HANTINARBIUDY Styrene-ethylbenzene mixture Fian uidiududlon 1.0 M (each)

A1 Arududu (gmolice) I Anaindiv (gmolice)
(‘ﬁ.'"ﬂm) Styrene Ethylbenzene ("ﬁl'fJTN %) Styrene Ethylbenzene
417 £.000000604 5.546E-07 8.73 3.55652E-06 0.00000224
4.42 6.934E-07 6.306E-07 - - -
4.67 7.904E-07 6.352E-07 - - -
492 8.274E-07 6.244€-07 - - -
518 0.00000087 6.244E-07 - - -
542 1.1884E-06 8.324E-07 - - -
575 1.2822E-06 8.512E-07 - - -

592 1.4284E-06 9.312E-0¢ -

6.67 2.3822E-06 1.7566€E-06 ~ - -
747 0.000002533 1.7752E-06 - - -
7.67 2.8596E-06 1.9214E-06 - - -
8.17 3.1562E-06 2.0512€-06 - - -

nIMAINANAUS TR AIR I MEREuAY Receiving fulan

(nFulusan.o.a)

-

Ay

ANANgU84 Styrene =

20

0.000012 ; -
0.000009 :
y = 5.796E-07x - 1.554E-06
R = 0.851E-01
0.000006
*
0.000003 «? y = 2.935E-07% - 3.318E-07
*
o 00° ° R = 9.976€-01
cotsEe @
0
0 4 8 12 16
VIaT (‘ffﬁm)
1.926-06  ua/(ny.su.-Falng)
973607  Tuai(msan.-dalug)

Aandued Ethylbenzene =

47

© Ethylbenzene



HANTIIVARDIT24d Styrene-ethylbenzene mixture AR ududstioun 1.5 M (each)

1781 Aradudu (gmolice) a0 At (gmolice)

(‘ﬁ"'ﬁm) Styrene Ethylbenzene ('ﬁ“lﬂm) Styrene Ethylbenzene
3.73 2.09823E-07 1.12196E-07 9.97 5.33114E-06 2. 76824E-06
4.30 4.62366E-07 2.62743E-07 10.50 5.84545E-06 3.07418E-06
4.78 6.58427E-07 3.44251E-07 10.93 6.29844E-06 3.27668E-06
528 1.04916E-06 5.86926E-07 11.45 7.15121E-06 3.73594E-06
5.77 1.37345E-06 7.61949E-07 11.98 7.78214E-06 4.06659E-06
6.33 1.88218BE-06 9.96081E-07 12.93 8.8772E-06 4,57341E-06
6.75 2.1714E-08 1.14801E-06 - - -

7.32 2.60022E-06 1.36414E-06 - - -
777 2.96238E-06 1.52946E-06 - - -
B.43 3.58634E-06 1.8802E-06 - - -
8.98 4.18776E-06 2.18406E-06 - . -
9.40 4.58569€E-06 2.37779E-06 - - -

A NERRUS Iz AT AT HIUS L Receiving TTLAAAT

0.00001 e e e et e ;
|
.
0.000008 ‘
- y = 1.134E-0Bx - 5.921E-06 ;
g
a R = 9.956E-01 . f
& 0.000006 ’ * .
= :
; * [2] 2
2 0.000004 ¢ ;
ap * ;
3 o °
€ . .0 © y=5872E-07x - 3.051E06 |
0.000002 . o . %
. © R = 9.957E-D1 ;
t * °
H D ° 8 ° H
0 3 6 9 12 15
IR ('E'JT:N)
Avldndens Styrene = 3.76E-06  Iua/mg g 52l
Adnduas Ethylbenzene = 195606  lua/ms au -d2ln9)
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HANMINARBENEE] Styrene-ethylbenzene mixture arudndudetlon 1.5 M (each)

