﬁyer-layer

of the dual - lyfadtoldraw fdrd & iajkd dﬁneth@?;:ap]qh;mﬁade whiwdr j s Substantially
unaffected by the chem cal nodification process forns the inner-I|ayer of
t he dual -1 ayer hollow fibre. 8 August, 2006 4 In one enbodi ment of the

i nventi on, tf&rqﬁﬂnahmyuatﬁa/paiyﬂmmdecﬂﬂyenness¢dﬂt@¢teﬁewbbhythéde | ayer.
Pr ef ly, th t t
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of from 15' C506C, 3ﬂ6relpreﬁerebﬁgdnnenheotanbe DﬁvéﬁpmodS €h&opol yani ne i s
10 contacted h the polyimde layer in the formof a solution in a

sui tabl e soléen " In this case, contact may be effected by si npl'y di ppi ng
t he dual -1 ayer hollom/fibre I n the. solution.” When a solution of polyam ne

's used the &9‘1' %'nrg %?nﬂo@i‘?r{enitsowetfh%r %Lt?l%ntion, the polyamine is -

10 contacted with the polyimide layer in the form of a
solution in a suitable solvent. In this case, contact
mav be effected by simply dipping the dual-layer
hollow fibre in the seolution. When a solution of
polyamine is used the polyimide layer is preferably

15 washed with the solvent after contact with the
polyamine solution, Preferred solvents include water
and alechols which are liquid at ambient temperature,
such as methanol. Methanol is particularly preferred,

20 In a preferred embodiment, at the end of the process,
the dual-layer hollow fibre is dried at a temperature
in the range of from 3°C to 80°C, more preferably at a
temperature in the range of from 15°C to 40°C.

25 Whilst the process of the present invention could be
applied to many types of polyimide, a preferred
polyimide for use in the polyimide layer is an
aromatic polyimide membrane.

30 Preferably the polyimide layer consists essentially
of the following structural units:
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15 washed with the solvent after contact wth the polyam solu{i, &
Preferred sol vents include water and al cohols which are |3§éﬂ§“3’ HoT ent
tenperature, such as nmethanol. Methanol is particularly preferred. 20 In a
preferred enbodi nent, at the end of thg $rocess, the dual-Ilayer holl ow
fibre is dried at a tenperature in the range of from5*Cto 80'C, nore
preferably at a tenperature in the range of from 150C to 400C. 25 Wil st
the process ofjhéhe HAEREHE tA¥EAt he] ganigh bies @p@ha@ﬂw@wﬁﬂy types of -

polyimde, a preferred polyimde for use in m de, | ayer i§ an
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essentially &Qfnditaifd |l ng structural units: 11 11 -+N
~C"Arj~%WNAr2 CO O 8 Auzust, 2006 where each of the n Arl, groups is
a quadrival ent aromatic noiety independently selected fromthe group
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and where each of the n Ar, groups 1is a bivalent
aromatic moiety independently selected from the group
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aromatic noi ety independently selected fromthe group con5|st|ng of : x
Xi o XI]J( X2 X3 X2 X3 Z 8 August, 2006 - 6 whereZ is sel

group consisting of: CF3 0 -Y- Il -C. -0-, -S-~- CF3 OCH3 -CH2 , II
O CH3 and where X, X1, X2 and X are.egach independently selected from
hydr ogen, Cl-, al kyl, Cl.5al koxy, phenyl or 5 phenoxy. The val ue of n nust
be sufficient to provide a viable polyner menbrane for use as the
pol yi m de | ay, u P, LS a nunber 10
Surticient trde g LI TR HEL SobhTint ok Sup ESRBI SRy B A0S,
dL/ g as nmeasured at 25C on a 0.88 by @elght solution in

N-nmet hyl pyrrolidinone. In a presecrred gnbodi ment of th _ELesent i nventi on,
15 the polyamine is an aliphatig-aromatic polyam re. re preferably, the
polyam ne is an aliphatic-aronatk,c diam ne. Even nore preferably, the
polyam ne is an aliphatic-aromatic diam ne having the general

e
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and where X, X,, X, and X; are each independently
selected from hydrogen, Clsalkyl C,.salkoxy, phenyl or
5 phenoxy.

The value of n must be sufficient to provide a viable
polymer membrane for use as the polyimide layer of a
dual layer hollow fibre. Preferably, n is a number

10 sufficient that said polymer has an inherent viscosity
of at least 0.3 dL/g as measured at 25°C on a 0.5% by
weight solution in N-methylpyrrolidinone.

In a preferred embodiment of the present invention,

15 the polyamine is an aliphatic-aromatic polyamine. More
preferably, the polyamine is an aliphatic-aromatic
diamine. Even more preferably, the polyamine is an
aliphatic-aromatic diamine having the general
structure:

20

H,N (CH,) ;~Ar,~ (CH,) ,NH,



structure:

as defined above and a and b are each

range | to 6. Still nore preferably, the polyamne is an aliphatic-
aromati c diam ne having the general structure: Mst preferably, the
pol yanmine is selected from mxylylenedianine or p-xylylenedianine.
previ ously nenti oned, the polyanlne may be used in the formof a solution,

In a preferred embo process e _po ne.is cqntacted with
the polyim d@hFﬁﬁe‘gr? rlrst I‘_i‘é fj(‘f"lfh ned & leeutapgln ahé\ﬁﬁ? 1% THtentration of
pol yam ne of indepemntiéhtdyS68elechedefiromnthbertngal Iwkioghet. @ftitlde sol uti on.
Mor e preferabl the-paolyamne is._c d,wt |n1de | ayer in
t he form of éB?uPF%ﬁgﬁaéiﬁg §h8oﬁ%ggéﬁgﬁgoﬁgg?gp%?ggﬁghé of from2w%to
20wt % based omrmmatiotdiaﬁﬂnaehghingftheegenenaloatrub$urpreferably, t he

is contacted with the polyimde |ayer in the formof a

20 H2N (CH2) a-Ar2- (CH2) bNH2 8 AulLrust, 2006 _7 where ﬁﬁ IS
I ndependently sel ect
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Most preferably, the polyamine is selected from
m-xylylenediamine or p-xylylenediamine.

As previously mentioned, the polyamine may be used in
the form ¢f a solution. In a preferred embodiment of
the process, the polyamine is contacted with the
polyimide layer in the form of a solution having a
concentration of polyamine of from 2wt% to 50wt% based
on the total weight of the solution. More preferably,
the polyamine is contacted with the polyimide layer in
the form of a sclution having a concentration of
polyamine of from 2wt% to 20wt$% based on the total
weight of the solution. Most preferably, the polyamine
is contacted with the polyimide layer in the form of a
solution having a concentration of pclyamine of from
5wt% to 1l0wt% based on the total weight of the

soluticn.

The identity of the inert (or non-crosslinked) layer
material is not critical to the present invention. It
is simply necessary that it remain substantially
unaffected by the modification process. Suitable
polymers for forming the inert layer may be selected
from polyesters, polysulfone, polycarbonate,
polyetherketone, polyetheretherketone,
polyethersulfone, polyetherimide, polyacrylonitrile,



unaffected by the nodification process. Suitable 30 polymers for fgrning
the inert layer may be selected from polyesters, polysulf§#¥¥ﬂgﬂL—99§

pol ycar bonat e, pol yet her ket one, pol yet heretherketone, polyethersulfone,
pol yet heri m de, polyacrylonitrile, 8 August, 2006 poiyam de and

pol yol ef i n. Pol yet hersul fone and pol ysul fone are particularly preferred.
The present invention also provides for a chemcally 5 nodified dual-Iayer

hol | ow fi bre o?tain blgn?%P%%y%ﬁ%&%%% %%ggg%ﬁ%%%%gﬁﬁgﬁigﬁ#ped. The present

i nvention al B8~ Brovides FOCESS separ a east ofe gas from
a mixture ofpphgsolfohe aweepgasdsulwrilohppedfessedsonpri ses bringing a
pressurised m xture of said gases into contact with a dual-Ilayer holl ow
fibre obtainable by a process as previously described. The gas m xtures
for separatiBhe pmgseetséhgensdofr ehsni rravédesf fHg angehmmicadland N21 15

02 and N., gﬂ%] 2 : a ,§ and CH., and
C -C h%bro§§$%gﬁg? T eggu%???5H§§l§EglE%kf?igggggﬁ?g?%agpegbya”prdces§ as
previously pescesbedsiprevionslyadegcusbedl for separation of 'a nixture
of G2 and CH4 or a m xture of C02 and H2S and. 20 CH4 |In another aspect,
the present invention also provides a process for chemcally nodifying a

pol yi mide rEwbraresenhi tRverbiessatsppPreBidedntaEt Pngresras25°kenbr ane
with an al cohgbd caephdit 40M EhsANoAb! HHA! £Eom 4 OBkt Gr8ObTARWBCor Al-CONO! S
Sl tab{(}e formgsee ;éssés,e v?l?lig}?n;gréggégdgorﬁlggises bringing a
pressurised mixture of said gases into contact with a
dual-layer hollow fibre obtainable by a process as
previously described. The gas mixtures for separation
may be selected from mixtures of He and N,, H, and N,
15 0, and N,, CO, and CH,, €O, and H;S and CH,, and CQ, and
H,$ and CH, and C,-C, hydrocarbons. The dual-layer
hollow fibre obtainable by a process as previously
described is particularly useful for separation of a

mixture of CO, and CH, or a mixture of CQO, and H,5 and
20 CH,.

