WO 03/ 040444 PCT/ GB02/ 05065 Manufacture of Polyim de Holl ow Fi bres The
present invention relates to a process for the manufacture of high

per f or marwe opokogit4ri de hollow 5 fibres. Specifically, the PoraRoROsI6ENabl es
sinple manufacture of high perfornmance polyimde gas separation nmenbranes
using environnentally friendly solvents for the preparation of the dope
solutions, bore fluids and coagul ation solutions of hollow fibre 10
manuf acturing processes. Polyim des are knovvn to be useful for the

manuf acture of nmenbr MeEnuis 3 38 Eibreg ed pol yi m des
containing 2,2 -bis(3,4- dlcarboxyphenyl) 15 hexafluoropropane di anhydri de
(6FDA) as a nononer conponent have been identified as prom sing nenbrane
materials for T&Hﬁeiprdt‘ieg‘rt giasy qrerineabid liate sanah &qirenieisﬁi tfodughd o their
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properties wit%f 15 Q0 MAMRYE ¥ 00 IR e T AT Iased
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menbr anelsd f or mmmﬁ@mm@ase@l : Asyrmet ric hollow fibres are one of
the nost preferred nenbrane norphol ogi es for gas separation due to their
high ratio of nmenbrane surface area to volunme. The 35 ideal asymetric
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conpl exity of Hdia flaidmip @paTRe hBnirspENddr BrFs ofs H mlduy fibre
sSpi nni ng.

component have been identified as promising membrane
materials for their high gas permeability and
selectivity due to thelr rigid primary structures with
bulky CF; groups, which tend not only to inhibit
20 efficient packing of polymer chains but also reduce
local segmental mobility. For example, 6FDA-2,6-DAT
polyimide (poly(2,6-toluene-2,2’'-bis(3,4-
dicarboxyphenyl) hexafluoropropane diimide), was
reported to possess excellent intrinsic gas separation
25 properties with a selectivity of CO, over CH, around
45. 6FDA-based polyimides also exhibit many other
desirable properties such as spinnability, thermal and
chemical stability and mechanical strength. These
important properties make the commercial applications

30 of these membranes for gas separation practical.

Asymmetric hollow fibres are one of the most preferred
membrane morphologies for gas separation due to their
high ratio of membrane surface area to volume. The

35 ideal asymmetric hollow fibre membranes should consist

of a defect-free ultra-thin skin layer supported by a



In terms of preparing asymmetric hollow fibre nenbranes, it is inportant
to choose an appropriate spinning system and proper spinning conditions.
10 Usual I'wp oBle4spi nni ng systemis a ternary systemw th PomgGRIQIOyIEEr, oOne
sol vent and one non-sol vent. However, a binary (one polynmer and one
solvent) system has proved workable for the preparation of hollow fibres.
Thus, the addition of a non-solvent into spinning 15 dopes is not a

pre- condition to formultrathin skin | ayer hol |l ow fibre nmenbranes. US
Patent No 5, 6P2reR§ Eudstpycittuge Eegrcai BuduitPébr eke)l lr epehtg lthat hol | ow

fibre menbranes 535@1E5961%91§090kXb%bd§eﬁ895ﬁbB'Q £ FQAc%m 1DAL,Using a
1, 4- dloxane/g-geth | - rollldone( ope solven ave ressive
properties P ﬁﬁsfF§§t§ Eéﬁdﬁéﬂéddéﬂsflskbﬁl1256§deﬁatpetheance of 162

GPU (1 GPU = &mm@iéxﬁﬁﬁ 68 th)fbrﬁHglonSmeQHHngs% ah@r pEB2LEEU , sher eas
exhi bi t per imgg of C02_and,a selectivity of 74 nlxed gas tests at 368
psi of 1b5 ﬁdsgl§8988t|V|ty of 59 for C02/CH4. However, the

spi nni ng systen1and condltlons reported in this patent are unsui t abl e for

scal e-up. Thi gni g0HE Ff épgﬁgghhﬁmﬁggm%gt%QCtﬁéli%éigg .2, 6DAT pol yi m de

does not dissolve wel e SoPVERf M xture h& and NVP. Thus,
it is not easyerBrprepar étalsulimyortisnbdl vedckobaei an. app2ppFhetbor e f1 uid

is made up of Ahxhyr svetemacshijc n ane. (3) The
el e SR LR et e S

externag 35 C@agﬁ£f
whi ch ha¥ to Be ﬁtth%dSHﬁPPh@gtﬁést%% é$|ﬁeﬁ?rnﬂéétﬁﬁséﬁmdwitha
corrosi ve sol veatpoifnte, ZOMED981Gﬁ?€4§?EC3¢&BQ8ﬁD§Q§5eAt4 ﬁbﬁéf@ﬁ is a
t oxi ¢ sol vent not sirabl e or fibre spinning on a |arge scale
because of thesg@ﬁgrgpgo € RO fymer and one sofvent? systgm has g

proved workable for the preparation of hollow fibres.

Thus, the addition of a non-solvent into spinning

15 dopes is not a pre-condition to form ultrathin skin

layer hollow fibre membranes.

US Patent No 5,674,629 (to Institut Francais du
Petrole) reports that hollow fibre membranes spun from

20 a polyimide containing 6FDA-2,6-DAT using a 1,4-
dioxane/N-methyl-pyrollidone (NMP) dope solvent have
impressive properties. Pure gas tests conducted at 118
psi show a permeance of 162 GPU (1 GPU = 1x10-°
m® (STP) /cm®. s.cmHg) for CO, and a selectivity of 74

25 for CO,/CH,, whereas mixed gas tests at 368 psi
exhibit a permeance of 155 GPU for CO, and a
selectivity of 59 for CO,/CH,. However, the spinning
system and conditions reported in this patent are
unsuitable for scale-up. This is due to the following

30 facts: (1) 6FDA-2,6DAT polyimide does not dissolve
well in the solvent mixture 1,4-dioxane and NMP. Thus,
it is not easy to prepare a fully dissolved solution.
(2) The bore fluid is made up of a mixture of acetic
acid, water and 1,4-dioxane. (3) The external