1987 Avadudy (gmalice) a7 Avindgi (gmolice)

(Falua) Styrene Ethylbenzene {Falua) Styrene Ethylbenzene
4.38 6.8518E-08 7.2422E-C8 8.18 2.48333E-06 9.92504E-07
4.65 1.58097E-G7 1.10336E-07 8.45 2.79237E-06 1.10393E-06
4,90 2.37171E-07 1,53768E-07 8.67 2.81796E-06 1,11443E-06
5.20 3.73736E-07 2.04676E-07 897 3.18411E-06 1.24544E-06
5.50 5.01133E-07 2.54338E-07 9.16 3.36747E-06 1.30774E-06
577 7.00537E-07 3.3871E-07 9.45 3.61138E-06 1.38232E-06
6.05 9.08154E-07 4.04926E-07 8.92 4.00121E-06 1.53113E-06
6.32 1.10851€-06 4.909E-07 10.42 4.14904E-06 1.56442E-06
6.60 1.30352E-06 5.63524E-07 10.93 4.71498E-06 1.77926E-06
6.88 1.50121E-06 6.32232E-07 11.42 5 0859E-06 1.90956E-06
717 1.65687E-06 7.0717E-Q7 11.92 5.81399E-06 2.17852E-06
7.37 1.94204E-06 8.00798E-07 12.47 5.94635E-06 2.21964E-06
7.70 2.20275E-06 8.99766E-G7 12.92 6.2615E-06 2.33605E-06
8.00 2.30818E-06 9.2967E-07 - - -

naARANAUTIEWI9AANIdNTWEI W Receiving TUAN
0.000012
# 0.000009 y = 8.144E-07x - 4.167E-06
& :
& R = 9.741E-01
A .
2 (.000006 o’
2 .
*E o y = 2.937E-07x - 1.4108-06
£ 0.000003 o’ ,
o co00” R" = 9.853E-01
+ o0 o
.o":opocﬂmwa
0 a880°°°
0 4 8 12 16 20
nan ()

AnAndn3 Styrene =

AWANda84 Ethylbenzene =

270E-06  Twadmg.au.-dalu)

9.74E-07  Tua/(ms T-57 1)
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HANTVAATITEY Styrene-clhybenzene mixture Hinoauiindudatlau 2 0 M (cach)

IR Audindu (gmolice) 19181 a1udlindiu (gmolice)

(Falu) Styrene Ethylbenzene (FaT) Styrene Ethylbenzene
1.75 5.7431E-08 7.6205E-08 7.08 6.74602E-06 3.03258E-06
2.00 1.69667E-07 1.26192E-07 7.58 7.33367E-06 3.27537E-06
2.25 4.05482E-07 2.82715E-07 8.33 8.30061E-06 3.69496E-06
2.58 7.72637€E-07 4.81119E-07 8.58 8.48369E-06 3.76598E-06
3.00 1.03313E-06 6.16026E-07 9.08 9.57043E-06 4,24674E-06
3.92 1.99201E-06 1.09698E-06 9.67 1.06156E-05 4.71515E-06
4,25 2.5111E-06 1.24636E-06 10.25 1.142939E-05 5.08B456E-06
4.67 3.10054E-06 1.51695E-06 - - -

517 3.5069E-06 1.63622E-06 - - -
5.67 4.66249E-06 2.1498E-06 - - -
6.17 5.47919E-06 2.5165E-06 - - -
6.67 6.30285E-06 2.86945E-06 - - -

naWANANRUSTE WAl duiNU Receiving AULR)

(nFulua/seu.au.)

[

AT

AnWandens Styrene =

Ir&nduea Ethylbenzene =

20

0.000012 - - . 2
. Z
y = 1.451E-06x - 3.612E-06 . ;
0.000009 .
R = 9.962E-01 o*
*
L
0.000006
»
L ] 2]
Q
oc -
0.000003 o 0 © y = 6.167E-07x - 1.351E-06
‘ * o P |
. ° R = 9.948E-01 g
o° i
¢ 09
o :
0
0 4 8 12 18
a0 ('ﬁunq)
480E-06  Tuar(mean.-ialuy
2.05E-06  Tn@/(@9.94.-GaTna)

*+ Styrene
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3.4.5 Bicomponent sivdausiufiillfisnlassuiluesdusznauiigamgil 10