In another aspect, the present invention also provides
a process for chemically modifying a polyimide
membrane, which process comprises contacting said

25 membrane with an alcoholic selution of an aliphatic-

aromatic polyamine.

Alcohols suitable for use as the solvent include any

alcohol which is liquid at ambient temperature and is
30 capable of solubilising the aliphatic-aromatic

polyamine. Methanol is a particularly preferred

solvent.

Preferably, the membrane is contacted with the

35 solution at a temperature in the range of from 5°C to
50°C, more preferably at a temperature in the range of
from 15°C to 30°C.



al cohol which is liquid at anbient tenperature and is 30 gapable
solubilising the aliphatic-aromatic pol yam ne. Met hanol .s§%£g§¥ﬂ¥35¥%§|y
preferred solvent. Preferably, the nenbrane is contacted with the 35
solution at a tenperature in the rangﬁ of from5 Cto 50*C, nore

g

preferably at a tenperature in the rarnge of from 15"C to 30oc 8 August,
2006 9 in a preferred enmbodi nent of the process, the menmbrane is washed

with the al coholic sal vent contact th t soI not her
preferred ent@ddn®rel SFIFﬁEEH& ntac Lﬁ#éﬂﬁf@?% ?bn or

after being w@sha@hwuthltmh&haleam@hodlsobwdmanuIa£Uﬁ§ﬂnQnﬂa¢% dried at a
temmrMUreln heran f.from5*Cto BOC, nore preferably at a

t enperature et héhPaﬁgg %ﬁoPron115*c 10 to 400C. In a preferred

enbodi ment of the process, the polyimde nmenbrane is an aronmatic polyim de
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of the Stritct bral N-Ar2~. - c"l 0 .where each
of the n Ar, cbatacguadchyahensodusiani oF ﬁﬁtéﬁybﬁﬂéébéﬁﬁ%ﬁt y”§€1ected from

the group 20tﬁ%”35§5h8§18fsolvent, the membrane is dried at a
temperature in the range of from 5°C to 80°C, more

preferably at a temperature in the range of from 15°C
10 to 40°C.

In a preferred embodiment of the process, the
polyimide membrane is an aromatic polyimide membrane.
More preferably, the polyimide membrane consists

15 essentially of the following structural units:
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where each of the n Ar, is a quadrivalent aromatic

moiety independently selected from the group
20 consisting of: |



8 August, 2006 -~Co M-i z and where each of the n Ar2 groups is

bi val ent aromatic noiety independently selected fromthe d§§#§!£&3#¥aéting
of: x x X, L 11)(>X3 X2 X2 X3 Z 5 where Z is selected fromthe group
consi sting of: 8 Auaust, 2006 CF3 O 18- - -S- L;t-30CH3 111 -S-CH2 O
CH3 -0 ~0 and where X, X1, X2 and X3"dre each independently selected from
hydr ogen, Cl1_5al kyl CI-5aIkoxy phenyl or phenoxy. The val ue of n nust be

sufficient to prOV|de a viable polyne Preferably, n is a nunber
sufficient that said polyner an | V|sc03|ty of at least 0.3
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and where each of the n Ar, groups 1s a bivalent
aromatic moiety independently selected from the group
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consisting of:

where Z is selected from the group consisting of:



In a preferred enbodi nrent of the process, the aliphatic-agopati am ne
is an aliphatic-aromatic diamne. Mre preferably, the aléﬁggpﬁéLgﬁbéatic
15 polyamne is an aliphatic-aromatic diam ne having the general

structure: H2N (CH2) .-Ar2- (CH2) bNH2% 20 where Ar2 is as defined above and
a and b are each independently selected fromthe range 1 to 6. Still nore
preferably, the aliphatic-aromatic polyamne is 8 August, 2006 12 an

al i phatic-aromatic diamne havigpg the general structure: H2*tc d -~NF-~
Most preferably, the aliphatic-aromatijc polyamne is 5 selected from
rn-xyl yl enedi am ne or p-xylyl® am-oe—, Prelerabl y—%he -

al i phatic-aromatic pol yam ne i present in the solution in a concentration
of from 2wt % to 50wt % based on" the total weight of the 10 solution. Mre
preferably the aliphatic-aromatic polyanine is present in the solution in
a concentration of from 2w % ©o 20wt % b@ded on the total weight of the
sol ution. Most preferably, tﬂgg.aLiphaLL aaronakg&_pohyanine is present in
the 15 solution in a concentratiion of frpm3w%to | Om % based on the
total weight of the solution. Pn a prefe@ed enbodi ment, the polyin de
menbrane is in the formof a hollow fibre. 20 In a particularly preferred

enbodi nent, the polyimde
— X
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and where X, X,, X, and X; are each independently
selected from hydrogen, Cisalkyl, C,salkoxy, phenyl or
phenoxy.

The value of n must be sufficient to provide a viable

polymer membrane. Preferably, n is a2 number sufficient

that said polymer has an inherent viscosity of at

least 0.3 dL/g as measured at 25°C on a 0.5% by weight
10 solution in N-methylpyrrelidinone

In a preferred embodiment of the process, the
aliphatic-aromatic polyamine is an aliphatic-aromatic
diamine. More preferably, the aliphatic-aromatic

15 polyamine is an aliphatic-aromatic diamine having the
general structure:

HzN (CHz) a"'Arz‘- (CHZ) bNHg

20 where Ar, is as defined above and a and b are each
independently selected from the range 1 to 6. Still
more preferably, the aliphatic-aromatic polyamine is



menbrane is the selective layer of a dual-layer hollow fihre, the B%port

| ayer of said dual-layer ,hollow fibre conprising a polyne i
substantially 25 unaffected by the chem cal nodification process. Most
preferably, the polyimde nenbrane_fgmpna the outer |ayer of said
dual -l ayer hollow fibre. The novelty of the present invention resides in
the 30 use of alcoholic (preferably nmethanolic) solutions of rigid

al i phatic-ar n e aphaeseAsraichem ca

o osa. 11 i g TRl e PRy E e R Bt R B oA el | ayer

hol  ow fi brgsrugtdresdl yi m des as the selective |layer. 8 Auzust, 2006. - 13

Advant ageously, the nodification can be rformed at anbi ent tenperature,
and adopting inert materials as the s pp t layer of dual-layer holl ow
fibre nmenmbranes hel ps to reduceHiMi® B of chemical 5 -

nmodi fication which often nmakes such pr es unsuitable for application

to dual -layer hollow fibres. This invention provides a feasible nethod for
t he production of high-selectivity and anti- plasticisation dual-|ayer
hol | ow f| br eso$torpmfe ddbEeparhat | vhi pinat &¢ sar gravi @B hYARER? ob®d gener al

Tet hod o Chen &A=l dy SALEPHy Al gl ah R des: ($0kply1 dRad Dand el he form of

singl e or duH - aye res for gas separation), 15 The processes
of this invention can produce hlgh selectivity and anti-plasticisation
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'present in the solution in a concentration of- from
2wt% to 50wtd based on the total weight of the

10 solution. More preferably the aliphatic-aromatic
polyamine is present in the solutiocn in a
concentration of from 2wt% to 20wt% based on the total
weight of the solution. Most preferably, the
aliphatic-aromatic polyamine is present in the

15 solution in a concentration of from 5wt% to 10wt%
based on the total weight of the solution.

In a preferred embodiment, the polyimide membrane is
in the form of a hollow fibre.