35 coagulant comprises a 52 wt$% acetic acid aqueous
solution, which has to be maintained during the

experiment. Acetic acid is a corrosive solvent, while



51t is an object of the present invention to develop a process for the
manuf acture of polyimde hollow fibres which avoids the use of

i nconveniwotosamd4envi ronnmental |y unfriendly sol vents but waraBo2/sieat ai ns
good |l evels of performance in the resultant 10 fibres. Accordingly, the
present invention provides a process for the manufacture of a polyimde
hol | ow fibre conprising the steps of: 15 (i) providing a dope solution
conprising one or nore polyimdes dissolved in a solvent conprising

60- 100 wt % N- ket hgiiopgnel Ledeneoxandsoldennt YBethanok, npti Yepioubdieng a
bore fluid, 2@o¢i Ek n hhg astube h e L.O | d wth the
bore fluid (iv) b¥?ﬁ§i§8§?%393r8§u§tl§¥g%t58g??iF%QFnF% Bgo%béé with a
coagul ati on sBFYBRELE8Sforma hollow fibre. 25 It will be appreciated that
steps (i) and (ii) need not be perforned in any particular order and may

i ndeed bg per}grned sinHLta eogsgx. 30 In the context of the Eresent
speci fic3tion the>t 8P nP 9 Eabe®ti SPRoPL PRt edM VB E iBRs T B S8R EBPaR cross-
section but isrpoe¢esdédrtohénmbudEattbes wfthodpymiceorsisent Fopaksshape

i ncluding, fo . 150 e, ..rect | ar _or_hexagonal cross-section
%hféﬁngbgldg URLCysel §E 81141 & n?eng ap

However, a 35 circular cross-section is preferre a preferred
enbodi nent of SRherpresehalivivent roand3y Ve» D8e0194aut PETLEB02/ 05065 t he

solvent in stepiftdisd 6b§e§e991§5ofﬂB%%Eoﬁﬁ&ﬂ%%f!ﬁ°££Ed98§uggggg’4aﬁ$g96

et hanol, More_, preferably, the solvent In step conpri ses
N—nethy?%yrolf?ﬁﬁ%%'and 10-40 wt % et hanol. Even 5 nore preferably, the
solvent in step (i) conprises 70- 90 wt % N-net hyl pyrol i done and 10-30 wt %
et hanol . In_aAgéefgrreg quﬁginent of the present invention, the bore
fluid conprises-85-109 W % 1%r%%?ﬂglb?Y%$%?ﬂ%n%rﬁﬁﬂ BS18 RF9%6%Rfer. Mre
preferably, for the manufacture of a polyimide hollow fibre

comprising the steps of:

15 (i) providing a dope solution comprising one or
more polyimides dissclved in a solvent
comprising 60-100 wt% N-methyl-pyrollidone
and 0-40 wt% ethanol,

(1i) providing a bore fluid,

20 (iii)generating a tube of the dope solution
filled with the bore fluid,

(iv) bringing the product of step (iii) into
contact with a coagulation solvent to form a
hollow fibre.

25

It will be appreciated that steps (i) and (ii) need
not be performed in any particular order and may
indeed be performed simultaneously.

30 In the context of the present specification the term
“tube” is not limited to tubes of circular cross-
section but is intended to include tubes with any
cross-sectional shape including, for example, square,
rectangular or hexagonal cross-section. However, a

35 circular cross-section is preferred.

In a preferred embodiment of the present invention,



the bore fluid conprises 90-100 wt % N net hyl pyrol |l i done and 0-10 w %

wat er. Even nore preferably, the bore fluid conprises 90-99 w % N

nmet hyl pyrwblosderses and 1- 10 wt % wat er. Most preferably, 15pchaBiensoss| ui d
conprises 93-96 wt % N-net hyl pyrol lidone and 4-7 wt% water. In a preferred
enbodi mrent of the present invention, the coagulation solvent is water. 20
In a preferred enbodi nent of the present invention, the tube of the dope
solution filled with the bore fluid is generated by a spinneret. Such a

met hod of  spi nnj I Lores:iscomblikagwgoipsthesant and is 25
reported in %%%a%?gY%Q&Fgﬁgét?%n§%% ﬁlt%aihig hi E- erf ormance
pol yet her sultobey Hoyrohl ifere aRAbrahis™tsRER ng : @PF? J. Menbr. Sci. 133,

&%ng),h161.pg@§%rg@%ppdghé §§Dﬁ@?tseﬂ Feepimimﬁthmpeiseenéé—ﬁa Figurﬁ 1

I ch shows a schemat]c.di agramof a w, fibre ni ine. The

dope solutid%tBrN§%?F?Yﬁ8yHg%gl?3?e ?ggfgg ﬁétg£é gg?%ﬁg?étﬁ?%§ under the

control 50f amogeaprpfepabBy, viheasbitert (8) st@he (bor eompui-dcE2yOrs fed

nto the spigperel (6)-pngep,the1eaBheoknal 13-36cparatenauaR. (4). (nee the
afhd® Ui ip

spi nni ng dop bore neet at the tip of the spinneret (6) the
nascent fibre forned passes through an air gap (7) wherein sonme of the

solvent at thg QUbEL-EXLEATERbS1AbNENELSCHO P26REN4A4nRERLEBAZ] 05065 11 bre
is evaporated in order _to concentrate %h goe . solution in those regions.
The nascent EhBrBorRefiluéft EPEPE1E65gH é&p n gétﬁ—(8) wherein the pol ymer

preci pipat esybengeperateitbaesahtdohabl awsf water( 1Xpresphefeshorl v(11) may

be used to coptrol the. tenperature _of, thenC ulation bath (8). The solid
hol | ow fi brethel ?rﬁs%&Pé CSWPr6Fe§h§ch§8u%§§igﬁ bath (8) by the take-up

(10) and maymbehgipyectéddpocaawdt Or- 1Wasti3( 9ptesn Fean AMY-the coagul ation
bath (8). 10,33 L0301 CLEL g amadh B ilomli8 sertpersal i of- the

spinneret is d such"that it remains in the
methylpyrollidone and 1-10 wt% water. Most preferably,
15 the bore fluid comprises 93-96 wt% N-methylpyrollidone

and 4-7 wt% water.

In a preferred embodiment of the present invention,
the coagulation solvent is water.