HANTINAABATEY Styrene-ethylbenzene mixture AA N indudtlaw 0.5 M (each)

A" AL (gmalice.) IAN AHLIY (gmolice,)
(F2Tn4) Styrene Ethylbenzene (’ﬁ")Tm) Styrene Ethylbenzene
108.73 5 3946E-07 2.63479E-07 143.05 2.42008E-06 1.43414E-C6
110.23 6.35202E-07 3.06473E-07 149.73 2.8856GE-06 1.7706E-06
111.63 6.92532E-07 3.3359E-07 154.98 3.29168E-06 2.12134E-06
113.48 7.48142E-G7 3.61777E-07 159.10 3.71554E-06 2.3975E-06
115.03 8.3299€E-07 3.94603E-07 - - -
116.45 1.16206E-06 6.54175E-07 - - -
123.13 1.32431E-06 7.37666E£-07 - - -
127.43 1.48636E-06 8.15627E-07 - - -
128.58 1.54025E-06 B8.36143E-07 - - -
130.05 1.64268E-06 9.00902E-07 - - -
134.10 1.7732E-06 1.00223E-06 - - -
138.35 2.12349E-06 1.25663E-06 - -
nsAHdRRussnIAnA LA Receiving fuvian
D.000008  porimommie s oo < e .
0.000005
i:-‘: y - £.518L-08x - 8.316L-06
7 0.000004
& Q0LGE 01 ¢
ﬁ 0.000003 ¢ Styrene
& 0
= . o © Fihylbenzene
a@
& 0.000002 *
2 o* O y=50436-08x - 5,/09E-06
E * ’ o © :
* 2 .
0.000001 o 0 ®° R’ = 0.689E01
o=
0 e
0 4c &0 120 160 200
187 (aTue
Aandaas Styrene = 2.49E-07  Tus/(me.mn.-lug)
AWandang Ethylbenzene = 1.676-07  Tua/(@g. a0 -F01na)
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NANITNAREIDEY Styrene-ethylbenzene mixture AR ududatlan 1.0 M (each)

(781 AN (gmolice.) nat AU (gmolice.)
('fj"’]TM) Styrene Ethylbenzene (‘ﬁ"ﬂm) Styrene Ethylbenzene
80.22 1.54585E-07 1.377Q7E-07 123.75 2.74093E-06 1.71655E-06
91.33 2.10386E-07 1.61255E-07 127.80 J3.08549E-06 1.93045E-06
93.23 2.6829E-07 1.93546E-07 133.95 3.77458E-06 2.40446E-06
895.67 3.88109E-07 2.51526E-07 136.70 4.01156E-06 2 6577E-06
98.82 5.45193E-07 3.54106E-07 139.98 4.27795E-06 2.74609E-06
102.02 7.93623E-07 4.95755E-07 142.92 4.61429E-06 2.93484E-06
106.42 1.10282E-06 6.79329E-07 145.92 4.9254E-06 3.1309E-06
109.93 1.24959E-06 7.73167E-07 - - -
112.70 1.67077E-0G 1.02079E-06 - - -
11577 1.94118E-06 1.19455E-08 - - -
118.67 2.24751E-06 1.40881E-06 - . -
121.50 2.42696E-06 1.54421E-06 - - -

neANANRLS TE I AT AN IR Receiving fTULan

0.000006 S _— . -
. 0.000005 .
g y = 9631E-08x - 9.1526-06  # |
4 -
& 0.000004 R = 0.9536-01 .
-
W= 0.000003 . o°
— * aQ
g oo y = B.070E-08x - 5.737E-06
2 0.000002 o o
‘. .'00° R’ =9.9876-01 |
< 0.000001 ‘oo {
o]
*0 {
[+]
j
0 o8
0 490 80 120 160 200
1240 ('ﬂ"ﬂ‘[uq)

ATWANFUBY Styrene =

AWAnduad Ethylbenzene =

3.20E-07  Tuaime.gn.-5alua)

2.01E-07 Tuﬂ/(mi.mu-'n"'qim)