20
In a particularly preferred embodiment, the polyimide

membrane is the selective layer of a dual-layer hollow
fibre, the support layer of said dual-layer hollow
fibre comprising a polymer which is substantially

25 unaffected by the chemical modification process. Most
preferably, the polyimide membrane forms the outer
layer of said dual-layer hollow fibre.

The novelty of the present invention resides in the
30 use of alccholic {preferably methanclic)} soclutions of
rigid aliphatic-aromatic diamines such as p-xylene
diamines as a chemical cross-linking reagent for
polyimides and in particular for dual-layer hollow

fibres with polyimides as the selective layer.




cross-linked polyimde | ayer for gas separation. The gas E étures 4 ﬁi‘ ude
the m xtures of H?. /N2, C02/CH4 and 20 02/ N2. Also the ne at ed
can be used for separation of volatile organic mxtures. Figure 1 shows
scanni ng el ectron mcrograph (SEM - dixt-ures of the cross-section of 25

pol yi m de/ pol yet her sul f one( PES) dual -1 ayer hollow fibre nmenbranes. Figure
2 shows typical FTIR spectra of the outer- |ayers of unnodified and

cross- | i nkedaduahthggensl30 hhblmmdﬁfhcesloﬁlganebs peswe rredrRadpect ra of

the PES T nner L augte - ghoclORdL! | SlqaadonEony: bhakednduaibasenshol | ow

fibres. eéf ect ressure on N2 perneances of
virgin and cthesshppked mayyrnpﬁeﬂPES'lémaF ha@éPWhénbéw ﬂ?ﬂpé§ne§ August ,

2006 - € eCkhget @E begdopr epsmieaen CO2 perneances
of virgin angéggéssgliﬁéﬁge y|%1 de/ % © dua?-layer hol | ow fibres. 5

Exanpl e5 PremadafnaetEﬂanwhéCh ﬂﬁEﬁBl@ﬁkBﬁE?PFB BRBGRESEF 2, 21-bi (3, 4-
carboxylpheng+ggggéﬁigugﬁgpéggﬁgeagigﬂhygragglgﬁgge} h&leﬁS added to an.

N- net hyl pyrr ol Tdinone ution of 5 £
6-t 6t 1 a~et hfibies. p'ﬁbh?l éﬂ‘é%téﬁﬂnﬁr?‘dﬁﬁﬂ%ﬁea Grafths BAGENEI3IBRenl yi ene

di ami ne (”PDéﬁe(;%PSdﬁet%n bat hogRt sdueenevet mane &AtHPDA was 50: 50) with
stirring undér on at _anbi ent ? eratfi
plastlclsatlon dual- layer hollow 1bres for gas
10 separation and also provides an improved general
method of chemical modification of polyimides (which . -..
may be in the form of single or dual-layer hollow

fibres for gas separation).

15 The processes of this invention can produce high-
selectivity and anti-plasticisation single-layer and
dual-layer hollow fibres containing a chemically
cross-linked polyimide layer for gas separation. The
gas mixtures include the mixtures of H,/N,, CO./CH, and

20 0,/N,. Blso the membranes fabricated can be used for
separation of volatile organic mixtures.

Figure 1 shows scanning electron micrograph (SEM)

pictures of the cross-section of
25 polyimide/polyethersulfone (PES) dual-layer hollow

fibre membranes.

Figure 2 shows typical FTIR spectra of the outer-
layers of unmodified and cross-linked dual-layer

30 hollow fibres.

Figure 3 shows FTIR spectra of the PES inner-layers of
unmodified and cross-linked dual-layer hollow fibres.

35 Figure 4 shows the effect of feed pressure on N;
permeances of virgin and cross-linked polyimide/PES

dual-layer hollow fibres,




15 later, a mxture of acetic anhydride and triethylam ne he I atio
of acetic anhydride/triethylamne to 6FDA was 4:1) was sl t he
solution to conplete imdization for 24 h. The polynmer was slowy
precipitated in nmethanol. After beingijjiltered and 20 washed with fresh

met hanol , the resultant polymer was dried under 150C i n vacuum for 24 h.
Its inherent viscosity was neasured to be 1.00 dL/g in NWP. Preparative

Exanpl e 2 25 isn fi %fﬂe%bter I Feleavdddaanfranas @, i ed out as
foll ows. 26w ;@?E%Xsdtrjyrhgﬁg? DA (50:5 ° [ neae {;I vent. i xt e(@ NVP/ THF
(5:3 by wei gperngasceisosdn Vlﬁ%ﬂﬂ@f’@oﬁé%“é kg IPé’Jtyl}t"bHA sel ective

layer, —wheregs ;28uke% pRIMWEipLdone (PES) in a solvent 30 mxture of
NVP/ H20 (10: 1 by wei'ght) was selected as the dope to formthe inner porous

substrate |layer. The two dopes were delivered to the spinneret by two

nmetering punpgagblasfrate of 0.2 m/mn for the outer layer and 0.6 m/mn
for the inner Tayer, 35 respectively. The spinneret tenperature was

controlled at 600C. A 95:5 mxture solvent of NMP. H O in weight was
sel ected as gaeobeaelhbumaa@@g dlivered by an 8 August, 2006 - 15 |SCO

500D syrlnge a te of 2.m m,n,, assing through an air
gap of 0.3 cfy gﬁéchéggg glchgpggnt P g?ézmg?égéré&n into a tap water

coagul ati on chabbxg&paﬂbyéﬂthEaﬂﬁéuarupeoaauecdlB@bwééld? 46FBRe-up 5

Yoot ooy avdroltfRE 565 Rl NIRKLAG1B7E002585 REnk" (WHB) Cbolaidndays at
of 2,3,5,6- tetramethyl 1,4-phénylene diamine (durene - -
diamine) and 1,3-phenylene diamine (mPDA) {the molar
ratio of durene diamine to mPDA was 50:50) with
stirring under argon at ambient temperature. 24 h

15 later, a mixture of acetic anhydride and triethylamine
(the molar ratio of acetic anhydride/triethylamine to
6FDA was 4:1) was slowly added to the solution to
complete <imidization for 24 h. The polymer was slowly
precipitated in methanol. After being filtered and

20 washed with fresh methanol, the resultant polymer was
dried under 150 °C in vacuum for 24 h. Its inherent

viscosity was measured to be 1.00 dL/g in NMP.

Preparative Example 2

25 The spinning of dual-layer hollow fibers was carried
out as follows. 26wt% 6FDA-durene/mPDA (50:50) in a2
solvent mixture of NMP/THF (5:3 by weight) was chosen
as the dope to yield the outer dense selective layer,
whereas 28wt % polyethersulfone (PES) in a solvent

30 mixture of NMP/H,0 (10:1 by weight) was selected as
the dope to form the inner porous substrate layer.
The two dopes were delivered to the spinneret by two
metering pumps at a rate of 0.2 ml/min for the outer
layer and 0.6 ml/min for the inner layer,

35 respectively. The spinneret temperature was controlled
at 60°C. A 95:5 mixture solvent of NMP: H,0 in weight
was selected as the bore fluid and delivered by an




hol | ow fi bers were i mersed in nethanol three tinmes and tgeg i n hgﬁgge
three tines for solvent exchange. Fresh solvents were use vent
exchange with 10 a duration of 30 min. Subsequently, thermal treatnments of
the hollow fibers were carried out prpgressively under vacuum at 350C,

45*C, 550C, 65*C for 30 mn, respectively, and finally at 750 C for 1
hour. 15 SEM photon1crographs of the dual-layer asymmetric hollow fibres

are shown in Al 'm hol W fibres
wer e fracturg’g ter |nn§|ém% E gltl %e% g)n?jtvl?loédel?fﬁanndqéﬂen sputtered
with gold uspngsangEGbr9FG IB@UElﬁoﬂaPQGfs§u§téWhn§ hgeWnaseent Phil i ps

XL30- SEM was hB;l?ngt elbbege%' QA ale ihithr @ %@pmltw coblyiilor ayer

hol |l ow fibre ave a concentricity with é;enter bore di,aneter of 170

pm Fi gure |bakhi Btt §m¥3ﬁ§nta§§ﬁﬁ’€trlafc@rﬁnﬁﬁﬁiof38 estech@todt dKei which

25 consksts gh BCEE?no@eﬂéecﬁ?h&ﬁt'P’s@tb%}’ﬁ&vﬂﬁqr belbe stuiead &wface The
t hi ckness of t e ou i mde |ayer and inner PES por ﬁ Iay are 10
and 100 pm WﬁE@EeEFFvéIQayﬁoaaeFéﬁmnﬁﬁmﬁﬁrﬁéﬁﬁéen ﬁedHﬁﬁe and’

i nner |ayer hglob§eryBdrsTherknafhekrarar ihSmd@hanomr tae@eoftlmcsr ov0| ds with
I nt er connect ed nifi cantlign1n|n1z

subst r uct ur e@Pfle gﬁ%ﬁé&é:ﬁFB?nﬁaghfFé gbﬂ?? fgg 3° ?UFtexFﬁgngﬁrer"

pon|n1de | apeesHesel venes gasesapadalnoaaphr Solwanteexphapget wéshof. .t he
dual er hollom1 L bre FiLve p ' one of
the en é Bﬁﬂ%%%no$flgédﬂﬁP I§§§$£§§%$§%§MA%ﬁggﬁggng¥ﬁagﬁgheg
‘ of the hollow fibers were carried out progressively - - -
under vacuum at 35°C, 45°C, 55°C, 65°C for 30 min,
respectively, and finally at 75° C for 1 hour.