20
In a preferred embodiment of the present invention,
the tube of the dope solution filled with the bore
fluid is generated by a spinneret. Such a method of
spinning hollow fibres is well known in the art and is

25 reported in detail in “Formation of ultrathin high-
performance polyethersulfone hollow fibre membranes”
Chung et. al., J.Membr.Sci. 133, (1997), 16l. The
method is summarised herein with reference to Figure 1
which shows a schematic diagram of a hollow fibre

30 spinning line. The dope solution or spinning dope (1)
is fed into a spinneret (6) under the control of a
gear pump (3) via a filter (5). The bore fluid (2) is
fed into the spinneret (6) under the control of a
separate pump (4). Once the spinning dope and bore

35 fluid meet at the tip of the spinneret (6) the nascent
fibre formed passes through an air gap (7) wherein
some of the solvent at the outer extremities of the



range of from 25C to 80C, nore preferably from60C to 75C. The process of
the present invention is particularly suitable for the synthesis of

pol yi m dewbaBloew4f i bres wherein the one or nore polyi m desTiGBonsesel ect ed
from pol yi m des having the structure shown in Formula 20 | below 25 0 O
1/ M A, /Q NAr2--- CCn Il 11 00 Fornula | wherein nis
sufficient to provide a viable polymer 30 for a hollow fibre menbrane
wherein each of the n Arl groups is a quadrival ent organic group ’

i ndependent | y;y, 5el £ct eda b5 oM LHe; AT QHBe£0D81 §6hBEnDFat35the bPB/ 040444 5
10 15 20 25 %b PCT/GBOZ? 5065 mhéreln 2§ﬁh of thgnn iﬁ g&eggspls a
bnt

di val ent or gadletignotp FREePehBShPR - selectBICFP €group consisting
of : wherein gnisra 4i vahgilaviganbetnr 08p skkeeirdtheopplyhergroup

consisting Oéfegfgigat%sl%o_généggtéoihéséokag o8y tlple-9127C - CH2-
5 A cooler (11) may be used to control the temperature
of the coagulation bath (8). The solid hollow fibre
(12) is drawn out of the coagulation bath (8) by the
take-up (10) and may be subjected to a water wash (9)

on leaving the coagulation bath (8).

10
In a preferred embodiment, the temperature of the
spinneret is controlled such that it remains in the
range of from 25°C to 80°C, more preferably from 60°C
to 75°C.

15

The process of the present invention is particularly

suitable for the synthesis of polyimide hollow fibres

wherein the one or more polyimides is/are selected

from polyimides having the structure shown in Formula
20 I below:

71
C C
SN /N
N AI’1 N—Ary
_%% N N i:
25 I I
0 0

Formula I

wherein n is sufficient to provide a viable polymer
30 for a hollow fibre membrane, wherein each of the n Ar
groups 1s a quadrivalent organic group independently

selected from the group consisting of:

35



0 CH3 -0 and X, X1, X2 and X3 are each independently selected fromthe
group consisting of: hydrogen, Cl 5al kyl, Cl1 5al koxy, phenyl or phenoxy
groups. 3WoMdmBo4ps ef erably the process may be applied to tha/Gmyostsesi s of
a polyimde hollow fibre wherein the polyimde is of the general fornula:
6 WO 03/040444 0 11 F3Q /CF3 O CH3 C1 \ NC_\ N 0 O 5 PCT/ GB02/ 05065
wherein n is sufficient to provide a viable polyner for a hollow fibre
menbrane. In a preferred enbodi nent of the present invention, n 10 is a
nunber sufficient to provide a polyner with an inherent viscosity of at

| east 0.3 dL/g as neasured_as 2 b by wekght ~sQl ution in N

nmet hyl pyrrol i done. 15 I prefer ent m@- ent invention
the one or nore pol yinidesS~is/a . t he ~dgpe~.£ol uti on provi ded
by step (i) in an anmount of from 15- 40 w% nore preferably in an anount
of from?20-30 w% R6In a préferredeanbodi pert o esent invention,
after generation inls i but bg brought| i nto contact with
a coagul ati on sol ve gStRy iv), e~ ube dopey tion filled with
bore 25 fluid passes through an air gap.Prgferably the air gap is |ess
than or equal to about 4 ably in the range of from®6 to

10mm Fol | owi ng e it bez. 30~subjected to
step (i he @o fibre may
hexa d thepdried in

vari ous ot her t
be washed wi th

10
wherein each of the n Ar, groups is a divalent organic
group independently selected from the group consisting
of: ‘
15
X X %
SAe;
Xi X
Xo X X3
20
wherein 7 is a divalent organic group selected from
the group consisting of:
© 9
25 —¢— —C—= —0— —s—
CF3
0 CHs
I —0
—§— —¢— O 0—
CHs
30

and X, X, X, and X; are each independently selected
from the group consisting of: hydrogen, C,salkyl,
C,.salkoxy, phenyl or phenoxy groups.

35 Most preferably the process may be applied to the
synthesis of a polyimide hollow fibre wherein the

polyimide is of the general formula:

6



air and/or a vacuumoven. In a particularly preferred enbodinent t

post-treatnent conprises storing the 35 fibres in water,

he

exchange witod/o409@t hanol then hexane, drying in air then reCocmRosgso a
vacuum oven for further drying. The nost preferred 7 WO 03/040444
PCT/ GB02/ 05065 post-treatnent involves storing in water for three

fol |l owed by:

roomtenperature.

days

perform ng sol vent

1. 3 tinmes fresh nethanol solvent exchange for 30 mn each at

5 2. 3 tines fresh hexanes sol vent exchange for 30 mn

each at room tenperature. th&:fler§ inair, dry in the shade for
hr. 4. Then relocate to v cuun1 ét 35@ for 3 mn, 45C for 30 mn,
55C for 30 nmin, 65C for 30C ' \60 j at el evated
tenperatures (i.e. N12| over ing down naturally. In
anot her enbodi nent, the pr I nvent -n so pr ovi des a pol yi m de

1

hol | ow fi bre mhenever prod ced by a proces5 as herei nbefore described. The
preferably has an outer dianeter of from50 mto 5000 m

nmore preferably fr.om 100 %Qltg Ad ey ghamstarymefr from 25 m
Fé eﬂélpréfera v

hol | ow fg bre

to 4900 m

ron1 to 900 gm 8 WO 03/ 040444

PCT/ GB02/ 0506w Tlee hprldsentfikneemamirasd -l now be further described
of the follow ng exanples. Exanples 5 Preparative Exanple 1A
stoi chionetric amount of 2,2'-bis(3,4- carboxyl phenyl), hex%{luoro r

di anhydri de (BFBA)Praferaitiemaas@ey) |f dhoPZEe

otitre

by way

opane
(2,6 10

DAT) iy d\ mtl@@ﬂxﬁ&ﬂéﬂ%ﬁ%n%ﬂ& fdviIda G ypsieyme mrgorh adn anbi ent

t emper at ure.