* Styrene
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HANTNAREILBY Styrene-ethylbenzene mixture HiAIsdindu@atiaw 1.5 M (each)

AN Aatndu (gmolice.) 8N AN (gmotice.)
{Falway Styrene Ethylbenzene (faTaa) Siyrene Etnylbenzene
76.25 2.71962E-06 1.63721E-06 - - -
80.12 3.03268E-06 1.71288BE-06 - - -
82.18 3.23337E-06 1.83169E-06 - - -
84.62 3.35737E-06 1.90275E-06 - - -
87.48 3.64584E-06 2.068E-06 - - -
90.83 3.69574E-06 2.09889E-06 - - -
93.63 4.10507E-06 2.33633E-06 - - -
96.52 4,22907E-06 2.41573E-06 - - -
99.68 4,59978E-06 2.65829E-06 - - -
102.70 4.87254E-06 2.83017E-06 - - -
105.37 5.17303E-06 3.02744E-06 - - -
nIMAMNANRUS Tz WATANdNd LAY Receiving e
y = 1.050E-07x - 5.896E-06
~ 0.00000% *
g R’ = 6.976E-01 . ‘
o *
& 0.000004 hd :
& . 'Y .
o . :
2 0,000003 ! &° é
— * [+] ;
e o  y . 5.A/BE-DBX - .807F 06
2 0.000002 o°° J
£ o R = 9.944E-01
< 0.000001 4
. B
0 40 80 120 160 200
Vi (i)
AAnduas Styrene = 348E-07  Tus/(mggu-ialn)

Awlandeund Ethylbenzene =

215607 n@Ama.Tu -2h9)
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HANITVARBITAY Styrene-ethylbenzene mixture HAMANTWAITEW 2.0 M (each)

1981 anudiutu (gmolice.) e AU (gmolice )

(2 Ta) Styrene Ethylbenzene ("ﬁ."ﬂud) Styrene Ethylbenzene
31.88 1.24888E-08 - 61.58 1.05846E-06 8.29237E-07
33.57 3.59584E-08 1.6661E-08 66.57 1.48701E-06 1.17905E-06
36.00 6.09064E-08 4.07275E-08 68.85 1.63004E-06 1.30659E-0G
37.73 9.50944E-08 6.1762E-08 71.72 1.92535E-06 1.55218E-06
38.72 1.16901E-07 1.22402E-07 74.30 2.17428E-06 1.76063E-06
41.90 1.94332E-07 1.51775E-07 78.67 2 68359E-06 2 20425E-06
43.67 2.31862E-07 1.94602E-07 81.67 3.10031E-06 2 55918E-06
46.53 2.96157E-07 2.06351E-07 84.65 3.51463E-06 2.91146E-06
49.95 4.11102E-07 2.97311E-07 - - -
52.53 5.51366E-07 4.06842€-07 - - -

56.08 7.006B4E-07 5.35891E-07 - - -
58.73 8.76059E-07 6.73847E-07 - - -
naANANAUS T NAANIdN WA Receiving Tuman
0.000006 i = -
~0.000005
A
e
& 0.000004
] N
B 0.000003 y = 1.132E-07x - 6.155E-06 o
— *
e R'=0910E01 o
& 0.000002 o
4 oo y = 9.062E-08x - 4,873E-06
& )
0.000001 8333; 2 - 0.B60E01
0 —Ma : -
0 40 80 120 160 200
a1 (date)
FWANTE8 Styrene = 3.75E-07  Twadmsan-d2lng)
AAnduas Ethylbenzene = 3.00E-07  Tnav(me.gu.-daTue)
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K ' e | chaney ' - i .
3.4.6 Bicomponent tinndauduniidariadlassuilussdisznoungumail 10 ¢