15 SEM photomicrographs of the dual-layer asymmetric
hollow fibres are shown in Figure-1l. For SEM
experiments the dual-~layer hollow fibres were
fractured after being immersed in liquid nitrogen, and
then sputtered with gold using a JEOL JFC-1100E ion

20 sputtering device. A Philips XL30-SEM was used to
investigate the fibre morphology. The dual-layer
hollow fibres have a good concentricity with a center
bore diameter of 170 um. Figure 1 exhibits the
asymmetric morphology of the outer layer which

25 consists of a thin dense selective layer near the
outer surface. The thickness of the outer polyimide
layer and inner PES porous layer are 10 and 100 pm,
respectively. No delamination between the outer layer
and inner layer is observed. The inner layer is

30 comprised of macrovoids with interconnected porosities
which may significantly minimize the substructure
resistance for gas transport. As a result, the outer
polylmide layer determines gas separation performance
properties of the dual layer hollow fibres.

35
Five modules were prepared by sealing one of the ends
of a bundle of 10 dual-layer fibres with a length of




8 August, 2006 20 cmwith a 5 mn rapid solidified epoxy resin éArEHggteO
Switzerland) and gluing the other end onto an al uni num hot&

epoxy resin H 711 (Tianjin Jindong Chem cal Plant, Tianjin, P. R China)
cured by 5 using a hardener 105 (Changsha Institute of Chem cal

Engi neeri ng, Changsha, P. R China). The 02 and CH4 perneation rates were
conducted at 200 psi, while N, and CO02 were at a pressure range from 50,

10 to 500 psiRg A wIedsuW eefils dagakd r.dcfl(lehfﬁlezn e(ﬁox'lghe:egﬂm per neance and
based on t he EAdALEp dSi S %rw“s B s FYE Endiihes’ 1 5o
Chung, Cell uhﬂsemmtmmme)rmm mdltth laay epokly a@mmslbt—é]den(ﬁrmrf or gas
separation, 0 bl gas

per neat i on pﬁaBgEPGeEhSFlFﬁésgﬁﬁﬁéu géa%ﬁgﬁ }a K. %h ?$H?§£rlcat|on 20
Tabl e 15Gas aemagaalharﬂeup&rﬂﬂés(@ham@BhasImpmntpmbypﬁ<maemlcal

pol yet her sul e L ' Mbdul e Perneance

(GPU) k' Sepairzggu%%g% %E‘gg%%lhg %05‘ o?ﬂ%& 32/ N2 002/ CH4 1 240 27.0°
4.1 37 56 2 227 31.0 4 5 33 47 3 206 29.7 4.3 30 40 4 219 32.1 4.1 28 38
30 5 218 23&11%6 ) aél]i O :%Qa%tlo%m:%tefs%&@ AR gasem the feed

pressure was res ectively.
psi, while N, and CO2 were at a pressure range from 50

10 to 500 psi. All measurements took place at 24°C. The
gas permeance and separation factor were determined
using a bubble-~flow meter and calculated based on the
equation described in a previous paper [J. J. Shieh,
T. §. Chung, Cellulose nitrate~based multilayer

15 composite membranes for gas separation, J. Membr.
Sci., 66 (2000) 259]. Table 1 summarizes the gas
permeation properties of these modules just after

their fabrication.

20 Table 1
Gas separation properties of the as-spun polyimide-
polyethersulfone dual-layer hollow fibre modules.®

Module | Permeance (GPU)" Separation Factor
25 No. co, 0; 0,/N, co,/N, | co,/cH,
1 240 27.0 4.1 37 56
2 227 31.0 4.5 33 47
3 206 28.7 4.3 30 40
4 219 32.1 4.1 28 38
30 5 218 23.7 4.4 41 60

3 measured at 24°C, for CO; and other gases the feed
pressure was 100 and 200 psi respectively.
F1 GPU =1 x 10°% cm?(STP) /cm®. sec. cmHg.,

35



1 GU=1x 10-" cm (STP) /cm . sec. cnHg. 35 8 August, 2Q0 17 6
Conparative Exanple 1 and Exanples In order to renpve the ' n
effects of C02 during and subsequently after the permeance neasurenents,
chem cal cross-linking nodification_of75-the nodules was carried out 5 days
after the C02 pernmeance tests. Module 1 is used as the reference and
nodules 2, 3, 4 and 5 were imersed in a 5W(wt/v) p- xyl enedi am ne

met hanol 5ol iy {3 fb Srxanp B aNchri dmgRSpeptvel y, ATR FTIR -
nmeasurenents were carrired out utilizing a Perkin Iggr ETIR segctroneter
and caref ul | I |QfidEheed FANI G Bh DRSS B Graat PR HBhEe G EoftharPson of FTTR

spectra of thfyOHPrad@yaissafuditd My e dugle | peatieddedol | ow fibers before
and after the cross-linkin mpdi fication .T%e char%f%eﬂé¥d<: peaks of

ami de group ™M2StEER 3'g§§?ﬁﬁ€ r FEOSEFELRIIOE BB e Ihicte  gr oup)
aﬂd 15g% cm kHSWARINd S viid edadrinfd G i dahyes aftiele ghoup), appear after
the nodification as shgwn .in i,gur.es. 2b to,2e, Wth e r of
cheni cal m)cﬁE’frir‘h";"zftq‘:(5"3nq:em:é5 i ﬁ%é:ﬁ’% iTed SHMS% Fhar %t%%?%’f?%ggpa:rg s of -

i mi de group alodll®% O B,( as\WMEts merst Hatelrsesf Q@ i 5% t bet /vl de- gr oup)
1713 cm' (s tri stretc f G Q i:n.t 47 oup Ocm1l 25
(stretch of é%nﬁecﬁﬁé“linrﬁ éerlélr% UO% %ﬁ‘&tég%e fvz\%r?ﬁ)?rf Lil)rm?er%s%eslsn t he

i mersion ti medn Heegpegiismdiena show that the reactions between -

p-xerQ%pianine and i mde
" ATR-FTIR measurements were carriéd out utilizing a
Perkin Elmer FTIR spectrometer and carefully flattened
hollow fibres. Figure 2 shows a comparison of FTIR -
spectra of the outer layers of polyimide dual-layer
15  hollow fibers before and after the cross-linking

modification. The characteristic peaks of amide group
at 1660 cm™ (asymmetric stretch of C=0 in the amide
group) and 1539 cm! (symmetric stretch of C=0 in the
amide group) appear after the modification as shown in

20 Figures 2b to 2e. With the progress of chemical
modification, the intensities of the characteristic
peaks of imide group at 1786 cm™' (asymmetric stretch
of C=0 in the imide group), 1713 cm* (symmetric
stretch of C=0 in the imide group) and 1350 cm™

25 (stretch of C=N in the imide group) decrease with an
increase in the immersion time. These phenomena show
that the reactions between p~xylenediamine and imide
groups produce amide groups and form the chemical
cross-linking.