24 h lat t t d t
(The ol ar 7 A SRS Hohyh e/ AT Bt M1 B HS 1 GRR Ve

15

20

25

30

35

25°C on a 0.5% by weight solution in N-
methylpyrrolidone.

In a preferred embodiment of the present invention the
one or more polyimides is/are present in the dope
solution provided by step (i) in an amount of from 15-
40 wt%, more preferably in an amount of from 20-30

wt%.

In a preferred embodiment of the present invention,
after generation in step (iii) but before being
brought into contact with a coagulation solvent in
step (iv), the tube of dope solution filled with bore
fluid passes through an air gap. Preferably the air
gap is less than or equal to about 40mm, more

preferably in the range of from 6 to 10mm.

Following synthesis of the hollow fibre it may be
subjected to various other treatment steps. Thus,
after step (iv) the hollow fibre may be washed with
water and/or methanol and/or hexane and then dried in
air and/or a vacuum oven. In a particularly preferred
embodiment the post-treatment comprises storing the
fibres in water, performing solvent exchange with
methanol then hexane, drying in air then relocating to

a vacuum oven for further drying. The most preferred

Ianlne

) wa



slowy added to the solution to conplete imdization 15 for 24 h. The

resul tant polynmer was slowly precipitated in nethanol. After being
filtered wodsowaghed with fresh nethanol, the resultant pecyraso2zesss dried
at 150 C under vacuumfor 24 h. Its inherent viscosity was neasured in
NMP. 20 Exanple 1: Synthesis of 6FDA-2, 6DAT conposite hollow fibre

menbr anes Dopes made from 28 wt % 6FDA- 2, 6- DAT (intrinsic viscosity (IV) in
NVP of 0.66 dl/g) in NVP were 25 enpl oyed as the spinning solutions. The
pore 111 SOUPOSLLLORCHECH,YBY 8s 9§tér§9¥7 eI ghiknieskureret NWP - and
water with a flowrate o mn e the fibre take-up speed was
around 375 c#RWPnfo¥apvRet BY: at room tenperature was used as the

coagul ant. The 303d€§ﬁbbsf@Eshh&e@ththsw&beaplﬁ&bh@n@@ndbmldﬁs are

listed in Table 1., 635 gg 3/0404%4 10, PCT/ GB02/ 05065 Table 1. Dry-jet
wet spi nni ng condPtPoRECBopE £8P FGAPER T 6FDA- 2, 6DAT in NVP Bore

f | ui dNVB/ Wt et (95/51mbbwﬁre5hthenahesoagﬁwantT&gC%am@ﬁ (ReoPOTERPer at ur e)
Spi nner et di nensi ngt.h d orifice (L) =1.8 mm O/ ID = 0.8mm
/" 0.5mm Air gap (gn%:§ %tt 8 %ﬁ‘ﬁ%gtratae%l%%e(cmo 6 Bore fluid (1rr1/m n)0. 18

| Take- up spedd- (cﬁutnthPSfBbTﬁé pnoeédur 8ryf 1podther sbacferittofl e fibre is

described as,fol | oysp Lo15taked tionveRieh boen24thasre £ 20 Washed in
fresh nethanol threg tinmes, half an_ hour e%%h ti me; 3., Mashed in fresh

hexane three time4d RafPradthddr, &ch Lo min, '657C
10 min, 75 °C for 60 min or at elevated temperatures
(i.e. about 120 °C) overnight.
5. Cooling down naturally.

In another embodiment, the present invention also
15 provides a polyimide hollow fibre whenever produced by

a process as hereinbefore described. The hollow fibre
preferably has an outer diameter of from 50 um to 5000
um, more preferably from 100 pm to 1000 pm, and an
inner diameter of from 25 pm to 4900 pm, more

20 preferably from 25 pm to 900 um



4. Dried in an oven at 75 C for 3 hours, then 20 slowy incr [
tenperature to 120 C, and continually dried overni ght?/ Afte(raazlr;ign;het he
fibres wewe owsutodunt o | engths of 10- 15 cm and small test Ps:arqlioemsom’re made
with 8-10 25 fibres. The fibre sanples were nounted in a stainless steel
nodul e and coated with silicone rubber. The testing pressure was
controlled from20-200 psi and the gas testing sequence is in the order of
02, N21 CH4 and C02. The gas perneation rate was determ ned by a 30

di gi tal bUbb%ﬁ% %g&%?%ﬁeinvégtygho§£9foﬂéﬁ BETECBOREOS5866cribedNbl O t7~0

a) U000 0\ xC +O + 0 - "
0x OU way of the following examé?eg ' 0004 HFHNGON- V' S)0PO"Y

Examples

Preparative Example 1

A stoichiometric amount of 2,2"-bis(3,4-
carboxylphenyl) hexafluoropropane dianhydride (6FDA)
was added to a solution of 2,6-diamino toluene (2,6~

10 DAT) in N-methylpyrollidone (NMP) with stirring under
argon at ambient temperature. 24 h 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

15 for 24 h. The resultant polymer was slowly
precipitated in methanol. After being filtered and
washed with fresh methanol, the resultant polymer was
dried at 150 °C under vacuum for 24 h. Its inherent
viscosity was measured in NMP.

20
Example 1: Synthesis of 6FDA-2, 6DAT composite hollow

fibre membranes
Dopes made from 28 wt% 6FDA-2,6-DAT (intrinsic
viscosity (IV) in NMP of 0.66 dl/g) in NMP were

25 employed as the spinning solutions. The bore fluid

composition used was a 95:5 (by weight) mixture of NMP
and water with a flow rate of 0.18 ml/min, while the
fibre take-up speed was around 375 cm/min. Tap water
at room temperature was used as the coagulant. The

30 details of the dry-jet wet spinning conditions are
listed in Table 1.