30

Figure 3 shows a comparison of the polyethersulfone
inner-layer’s FTIR spectra of the unmodified and
modified dual~layer hollow fibers after carefully
removing the polyimide outer layer. No apparent

35 changes in the chemical structure of the PES inner
layar can be detected in Figure 3b as compared with




groups produce am de groups and formthe chem cal cross-1jnking. Fi gure
3 shows a conparison of the pol yethersul fone inner-Iayer'glh¥¥g§5§ggﬁra of
the unnodified and nodified dual-layer hollow fibers after carefully
renoving the pclyimnmde outer |ayer._Npgapparent 35 changes in the chemi ca
structure of the PES inner |ayer can be detected in Figure 3b as conpared

with 8 August, 2006 - 18 3a. it clearly indicates the inert property of

the PES inngp | gyerqka.h gg_fz%%%% R 01 111:'0};“6?9 tHP g4 cati on.

The nodified sanple I'S ob ain mer si ng fibers in a 5%
Ww/v p 5 xyl dnadirafniye indch &l P§@|R§>tsle(§h Gf‘-"@i'ﬂlP@ hcrl‘;kﬁﬁé\;éf e cheni cal

modi 1 0at | OngbRdusescaoa! fiheatoshanaesap1el 1y eheslioaly gy ucture of the

pol yi m de outer | um_nat ed nggrlson of Figures 2a to 2e.
The  inert p#@ﬁéﬁﬁ?ngfthﬁehpééownﬁéPeFéyéPs gPve¥td¥sBrance 10 that there

i's no skgni fkgae}lea%m&ﬁ@r me%hfa%tl @Blhmonch@m 08 her eSrelvielki Rgie
nodi fi cati on. on the_ substrate e case .of

mechani cal 6P8BéF?}e@°dﬂﬁécéF6§§ FPHHEHSdﬁéﬁnggﬁanﬁoF 6R9FSoéfs  obt ai ned
by an imrersth8 tReRib¥AWstvuptyykebgdihni pelysmidehantkrsdbayeron for 16 h

L 1ot bl MLl e TIER LGSR, BLRALga) BUCkoCERY dicene! nPDA
properties ointéhe prbpeefereficehsvfiBEeinndrelagerki gkvaeg asdukiedenodul es,
10 that there is no significant adversary effect of the
" chemical cross-linking modification on the substrate
layer. For example, in the case of mechanical
properties, the cross-linked dual-layer hollow fibers
obtained by an immersion in a 5% wt/v p-xylenediamine
15 methanol solution for 16 h remain flexible, while a lh
immersion makes single layer 6FDA-durene/mPDRA (50:50)

hollow fibers fragile.

Table 2 tabulates the gas separation properties of the
20 reference module and cross-linking modified modules,
which are referred to as module la, 2¢, 3¢, 4c and 5c¢
correspondingly. Since the dual layer membranes were
fabricated using the phase inversion technique, the
precipitation process is a non-equilibrium stage.
25 Similar to single layer asymmetric hollow fiber
membranes [W. J. Koros, G. K. Fleming, Membrane-based
gas separation, J. Membr. Sci., 83 (18993) 1; S. A.
Stern, Polymers for the gas separation: the next
decade, J. Membr. Sci., 924 (1994) 1; T. S. Chung, S.
30 K. Teoh, The ageing phenomencn of polyethersulfone
hollow fiber membranes for gas separation and their
characteristics, J. Membr. Sci., 152 (1999)] 175], the
permeance of the as-spun dual layer membranes drops
steeply during the 40 days following fabrication and
35 levels off thereafter. This ageing phenomencon is a
typical nature of glass polymers, which have the
tendency to relax and densify toward an equilibrium




which are referred to as nodule la, 2c, 3c, 4c and 5c corre onqi LY.
Since the dual |ayer nenbranes were fabricated using the §#§&§5Lﬁ&§9éion
technique, the precipitation process is a non-equilibriumstage. 25
Simlar to single |ayer asymmetric holbow fiber nenbranes [W J. Koros, G
K. Fl em ng, Menbrane-based gas separation, J. Menbr. Sci., 83 (1993) 1; S
A. Stern, Polynmers for the gas separation: the next decade, J. Menbr.

Sc: : g4 (1?%49511:36 h%édéf?tﬁgr&ca‘inlb@ ﬂ@du]]@sh thHlefze@@immhen@mEon of
pol yet hersul fone hal.l.ow fi ber nenbranes for .gas separatlon t heir

char act eri st t&&eLpt Spg&e 2 Wﬂﬁ?(ﬁé%ﬁﬂ :%% %%%ﬁ%e of the
as-spun dual fb&y@rasmrﬁarrmmtdr cmﬁ:s staeep;lrrpad:lirsdtg dmeratﬁn@lay]s ddi | owi ng

fabrication and 35 | vels aof f . er fter Thi s a ein openon is a
typi cal nat ufe *BF§RESEs 35 EF RIS QFénéﬁ%??’ o rel ax and

den5|fy5tomaudmaﬂléquﬁlmhﬁm&mn&f&wgus@yeﬁO@&ys—ofgagamnga(Sﬂdays
densi {1 cat! o0 SANGEs, LR COECo¥PLURE 2PCer! BLERSLELLAheSRACENARRA0

pol ymeric chalns avall a conpari son of Tabl es
| and 2 indaondtéwa dagﬁlEnﬁanmopgr&EHMQagdmoﬁlﬁoﬁamm@na .unnodi fi ed nodul e

after seven days of ageing (5 days to renove the CO effects after

per meance neasurenents and two days for cross-linking nodification). Table
2 10 Gas separation properties of thBakk@etence and cross- |inked

p0|y'”1§e PQES Narsat 4 006n Qb pd AYEEs Not 1oNE fd FEfeMBYULRS - Bross-

linked polyimide-polyethersulfene dual-layer hollow-
fibre modules.®

Module | Immersion Permeance Separation Facior
15 No. time (GPU)®

| (min) Co, 0, | 0,/N; | CO/N, | CO,/CH,

la 0 70.4 [ 12.9 | 3.6 25 40

2¢ 0.5 59.2 | 8.86 | 3.5 30 55

3¢ 1 57.8 | 7.60 3.0 24 46

4c 3 32.7 3.73 3.4 40 B4

20 S5c 5 28,3 | 3.01 3.8 41 101

* measured at 23°C, the feed pressure of 0, and N, was

200 psi and of CO, was 100 psi.
® 1 GPU = 1 x 10 em®(STP)/cm’. sec.cmHg.

25 A comparison of the cross-linked modules 2c, 3¢, 4c
and 5S¢ with the reference module la listed in Table 2
clearly shows that cross-~linking modification of dual-
layer hollow fibers leads to a decrease in gas
permeation rate and an increase in gas separation

30 factor, especially for CQ,/CH, In addition, a longer
immersion results in a lowWer gas permeation rate.

Figures 4 and 5 display the gas permeation rates of
relatively un-condensable gas, N;, and relatjvely




Modul e | mrer si on Perneance Separation Factor 15 No. tine ééié&%é@éﬂ%ﬁ% C02
02 02/ N2 CQR/ N2 CO2/CH4 la O 70.4 12.9 3.6 25 40 2c 015 : . —> 30
ss 3c 157.8 7.60 3.0 24 46 4c 3 32.7 3.73 3.4 40 84 20 5C 5- 28.3 3.01
3.8 41 101 neasured at 230C, the feeggpressure OF 02 and N2 Was 200 psi
and of CO02 was 100 psi. I I GPU =1 x 10" cm (STP) /CM2. sec.cnHg. 25 A
conpari son of the cross-linked nodules 2c, 3c, 4c and 5¢c with the
reference nodiyridmsdyisd @hd,n Ctab! Aedsuekaablyrs bops esbatrec raasgrd i nki ng
nodi fication of dual - I%%ﬁi hal | Qw 'QErs | eads to a decrease in gas

&P it £ide gg#a

perneati on r HE™ s Separation 30 factor, especially
for CO2/CH4. In addition, a longer imersion results in a | ower gas

per et 100 1 8o ELAUESR £ A LSl e i, TR byl 0
condenssgbl e gdast@@itenebyurtde absorptices st &,r ahbe ekpomiBOnLtels500 psi at
23 'C. Since _pql yi.m del PES.dual.- ery hold;Qu fd Ries gt be 5 ,
pl asticized 5fsph§°a%§8§b ﬁ%n%gﬁh%%.4tﬁ§dg§%§F€§éntal rg%ults shown in

Fi gure 4 i ndpeameankat offhéhi2 dupdrdeaede hofl Lowe fdbales spsrasfiasow fi-bres

decr eases V"!wtitﬁha%ni DGLERS8e Ant Rpef eRAPLESIY B . THHS s rel ationship is .
consistent with the parti al

relationship is consistent with the partially

10 immobilized dual-sorption model because the Langmuir.
'sites are rapidly saturated and also have a much less .
contribution to the overall diffusivity. In contrast, .
Figure 5 illustrates that the CO, permeance of the
dual-layer hollow fibers shows an upward relationship

15 with increasing feed pressure in the whole pressure
range from 50 to 500 psi. This phenomenon arises from
the fact that plasticization induced by the absorption
of condensable CO, results in increased free volume
and polymer chain mobility. The upward inflection in

20 gas permeability when the feed pressure is higher than
the plasticization pressure has been extensively
investigated on thick polymeric dense films. However,
the degree of CO, plasticization on thick dense films
and dual layer fibers are different. Figure 5 depicts

25 that the CO, permeance of the unmodified dual-layer
hollow fibers, module la, increases with increasing
pressure in the whole measurement range starting from
50 psi, and by about 4.1 times when the feed pressure
reaches 500 psi. Under the similar situation, the

30 increase is by about 2 times for a 20 mm polyimide
dense film of similar structure {M. J. Thundyil, Y. H.
Jois, W. J. Koros, Effect of permeate pressure on the
mixed gas permeation of carbon dioxide and methane in
a glassy polyimides, J. Membr. Sci., 152 (1999) 29].