35
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Table 1. Dry-jet wet

spinning conditions

Dope solution

28wt$% 6FDA-2,6DAT in NMP

Bore fluid

NMP/Water (95/5 wt/wt)

External coagulant

Tap Water (Room Temperature)

Spinneret dimension

Length of dope path at orifice

(L) =1.8 mm
OD/ID = 0.8mm / 0.5mm
Air gap {(cm) 3
Spinning temperature (°C) 40.6
Bore fluid (ml/min) 0.18
Take-up speed (cm/min) 375

The procedure of post treatment of the fibre is

described as follows:

1. Stored in water
2. Washed in fresh

hour each time;
3. Washed in fresh

each time;

4. Dried in an oven at 75 °C for 3 hours,

methanol three times,

hexane three times,

for 24 hours:;

half an

half an hour

then

slowly increasing the temperature to 120 °C, and

continually dried overnight.

After drying, the fibres were cut into lengths of 10-

15 cm, and small test samples were made with 8-10

fibres. The fibre samples were mounted in a stainless

steel module and coated with silicone rubber. The

testing pressure was controlled from 20-200 psi and

the gas testing sequence is in the order of 0,, N,, CH,

and CO,. The gas permeation rate was determined by a

digital bubble flow meter.
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U(1,0a) | Or-la) OON EN r-1"'(J.Qa-H OOHH |'DYY44JD 11 SUBSTI TUTE

(RULE 26) WO 03/040444 PCT/ GB02/ 05065 Table 2 summarises the pure-gaSHzEEg
m xed- gaswopenimnsances of 6FDA-2, 6DAT asymmetric conposi PeT/dRilosnsst i bre
menbranes at various conditions. The initial perneance of C02 is 300 GPU
(1GPU = 1x10-6¢nB 5 (STP)/cnR.s.cnHg) and the selectivity for C02/CHA is 65
at 200 psi, which is conparable with the reported data in US 5,674,629
(C02 perneance of 162 GPU and C02/CH4 selectivity of 74). This clearly

denonstrat es Ifah}ﬁlte ot RS H0RR S RINNIRG SYpte MmN thipiat-esss condi tions can 10
produce 6FDA- 2, 6DAT asyrmetrlq? cog)eegjl tf hol | ow f.i br es r’ga_L anes with
simlar perfQRHEEIE e §EBoi iF T 572, B rg)ét'er the hol | ow
fltbters teﬁperlrﬁﬂqeﬂq 8 ynepitysiread  atl 5raagieiury camdirsamted T equi librium
state e m.\x er neat i on C u Ih 2 aid

1&91%%3 SIMESICE 9 éasfd 1WeRB,CERY th%gU ?cx% &fd G4

per neances are' réspeécti vel whi ch correspond to
C02/ CH4 ssel ec(tSM t/y:nof sabmﬁtgm(and Ehen SEI&@GGHV@%& §@Ire@prz(/@t13/ 31%2 %he ni xed

gas system 2Q e enal{g nesd.ormnce tidd ™ & f
the appli catl on of Wl k‘Ijlarsatl onEpc{ I'n addllgctk?oﬂn : aﬁ%dertt hc;mﬁlr;/gd o
002/ CHA sel ecittt W3y, &W‘bn@%ﬂﬁe CRenSETBEBACS, 6LDAP 2GR ZnE s c.Ellfrﬂ”out 45- 46

at 35 C it Séélcgtsﬂmlsy}gqeﬁtmy ha@hi@&:f&?ﬂ@—me}tﬁom&mﬂemtkyat/al ue
obt ai ned from.the current m xed tests,i S nore £
reliable) w tHe¥e 995% e?%ﬂf?ﬁ“%a?%%%er? HAH t%rcfce?se?oor edf’lE n&EFS %5‘;274 629.
(I?(;Zmalngl)(ﬂwg (I%JDC,% ﬁDMTJ ODAT | dos wometht @ nesng e 1 e urol Bow sEihEDPe rubber
I
rﬁ%éﬁ §H$%"w£%§té§%¥1§%ﬂ§ %fé&m P01 dl Q) s¥esepdried in a 120

C vacuum ove cooling to roomtenpe
above in US 5,674,629. 9 mperature, the

After the hollow fibers experienced 185-day physical

15 ageing and reached the equilibrium state, the mixed
gas permeation tests were conducted. The CO, and CH,
permeances are 59 GPU and 1.46 GPU, respectively,
which correspond to CO,/CH, selectivity of about 40.
Even though the selectivity in the mixed gas system

20 drops, the overall performance is still very
impressive for the application of C0O,/CH, separation.
In addition, since the reported CO,/CH, selectivity
from the dense 6FDA-2,6-DAT membrane was about 45-46
at 35 °C, it strongly suggests that the CO,/CH,

25 selectivity value obtained from the current mixed gas
tests is more consistent (and reliable) with the
literature values than that reported in US 5,674,629.

Example 2: 6FDA-2,6-DAT hollow fibre membranes (without
30 silicone rubber coating)
150 g 6FDA-2,6 DAT polyimide (IV = 0.61 dl/g) was

dried in a 120 °C vacuum oven for 48 hr. After

natural cooling to room temperature, the above
polyimide was put into a one-litre round-bottom

35 flask. 367.2 g of N-methyl-2-pyrrolidone (from Merck
Schuchardt, Purity /99%, used as received) was poured

into the flask. The above mixture (29% polyimide in

12



polyim de was put into a one-litre round-bottom 35 flask. 367.2 g of

N- et hyl - 2-pyrrolidone (from Merck Schuchardt, Purity /99% used as

recei ved)woas/opaws ed into the flask. The above m xture (2e¥qRI2Ps0e5de in
12 WO 03/ 040444 PCT/ GB02/ 05065 NMP) was stirred using a nechanical stirring
system (50 rpn) under a nitrogen atnosphere (200 m/mn) for 72 hr to
formthe spinning dope. The viscosity of the spinning dope was 130 Pa.s
under the share rate of 10 5 ms-1. The' spinning dope was poured into a
1-litre StaiNME$Sw§§e@tiﬁpéﬂnhﬁgngaakmeEhgﬁ$shmgsmm3r¢agrbgdtemut under
vacuum f or, vaguum was, a |ed 1 hr en-t a m val ve
was turned of#gé % fh&nﬁgﬁkamﬁétﬁgg? mog PagHGm & gtﬂ%/ggPyzﬁgﬁr). 10 10
atm ni trogen mashfedoiﬁbnmthhetapknasnghéopackThprEssgpéltﬁ ofosBen /rev
gear pump was.gIRho¥EaabBe HLLVesbNEashl ko0 dRBesherd spiBngeetg A 15 pm
online filter s used avol d spi nneret blocking caused by particles. A
spi nnered wi tw.&D-| Bhe spiongmel dopRM"AESs POEEEY dRtepitnAidd tEehe | ength of

dope path atgthenoekhi secl@asshifnim). tgﬁ%)NNthBs%ﬁQGWaswaaremﬁﬁoyed as
the bore fluid, which was dellvereg gg 2 gﬁ ag gugﬁF The aLr gap

di stance bet weBh PRESTsBRAHBMetO&nd4cBEgFaHt VRHEY #RB &5 nneret 20
tenmperature wasrset hat ?ﬁeﬁ thbevedopamdehbiver yasaternedso@£38nal/ m n whil e
bore fluid de at 0 1 n1/ h ihre Kk el ggity was
2.18 mnmin. kh %ég% W?ge ﬁgllg F.bgégﬁf&th%fPE £b2 gé/§§§ n?gas f or ned.
The spihdi ng ebndhtikongeaswas SeAmantzethentdakl es3Ehg0bgs5kt3 WO 03/ 040444
5 10 PCT/GBOZ%??QQE Eabheo3os§p@@9keg eaQIEhagTwaé éﬁglaggaa&@tlon of

defect free h |bres S ron16F Sglnnln% Re Sol uti on29
Wt % 6FDA- 2, 6DAFiypvthe splnnlng dope to a spinnere A

online filter was used to avoid spinneret blocking

caused by particles. A spinneret with OD/ID =

15 0.8mm/0.5mm was used for spinning (the length of dope
path at the orifice was 1.8 mm). 95% NMP in water

was employed as the bore fluid, which was delivered
by a syringe pump. The air gap distance between the
spinneret and coagulant was 5 mm. The spinneret

20 temperature was set at 70 °C. The dope delivery rate
was 0.33 ml/min while bore fluid delivery rate was
0.1 ml/min, the fibre take-up velocity was 2.18
m/min. A defect-free hollow fibre with OD/ID =
355/173 um was formed. The spinning condition was

25 summarized in Table 3.

30

35

13



0.61d1/g) in NWP Spinni ngDope Tenperature70C Air Gap0.5cm

Spi nni ngDi nensi onL=1. 8nm OO/ | D=0. 8m1 0. 5mm Bor e Fl ui dNMP/ Water (95/5) Bore
Tenper at WeM3C4Ex4 er nal Coagul ant Bat hTap Wat er Ext er nal Co@gmlGBu2/05065

Tenper at ur eRoom Tenperat ure The as-spun hollow fibres were kept in water
for 3 days. Then the fibres were noved to sol vent exchange. 15 The
procedure of solvent exchange is described below. 1) 3 tines fresh

met hanol sol vent exchange for 30 min each at roomtenperature. 2) 3 tines
fresh hexanes surhbeat 3exsbaag&nf;0bonaﬁlt&bnseafhthte peeparaienaodr e. 20 3)

Put thefibre5| efor r. 4 | qcat 0 a vacuum
oven, 35C 30 ni n e3set %ﬁéﬁn E°&g§l‘:‘ ooReR é?&ns x )65%“% Ao 5)
Cool down nat ural | y. 1054 pieces of fibre were assenbled into a stainless
steel shell of~4bB—="348—+mteo—Fermaredue—wth—eao0—6—meffective

separ ati on | gngpinnimhdorpdidletB® speci filcdPivtiiscE?e?l $3TedIV:n Tabl el 4. 14
WO 03/ 040444 [PCT/ GB02/ 05065 Tabl e 4. SpeciféwraroonnofMmodul es prepafed from
defect fpee holTow fiIbres spun from oFDAF 2, bDAT 5 10 TypeBundl e renpvabl e
modul e Mddul el _PRIFR I HoPE et PEEe 198 R gt h30 éﬂ1Flhrp nunber 1054 pi ece Fibre
OD0. 0355 cm Hi hie chP0. 0173 cm Eff ecti ve pnesd526 cn? Packi ng density41l%

Coat i ng condifTonstUncoated—TheTodute—wa LEbLBU %y Hleng as—of —4p%
b Spinning Dimension 1.8mm, /ID . Smm
carpon
Bore Fluid NMP/Water (95/5)
Bore Temperature 70°C
10 External Coagulant Bath Tap Water

External Coagulant Temperature | Room Temperature

The as-spun hollow fibres were kept in water for 3
days. Then the fibres were moved to solvent exchange.
15 The procedure of solvent exchange is described below:
1) 3 times fresh methanol solvent exchange for
30 min each at room temperature.
2) 3 times fresh hexanes solvent exchange for

30 min each at room temperature.

20 3) Put the fibres in air, dry in the shade for
1 hr.
4) Relocate to a vacuum oven, 35°C 30 min, 45°C
30 min, 55°C 30 min 65°C 30 min, 75 °C 60
min.
25 ‘ 5) Cool down naturally.