35 The higher permeance increase is due to the fact that
the plasticization initiates at a lower feed pressure
for the dual-layer hollow fibers, indicating the thin




10 i mmmobi |l i zed dual -sorption nodel because the Langnuir setfs arezbagldly
saturated and al so have a nuch less contribution to the o

diffusivity. In contrast, Figure 5 illustrates that the C02 perneance of

the dual-layer hollow fibers shows. ay upward relationship is with
I ncreasing feed pressure in the whole pressure range from50 to 500 psi.
Thi s phenonenon arises from the fact that plasticization induced by the

absorption j,@gg e iR neasRee-d I g, and
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degree O CDE pl astici zation on t E ﬁnse fI|%B dual | ayer fibers
are dlfferengroﬁpgﬁﬁe Y. gdprepg. 2 £RECBP2 Y 830t unnodi fi ed

dual -l ager bekkew be@é&boﬁodmbmlﬂa, cbﬁdﬁea&ﬁin\gl bh her easi ng pressure
I n the whole neasu enen e St nd by about 4.1
ti mes when tHBIPER lﬁ?eé?b OFeS?héQEgﬁ eruﬁggmeﬁé *Simlar situation,
the 30 inCremsmthnby,abouﬂeﬂbrLn361tpr5a 2m99ﬁnpm03]nwueredEhsq film of
ermeat e pr cSSEPECON FHS PAFREHCU3E boP 8k FoRObE EAYBbn 7 BREE ond
met hane in loblassfipetyi s desavier Melndn . tisst . Qf1521¢5999¥ ggft 35 The
" e yiET Ragics BEIfgterks GUELLP blEstfelofhpin 10 lonkLeriel on
i ndi cati ng tmmdlﬂwnfBbﬁnirBEQbaQbﬂGre“UQHEd from the fact that the -
thin dense selective layer of hollow fibers consists
of loose packed nodules. Thus, they can be swelled
easily with the CO, absorption.
15
Figure 5 shows that the proposed chemical cross-
linking modification is efficient to suppress the
plasticisation of the dual-layer hollow fibers induced
by €0O,. The cross-linked dual-layer hollow fibers,
20 modules 2¢, 3¢, 4c, and Sc, obviously have lower
permeance increases with an increase in the feed
pressure when compared with unmodified module la. In
addition, a higher degree of cross-linking resulting
from a longer time immersion leads to a lower
25 plasticization tendency. The improvements in anti-
plasticisation properties is mainly attributed to the
fact that the proposed cross-linking modification
tightens and strengthens the polyimide nodules, thus
reduces the CO, sorption and hinders the nodules from
30 swelling. As a result, the integrity of the outer thin
dense selective layer and its effective thickness are
less susceptible to CO, sorption after the chemical
modification.

35



asymmetric polyimde outer layer is nore subject to plastigizatio n a
thick dense film A simlar phenonmenon has been observed §§éﬂ53§%2ﬁgﬂgs
research group (S. M Jordan, M A Henson, W J. Koros, The 5 effect of
carbon di oxi de conditioning on the -pé&2reati on behavi or of hollow fiber
asymmetric nenbranes, J. Menbr, Sci., 54 (1990) 103] where they reported
the plasticisation of single-layer asymmetric hollow fibers is .heavier
than that of thatksand flat 10 dense films. The easier plasticization for
asymmetric hollow fibers probably resulted fromthe fact that the thin
dense sel ective layer of hollow fibers consists of |oose packed nodul es.
Thus, they cah. be Bmprbedsseésrlqhﬂmihalhﬁ godigpénapei dnalibafegure 5

shows that the pro& Fgwcgfg}galo§é9§§n Fglfgbggdbghgggggg Ls efficient

to suppress the i ci saf | oh fibers induced by
002. Thédcross- ||nf<3edsb|uhaywy@¢n%$tmf%@¢@ iablyoahl espoéyingédesc, and

5c, obviously haV%ﬁ@V@rs e P6h r'@&t’i@fé@fn Qséﬁtiﬂﬂ?aéf &n the feed
pressure when conpared unnodi fi ed nodul e_ T a- i on, a higher

degree of cross- Ilﬁm;Y@FFe%QRQWr&F Fylors ant bakky raEfechRd PBnthRads to a

l'ower 25 plastiCi Zefid@i4 BNREACY: cathon MEF @é@ntxﬁhiéh qaﬁd;ce@é asticisation
properties is mainl

y attributed to the -Ef at Ihe sed
cross-|inki ng nodi$9RRAITE OYHREIDGAMRP I@%%Pd% nodul es,
thus neduces the gD yH@igd) on and hinders the nodules from30 swelling. As
aresult, the integrity of the outer thin

2. A process as claimed in claim 1 wherein the
polyimide forms the outer-layer of the dual-layer
hollow fibre and the polymer which is

15 substantially unaffected by the chemical
modification process forms the inner-layer of the

dual-layer hollow fibre.

3. A process as claimed in any preceding claim
20 wherein the polyamine contacts only one side of

the polyimide layer.

4. A process as claimed in any preceding c<laim
wherein the polyimide layer is contacted with the
25 polyamine at a temperature in the range of from
5°C to 50°C.

5. A process as claimed in any preceding c¢laim
wherein the polyimide layer is contacted with the
30 polyamine at a temperature in the range of from
15°C to 30°C.

6. A process as claimed in any preceding claim
wherein the polyamine is in the form of a
35 solution in a suitable solvent when it is
contacted with the polyimide layer.



dense selective layer and its effective thickness are Ies SUsc p&bBEe to
C02 sorption after the chemcal nodification. 35 8 August
Claims 1. A process for chemcally nodifying a dual -l ayer hO||OM/fIbre,
wherein said fibre conmprises a 5 fi+s23l-ayer consisting essentially of a
polyim de and a second |ayer consisting essentially of a polynmer which is
substantially unaffected by the chem cal nodification process, which
process conpti se’ pontasti ag sahdmpdlyhnbdeihaﬁewhwtehnatheao polyanine.

2 B Process a5 cLaLRiLR Lok JoUASAED Wiky BAbYSIB koL ATe
substantial ly unatfértaet Bythhéh@hQﬁiyamlnﬁnépﬁhtaDn@n process forns t he

i nner-1layer of the dual-layer hollow fibre. 3. A process as clained in any
precedi ng claim?20 wherein the Eolyanlne contacts only one side of the
pol yi ni¥le | afer. B .propeseess asathednbd fRyaRyeprdéadi A§aéMai m wherein

the polyi mde |ay, &%’ie%élﬁonéﬁlcﬁﬁ@ %&hofh€h92§r885¥§m PRealualtenperature in
the range of from process as clalimed in any precedlng

claim wherein th%axﬁﬁym?ﬁ%ﬁﬁlgﬁkﬁel%Sc%ﬁ%%@téﬁ ?i fampaEature” in
the range of from 5°C to 80°C.

10 9. A process as c¢laimed in any preceding claim
wherein, at the end of the process, the dual-
layer hollow fibre is dried at a temperature in
the range of from 15°C to 40Q°C.