1054 pieces of fibre were assembled into a stainless
steel shell of ID = 18 mm to form a module with a 0.6
m effective separation length. The module

30 specifications are listed in Table 4.
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15 dioxide in nethane. The m xed gas testing results are listed in Table
5. Table 5. M xed gas separation properties of defect free hollowfibres
spun fromverBW4@46- DAT 20 25 30 Performance of the Mdul e PCHiGBMRES@as;, 40%
CO2 and 60% CH9) PressureConpositionFl uxCO2Sel ectivity Pernmeance

(psi) (W (mM/s)(CGPU) (CO2/CHA) Feedl0539.8194.6 stream

Ret ent at e10514. 8125. 317930 stream Perneant 08569. 3 stream 1 GPU=1 x 10-6¢cnB
(STP) /cn2. S . cnHg Exanple 3: Defect free 6FDA-2, 6DAT hol |l ow fibre

menbr anes The spiTabhg dop@pé\anpdsaeﬁﬁdsmdobmdaasebvpngpSE@A frém DAT
polyimde (I1V of 1 dl a m xed SO I si ng NWVP
and et hanol (EtO—ig tg%cﬁ é]’gﬂen%"%‘ﬁ:i#gﬁ A45PEY/ /%%IS#QS s0T vent . ‘gll'he
spinning conditions were as listed in Table 6. Table 6. Spinning

condi ti ons for—t+he—depe—setutier—5—ustag—h (
Spi nni ngdope $48va¢i on27wt % 6TDA- 2, 6DAT S)IBVEWEG ERVPREL OFtodghT 15, w/ w
Spi nni ngdope E,In'ge% t,25C ure Air gap0. 5¢ 51@ Spl nni ngdi mensi onL=1. 8nm
QDI D=0.8mM 0 ofe fl ui dNMRP\ALer {0 ~ \ Bor-e—tenperatue256
Ext er nal coagul antedradtvh TegmoWat er Exter nal ,@ag@nh ant tenperatureRoom
Tenperat ure Fibre number 1054 piece
Fibre OD 0.0355 cm
Fibre ID 0.0173 cm
10 Effective area 3526 cm?
Packing density 41%
Coating conditions Uncoated
The module was tested by mixing gas of 40% carbon
15 dioxide in methane. The mixed gas testing results are
listed in Table 5.
Table 5. Mixed gas separation properties of defect
free hollow fibres spun from 6FDA-2,6-DAT
20
Performance of the Module (mixing gas; 40% CO, and 60% CH,)
Pressure Composition Flux Co, Selectivity
Permeance
(psi) (%) {ml/s) (GPU) {CO,/CH,)
Feed 105 39.8 194.6
stream
25 Retentate | 105 14.8 125.3 179 30
stream
Permeant 0 85 69.3
stream
1 GPU=1 x 107%cm®(STP)/cm?.s.cmHg
30
Example 3: Defect free 6FDA-2,6DAT hollow fibre
membranes
The spinning dope was prepared by dissolving 6FDA-2, 6-
DAT polyimide (IV of 0.61 dl/g in NMP), in a mixed
35 solvent comprising NMP and ethanol (EtOH) as a non-

15



The as-spun fibres have OD of 360 .tmand ID of 190 m The results of pure
gas test for 02, N21 C02 and CH4 of these hollow fibre nenbranes at 100
psi are swows/ok420 Table 7. The hollow fibre nenbranes prepasmdosice

defect free and have selectivities close to that of dense 6FDA-2, 6- DAT

pol yi m de nmenbranes. 25 30 35 16 WD 03/ 040444 PCT/ GB02/05065 N r) H

ZcoOn N OAOOWU a f-1Q1INLnO QU F-tlllLn a) U a) a DLOLnLn --la-!
NNOnot ' NO
solvent. The spinning conditions were as listed in Table
6.
Table 6. Spinning conditions for the dope solution
5 using NMP/ethanol as the solvent
Spinning dope solution 27wt% 6TDA-2, 6DAT
Solvent (NMP/EtOH: 85/15,w/w)
Spinning dope temperature 25°C
10 Air gap 0.5cm
Spinning dimension L=1.8mm, OD/ID=O.8mm/O.5mﬁ
Bore fluid NMP/Water (95/5)
Bore temperature 25°C
External coagulant bath Tap Water
15 External coagulant temperature | Room Temperature
The as-spun fibres have OD of 360 um and ID of 190 pm.
The results of pure gas test for 0,, N,, CO, and CH, of
these hollow fibre membranes at 100 psi are shown in
20 Table 7. The hollow fibre membranes prepared are
defect free and have selectivities close to that of
dense 6FDA-2,6-DAT polyimide membranes.
25
30
35

16
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10 152. 3. 20 4. 25 5. 30 6. 357. A process for the manufacture of a
polyimde hollow fibre conprising: (i) providing a dope solution

conpri si nyoanm4@nd4 nore pol yi m des dissolved in a sol vent PCOEmBIRI0SI68]

60- 100 wt % N- et hyl pyrol lidone and 0-40 w % ethanol, (ii) providing a bore
fluid, (iii)generating a tube of the dope solution filled with the bore
fluid, (iv) bringing the product of step (iii) into contact with a

coagul ation solvent to form a hollow fibre. A process as clainmed in claim
1 wherein the Cknimsnt in step (i) conprises 60-95 wt % N net hyl pyrol | i done

and 5-40 wt % et hano] . e claimed in claiml or,claim?2 wherein

t he sol vent i‘r31]t"stei)}i (EI) %%%r?%%%-@u%%%em?ﬁ]ﬁ p@?JOYJrIPJd%%e and 10-40

Wt % et hanol . A prodesklerws Ellkaferecbripr taingr ecedi ng claim wherein the

solvent in step (i)(cpo } 70 % i -30 Wt %
£PTRE el adh e s s o 9

et hanol. A process as clainmed in any prece ore

ng c
fluid comprises 85-100 ROEN-PtHIAGRA cﬁiﬁﬂﬁ‘(—?%nﬁeﬁoa 13PN eBwat er. A

process as claimed in anyorecLtios ¢ B3 M wivhey-ehdr R yEp RPes el fdsthd conpri ses
i q_ggge 0 % water. A process as clained in
(1.

90-100 wt % N- net hyl pyral | ne. a
any preceding claim V\/nearrb‘é goo_tzﬁ% b tI‘]ITaJ?‘?Jll’corrpri ses 90-99 wt % N

met hyl pyrol | i done ahidi)1-dbwtdbvatercods 03/ 040444 PCT/ GB02/ 05065
(iii)generating a tube of the dope solution
10 filled with the bore fluid,
(iv) bringing the product of step (iii) into
contact with a coagulation solvent to form

a hollow fibre.