15 10. A process as claimed in any preceding claim
wherein the polyimide layer is an aromatic
polyimide membrane,

11. A process as claimed in any preceding claim
20 wherein the polyimide layer consists essentially
of the following structural units:

0 @)
i
T -
_('N\C/ A N N
il “
o] O

where each of the n Ar, groups is a quadrivalent
25 aromatic moiety independently selected from the
group consisting of:



30 polyam ne at a tenperature in the range of from 150C t 00C.. 6.
process as clained in any preceding claim wherein the pol 22000 e
formof a 35 solution in a suitable solvent when it is contacted with the
pol yi m de |ayer. 8 August, 2006 - 23247- A process as clainmed in claim®6
wherein the polyimde |layer is washed with the solvent after contact with
the polyam ne solution. 5 8 A process as clained in any preceding claim

wherein, at the end of the pr , t uat=l ayer hollow fibre is dried
at a tenperature in the rang frJEEEEC§EEKBOOC. 10 9. A process as
claimed in any preceding claim erein, at the end of the process, the
dual - layer hollow fibre is dried at a tenperature in the range of from

15" Cto 40'C 15 10. A proces /tlainégzgziﬁﬁ precedi ng claim wherein
the polyimde |ayer is an aroﬁ;iﬁg——poly e’ﬁgnbrane. 11. A process as
claimed in any preceding claim20 wherein the polyimde | ayer consists

essentially of the follomﬁnqh ur al iLts: 00 11 11 NN Ar2 CC
11 11 —jﬁ f’ j:s

s N

c Q

A

and where each of the n Ar, groups is a bivalent
aromatic moiety independently selected from the
group consisting of:

X A X
1L
1 L Xa X, X

Ry =
LN

oG
5 £ P

where Z is selected from the group consisting of:




0O 0 where each of the n Ar, groups is a quadrivalent 25 arﬁgztic g&%g%y

I ndependently selected fromthe group consisting of: 8 Au L S

N z and where each of the n Ar2 groups is a bivalent aronmatic noiety

i ndependently selected fromthe greugscensisting of: - x x - X, X11( r, L
X2 X2 X3 Z where Z is selected fromthe group consisting of: 8 August,

2006 25 CF3 0 .S CR3 OCH3 111 _S -G -CH11 152 0~ M
_0-01'"~)Lo and where X, X1, X2 gpd X3 gre each independently selected from

hydrogen, d -, alkyl, d -, al koxy} T
“?-‘H L] _C_. —O—— E] _S_ 2
CFy
o . CHy
il I
v-,—-ﬁ e | m?""_ , —'CHz_""" »
0 CHj

—_— xx
O
=

and where X, X;, X, and X; are each independently
selected from hydrogen, C, salkyl, C,salkoxy,
phenyl or phenoxy.

A process as claimed in claim 11 where n is a
number sufficient that said polymer has an
inherent viscosity of at least 0.3 dL/g as
measured at 25°C on a 0.5% by weight solution in

N-methylpyrrolidinone.

A process as claimed in any preceding claim
wherein the polyamine is an aliphatic-aromatic

polyamine.

A process as claimed in any preéeceding claim
wherein the polyamine is an aliphatic-aromatic

diamine.

A process as claimed in any preceding claim
wherein the polyamine is an aliphatic-aromatic
diamine having the general structure:




phenyl or phenoxy. 5 12. A process as clained in claim11l ere n

nunber sufficient that said polynmer has an i nherent viscog£é¥38£5éﬁxﬁ%ast
0.3 dL/g as neasured at 25" C on a 0.5% by wei ght solution in 10

N- et hyl pyrrolidinone. 13. A process. @g clained in any preceding claim
wherein the polyamne is an aliphatic-aromatic polyamne. 15 14. A process
as clainmed in any preceding claim wherein the polyamne is an

al i phatic-aromatic dian ne. a%ﬁ¥tH2a¥ﬁﬂ§ﬂ$§hﬁﬁﬂg|ai”9d i n any preceding
claim wherein the polyamne is an aliphatic-aromatic diam ne having the
general structure: 8 August, 2006 -.26 f'2N (CH2) ~-Ar2- (CH2) bNH2 where
Ar|2 R szdefi nﬁd dtliéleﬁéaﬁsfq %@ a@guef%ﬁdiainaadabmau.e laa_abeijaﬁapendently

sel ecte romthe range 1 t . : rocess _as clai i p.any
precedi ng cl ai m WHﬁ?ePn§¥%e¢iéby%ﬁé?ﬁﬁ?%géﬁf%l? %??%Sa Bﬂ%tf%e di ani ne
havi ng tshe gener alrsigeicl t®:610 F~-NF-C C'F~ 1~1~ 17. A process as
clainmed in any preceding claim

16. A process as claimed in any preceding claim
wherein the polyamine is an aliphatic¢c-aromatic
diamine having the general structure:

N

HzNFbC—:Q/——CFbNFb

10

17. A process as ¢laimed in any preceding claim
1% wherein the polyamine is selected from
m-xylylenediamine or p-xylylenediamine.

18, A process as claimed in any preceding claim
wherein the polyamine is contacted with the

20 polyimide layer in the form of a solution having
a concentration of polyamine of from 2wt$ to

50wt% based on the total weight of the solution.

19. A process as claimed in any preceding claim

25 wherein the polyamine is contacted with the
polyimide layer in the form of a solution having

a concentration of polyamine of from 2wt% to
20wt% based on the total weight of the solution.

30 20, A process as claimed in any preceding claim
wherein the polyamine is contacted with the
polyimide layer in the form of a solution having
a concentration of polyamine of from 5wt$ to
10wt% based on the total weight of the solution.




15 wherein the polyamne is selected from mxylyl enediarnine or
p- xyl yi enedi am ne. 18, A process as clained in any precedi £n200Bcr ei n
the polyamne is contacted with the 20 polyimde layer in the formof a
solution having a concentration of polyam ne of from2wt%to 50w % based

on t'he total weight of the solution. “14./ A process as clained in any
preceding claim 25 wherein the polyanmne is contacted with the polyimde

| ayer in the formof a solution having a_concentratjon of polyam ne of
from2wt%to 2but %8 baBeBient inaredt biedetiynl ~boYeReneblari 64PT80 20, A
process as clai ned dutamedr eqefli AP £ddess yHeEehiméHeiROLNITLAE bE

contacted with the olyinmide layer in the formof a solution having a
concentration of pCﬁ:M%Gl HOf¢bm 5wt % to | Om % based on the total weight

of the solution. 8 August, 2006 27 21. A chemically nodified dual-1ayer
y one_of m | to

20. 5 227 A pPgcesds oA HERA AE Tnal e 19 I nf5PRE of tvio
or nore gases, Wwhi ahixinoeess twonpd sexebigargs)g whiptegasesesl m xture of
claimor 10 20, ACrGEass, Brnaii, o E s n SH LB o T i xt ures
for separation aregselesctiadof comtact with a dual-layer hollow fibre

as claimed in claim 21.

10
23. A process as claimed in claim 22 wherein the gas

mixtures for separation are selected from

mixtures of He and N;, H, and N,, 0, and N,, CO;

and CH,, CO, and H,S and CH,, and CQ, and H,S and

15 CH, and C,-C, hydrocarbons,

24. A process as claimed in claim 22 wherein the gas
mixtures for separation are selected from
mixtures of CO; and CH,, and CO; and H,S and CH,.

20

25. A process for chemically modifying a polyimide
membrane, which process comprises contacting said
membrane with an alcoholic solution of an
aliphatic~aromatic polyamine,

25
26. A process as claimed in claim 25 wherein the

alcoholic solution of an aliphatic-aromatic
polyamine is a methanolic solution of an
aliphatic-aromatic polyamine.
30

27. A process as claimed in claim 25 or claim 26
wherein the membrane is contacted with the
solution at a temperature in the range of from
5°C to 50°C.

35
28. A process as claimed in any one of claims 25 to

27 wherein the membrane is contacted with the



m xtures of He and N2, H2 and N21 0. and N21 COZ and CH4,
CH4, and C02 and H2S and 15 CH4 and C2_C4 hydrocar bons. 248
claimed in claim?22 wherein the gas mxtures for separation are sel ected
from mxtures of C02 and CH,, and (Ozgand H2S and CH,. 20 25. A process
for chemcally nodifying a polyimde nenbrane, which process conprises
contacting said nenbrane with an al coholic solution of an

al i phatic-aromat i GAQYIHYH NB: 2T AfbeANIALESS Bfe GadBbE NFpbAl M 25
wherein the alcoholic solution of "an aliphatic-aromatic polyanmneis a
net hanol i ¢ sol uti é® &f £8n30afi-phati c- aromatic pol yam ne. 30 27. A process
as claimed in claim25 or claim?26 wherein the nenbrane is contacted with
the solution at a tenperature in the range of fro 50C to 506C. 35 28. A
process as cK&i-med PROSHFSoRE &1%%%%%fi¥o ongy Qfh &S e’ ietror ane i s
cont act?dfw th tlgg88wﬁgz:6%h gwglenﬂor%&e G wfais@!édatvifi:'ﬁ a/mer at ur]tce [ In t he
range o rom to : . A.pracess as.clained,in,any one of clains
2500 %5 26 wher SARCOREIENSPHIENE A AtogoNer G Nath EHE

solution,

Q02 and_H g and
S

30. A process as claimed in any one of claims 25 to
10 29 wherein, after contact with the solution or
after being washed with the alcoholic solvent,
the membrane is dried at a temperature in the
range of from 5°C to 80°C.

13 31, A process as claimed in claim 30 wherein the
membrane is dried at a temperature in the range
of from 15°C to 40°C.

32, A process as claimed in any one of claims 25 to
20 31 wherein the polyimide membrane is an arocmatic
polyimide membrane.

33. A process as claimed in any one of claims 25 to
32 wherein the polyimide membrane consists
25 éessentially of the following structural units:

o O
.
P e S
—(-N.\ /Af1 \c N=ARy—
I I
O O

where each of the n Ar, groups is a quadrivalent
aromatic moiety independently selected from the

30 group consisting of:



al coholic solvent after contact with the solution, 30. A process 25
claimed in any one of clains 25 to 10 29 wherein, after c Sl he
solution or after being washed with the al coholic solvent, the nenbrane
is dried at a tenperature in the rangs of from56C to 800C. is 31. A
process as clainmed in claim30 wherein the nenbrane is dried at a
tenperature in the range of from15*C to 40'C. 32. A process as clainmed in
any one of claims 25 to 20 3 ei R A&he i mde nmenbrane is an
aromatic polyi m de nmenbrane. A pr clainmed in any one of clains
25 to 32 wherein the polyimdde nbrane consists 25 essentially of the
followng structural units: 0O CN C 11 11 0 O where each of the n Arl
groups is a quadrivalent aro ',/nDie[j§' endently selected fromthe
30 group consisting of: 8 Augggtt;bGOG (NW~ 79 and where each
of the Ar2 groups is a bivalent ‘

and where each of the Ar, groups is a bivalent
aromatic moiety independently selected from the
group consisting of:

X X X4
x2 Xz x.’.!

._'..\Zl\_
N -

where Z is selected from the group consisting of:



aromatic noi ety independently selected fromthe group comﬂ tin o éix X
X1 X' X2 X3 X2 X3 Z where Zis selected fromthe group ' f. 8
August, 2006 - 30 CF3 0 111 Cc C' -o-, _ S OCR3OCH3 111 -sS _C_
-CH2_If 11 0 CH3 -0 and where X~ Xb, -X2 and X3 are each independently
sel ected from hydrogen, Cl-5alkyl, C, -,al koxy, 5 phenyl. or phenoxy. 34. A
process as clainmed in claim33 where nis a nunber sufficient that said
pol ymer has an inherent viscosity of at least 0.3 dL/g as 10 neasured at
25*C on a 0.5% by weight solution in N-.nethylpyrrolidinone 35. A process
as clained in any one of clains$f5 to @4 wherein the aliphatic-aromatic

pol yamne is an 15 ali phati c—aft.ooat i__cgg_i__am ne,__ G,
CF3
O - CHy
1l I
—_—s — > —C— —CHy™ ,
It I ?
o CHj

and where X, ¥,, X, and X; are each independently
selected fyom hydrogen, C,salkyl, C, ;alkoxy,
5 phenyl or phenoxy.

34. A process as claimed in claim 33 where n is a
number sufficient that said polymer has an
inherent viscosity of at least 0.3 dL/g as

10 measured at 25°C on a 0.5% by weight sclution in
N-methylpyrrolidinone

35. B process as claimed in any one of claims 25 to
34 wherein the aliphatic-aromatic polyamine is an
15 aliphatic-aromatic diamine.

36. A process as ¢laimed in any one of claims 25 to
35 wherein the aliphatic-aromatic polyamine is an
aliphatic-aromatic diamine having the general

20 structure:

HoN (CH,) ,=Ar,~ {CH, ) NH,




36, A process as clained in any one of clains 25 to 35 whejein the

al i phatic-aromatic polyamne is an aliphatic-aromatic diaﬁigggmﬁ%gggghe

general 20 structure: HzN (CH,) -Ar,- (CH ) t~NH2 8 August, 2006 31 where

Ar,is as defined above and a and b argl each independently selected from

the range 1 to 6. 5 37. A process as clainmed in any one of clainms 25 to

36 wherein the aliphatic-aromatic polyamne is an aliphatic-aromatic

di am ne h?virg t heyrganerzt, ia;agc&ufﬂ%eE~%Ecﬁé 384 A preacksaras clainmed in

any one of clainms 25 to._ 37 rein t aljphatic-aromatic polyamne is

sel ect ed from|n>qﬂ%ﬂQHﬁﬂ§%ﬁﬁ9é; nyrﬁé%ﬁiﬁége%ﬁ%miﬁg? E%"%%.HAEBchess as

clainmed in any ong.,of clainms 25 to 38 wherein the aliphatic-aromatic

polyamine is present in the solution in a concentration of . from2w %to

50wt % based on the total weight of 20 the solution. 40. A process as

clainedS n aBy .on@& girodemarmLcitanme’D whemgr rondeo fal ¢lhies c2@roomt i ¢

polyamne is pre I.n.t.he fql s ' 8 i1 af i f 25.fram 2w %to

Dout %6 based on't ha o ST GRE o R SRR B Parking s AT
aliphatic-aromatic diamine having the general ‘ ‘

N

structure:

HNHC= —~CHNH,
A
10
38. A process as claimed in any one of claims 25 to
37 wherein the aliphatic-aromatic polyamine is
selected from m-xylylenediamine or
p-xylylenediamine.
15
39. A process as claimed in any one of claims 25 to
38 wherein the aliphatic-aromatic polyamine is
present in the solution in a concentration of
from 2wt% to 50wt% based on the total weight of
20 the solution.

40, A process as claimed in any one of claims 25 to
39 wherein the aliphatic-aromatic polyamine is
present in the solution in a concentration of
25 from 2wt% to 20wt% based on the total weight of

the solution.

41. A process as claimed in any one of claims 25 to

40 wherein the aliphatic-aromatic polyamine is

30 present in the solution in a concentration of
from 5wt% to 10wt% based on the total weight of

the solution.



41. A process as clainmed in any one of clains 25 to 40 mheégln the2006
al i phatic-aromatic polyamne is 30 present in the solutio

concentration of from5w%to | Om % based on the total weight of the
solution. 8 August, 2006 - 32 42.TA3@r6Cess as claimed in any one of
claims 25 to 41 where the polyimde nmenbrane is in the formof a hollow
fibre. 5 43. process as clainmed in any one of clai_ns 25 to_ 41 where the

pol yi ni de nen%?aneﬁ|Br?ﬁ%5§u?§r01P&98¢ it anuuane|a§ep ROMPoR~f.thr e, the

inner- |ayer of sajd x@lilaléifel @u@rpbpyi@ﬁdénbéﬁbeaﬁar ising tﬁep(ﬁby'ﬂiebf\l\hl chis
substantial ly unaff gﬂ 0 the chem-cal nodification process. 44. A -
process as clalrredaqt?iO Y% oh&”BF - claims 25 to 41 where the polyinide
menbrane is the i nner - Iayer of a dual-layer hol I ow fi bre, the“outer 15

et antd a1y dmah RS A iELbRG ORI e BrOoLTBR 28 8
41 "where the polyimide membrane is the outer—‘m,a‘ ST
‘layer of a dual- layer hollow fibre, the inner-
layer of said dual- layer hollow fibre comprising
a polymer which is substantially unaffected by
10 the chemical modification process.

44. A process as ¢laimed in any one of claims 25 to
41 where the polyimide membrane is the inner-
layer of a dual-layer hollow fibre, the outer-
15 layer of said dual-layer hollow fibre comprising
a polymer which is substantially unaffected by
the chemical modification process.

20