15 2. A process as claimed in claim 1 wherein the
solvent in step (i) comprises 60-95 wt% N-
methylpyrollidone and 5-40 wt% ethanol.

3. A process as claimed in claim 1 or claim 2
20 wherein the solvent in step (i) comprises 60-90
wt% N-methylpyrollidone and 10-40 wt% ethanol.

4. A process as claimed in any preceding claim
wherein the solvent in step (i) comprises 70-90
25 wt3% N-methylpyrollidone and 10-30 wt% ethanol.

5. A process as claimed in any preceding claim
wherein the bore fluid comprises 85-100 wt% N-

methylpyrollidone and 0-15 wt% water.

30
6. A process as claimed in any preceding claim
wherein the bore fluid comprises 90-100 wt% N-
methylpyrollidone and 0-10 wt% water.
35 7. A process as claimed in any preceding claim

wherein the bore fluid comprises 90-99 wt% N-

methylpyrollidone and 1-10 wt% water.

18



8. 59. 10. 10 11. 15 12. 20 13. 25 30 35 A process as clained in any
preceding claim wherein the bore fluid conprises 93-96 w % N
er. A process as cl ai nedpca/GBog/opregécedi ng

met hyl pyrwblosderses and 4-7 wt % wat

claim wherein the coagul ation solvent is water.
any preceding claim wherein the tube of dope solution filled with bore

fluid is generated by a spinneret
the tenperature of the spinneret

. A process as
is controlled

A process as clained in

clainmed in claim1l0 wherein
bet ween 25C and 80C. A

process as claimed in claim 10 wherein the

controll ed bq}mee
claim wherein the

60C and 75C.

he Of° For¥ it

tenperature of the spinneret is

0];Ax.pro ess as claine

JiH U i akres

g S

recedi ng
m pol yi m des

havi ng t he struct unershiowthen Heoranfilarild dbofprided 193-Q6 Gt % -N-N~- Ar \

NAr2~CCn Il 1L, Q
viable polynmer for a

e T sra e ane, o

icient to provide a
(La%ge#enf'each of the n Arl

groups iS a
9.

10.
10

11.

15

12.

20

13.

25

30

35

A process as claimed in any preceding claim

wherein the coagulation solvent is water.

A process as claimed in any preceding claim
wherein the tube of dope solution filled with

bore fluid is generated by a spinneret.

A process as claimed in claim 10 wherein the
temperature of the spinneret is controlled
between 25°C and 80°C.

A process as claimed in claim 10 wherein the
temperature of the spinneret is controlled
between 60°C and 75°C.

A process as claimed in any preceding claim
wherein the one or more polyimides is/are
selected from polyimides having the structure
shown in Formula I:

Formula I

wherein n is sufficient to provide a viable
polymer for a hollow fibre membrane,
wherein each of the n Ar; groups is a
quadrivalent organic group independently

selected from the group consisting of:

19



guadri val ent organi c group independently selected fromthe group
consisting of: 19 WO 03/040444 5 10 PCT/ GB02/ 05065 wherein each of the n
Ar2 groupwoios/oanddd val ent  organi ¢ group i ndependently sel ecraaBokososst he
group consisting of: 15 X2 Xp X3 wherein Z is a dival ent organic group
selected 20 fromthe group consisting of: CF3 0 -G -C -0- -SU3 250
CH3 -S -C -CH2 0 CH3 and X, X1, X2 and X3 are each i ndependently
selected fromthe group consisting of: hydrogen, 30 Cl_ 5a| kyl, Cl1_5al koxy,
QCRSS pmed i 13 wherein the

phenyl or phenoxy group 4. A pr 3
polyimde is of the generor mul a 0§ C 3 20 WO
03/ 040444 PCT/ GB02/ 05065 18- 16. 7. X
II
5
Xy
° o "

oo g o

10
wherein each of the n Ar, groups is a divalent
organic group independently selected from the
group consisting of:
X X X
) 3a¢,
Xi X3
X X X
wherein Z is a divalent organic group selected
20 from the group consisting of:
R
—¢— —Ct— —0— —5—
CF3

0]
I | _

* = = e T Jo
0 CHs

and X, X,;, X, and X; are each independently
selected from the group consisting of: hydrogen,

30 C,.salkyl, C,salkoxy, phenyl or phenoxy groups.

14. A process as claimed in claim 13 wherein the

polyimide is of the general formula:

’ esRess:

20

=O

I
o)

O



25 19. wherein n is sufficient to provide a viable polyner for a holl ow
fibre menbrane. A process as clainmed in any preceding claim wherein the
one or nowe opohosidri des is/are present in the dope sol uti ecTBRiosiesd by
step (i) in an amount of from 15-40 wt % A process as clainmed in any
preceding claim wherein the one or nore polyimdes is/are present in the
dope sol ution provided by step (i) in an anount of from20-30 wt% A
process as claimed in any preceding claim wherein, after generation in

step (iii) but befwierdehng bsosghtikndr cONtEEsv L ha ay1 988Ul ati on
solvent in step (iv t he tybe of ggge fol ution filled with bore fluid
oetoU g

passes through an & 1YReD. T p? tPEF A PRy preceding clai m

wherein, after step (iv) the hollow fibre is washed with water and/or
nmet hanol and/ of ¢ hex h ' LN, air Qéi/or . vacuum oven. A
N 5,7
pol yi m de hol | 'ow flz%&gr%?%%%c%% yégxg%?o%rgsasnﬁ? ST AT e ?#a%tnr‘ly one of the
precedin@ clai ns. 2Mherein the one or more polyimides is/are
present in the dope solution provided by step

(i} in an amount of from 15-40 wt%.

16. A process as claimed in any preceding claim
10 wherein the one or more polyimides is/are
present in the dope solution provided by step
(i) in an amount of from 20-30 wt%.

17. A process as claimed in any preceding claim
15 wherein, after generation in step (iii) but
before being brought into contact with a
coagulation solvent in step (iv), the tube of
dope solution filled with bore fluid passes
through an air gap.

20
18. A process as claimed in any preceding claim
wherein, after step (iv) the hollow fibre is
washed with water and/or methanol and/or hexane
and then dried in air and/or a vacuum oven.
25

19. A polyimide hollow fibre produced by a process
as claimed in any one of the preceding claims.

21