NANTVAABITRY Styrene-ethylbenzene mixture fadindudetlion 0.5 M (each)

nan AN (gmolice.) IR A (gmolice.) T
(“i'J"'JTm) Styrene Ethylbenzene ('ﬁ"fﬂm} Styrene Ethylbenzene
10.90 1.7332E-07 1.07055E-07 35.52 4.19854E-06 1.04645E-06
12.22 2.57453E-07 1.18184E-07 36.98 4.51308E-06 1.04G45E-06
13.50 4.24387E-07 1.62024E-07 37.88 4.6377E-06 1,07097E-06
14.73 5.66496E-07 1.76336E-07 39.40 4.86411E-06 1.10767E-06
19.58 1.1341E-06 2.73698E-07 - - -

25.30 2.0539E-06 4.35378E-07 - - -

26.62 2.19584E-06 4.63052E-07 - - -

28.27 2.5492E-06 5.27272E-07 - - -

29.88 2.82992E-06 5.9014E-07 - - -

31.55 3.14347E-06 6.47592E-07 - - -

32.88 3.61844E-06 7.50015E-07 - - -
34.00 3.74256E-06 8.3469E-07 - - -

NIMATIHAUETENI AR N WA Receiving TUIGAN

Auindy (nFuluseu. o)

0.00004

0.00003

0.00002

0.00001

* Styrene
9 Ethylbenzene
y = 1.996E-07x - 2.994E-06
2 .
R = 9.898E01 y = 6.117E-08x - 1.240E-06
s ¢ P i ;R?:9,341E-01
0 PP, .4 a0 0 0 g o0 0 0C O :
0 5 0 i5 20 5 30 35 40 45
81 (Falu)
6.62E-07  Tuad(eson.-dalue)

Aandu0s Styrene =

AMANTzad Ethylbenzene =

2.03E-07

T;Jﬂ/(ﬁl?,'ﬂu.-'ﬁ"fa‘fm)
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HRNTINAADITEN Styrene-ethylbenzene mixture RAdindudstlan 1.0 M {each)

1189 Audiudu (gmolice.) Tl ANtind (gmalice.)
('i'il"ﬂm) Styrene Ethylbenzene ('BLQT,M) Styrene Ethylbenzene
10.43 2 62451E-07 1.19839E-07 - - -
11.77 4.42379E-07 1 52626E-07 - - -
13.07 6.46631E-07 1.8782E-07 - - -
14,12 8.69209E-07 2.27976E-07 - - -
19.12 1.91246E-06 4.27256E-07 - - -
2472 3.37354E-06 7.12264E-07 - - -
26.03 3.67808E-06 7.87615E-07 - - -
27.70 4.01378BE-06 8.81013E-07 - - -
29.28 4.92492E-06 1.11699E-06 - - -
30.98 5.3624E-06 1.29221E-06 - - -
32.75 6.26022E-06 1.58895E-06 - - -

naa TSIz AN AN AL AT Receiving FLan

0.00004 .

g 0.00003
o |
&
&
‘% + Slyrene
o 0.00002 )
; @ Elhylbenzene
ap
=
&
" -
g y = 3.139E-07x - 4.325E-06
& 0.00001 2 |

R = 9.74BE-01 .

. y = B.285E-08x - 1.283E-06
. !
0 o088 o oo © ° R = 9.240E-04
0 10 15 20 25 35 40
A ('ﬁI"JTm}
ATWANT94 Styrene = 1.04E-06  Wuai(ma.au.-Talua)
Aanduad Ethylbenzene = 2.756-07  Tuaimsan-d2Tus)



HANTNANDHIDD Styrenc-cthylhonsone nuxlure e dindudation 1.6 M (each)

A1 AT (gmolice.) VIR pramdiedil (gmolice.)

(‘i‘l"ﬁm) Styrene Ethylbenzene ('ﬁL’JTNJ) Styrene Ethylbenzene
12.75 1.62991E-07 1.35932E-07 29.85 6.30187E-06 1.97412E-06
13.75 2.58953E-07 1.6902E-07 - - -

14.85 4.25053E-07 2.10079E-07 - - -

16 6.55794E-07 2.67983E-07 - - -
17.183333 9.4118E-07 3.45439E-07 - - -

18.3 1.22423E-06 4.24098E-07 - - -
21.316667 2.27515E-06 7.23966E-07 - - -
22.366667| 2.67265E-06 B.70184E-07 - - -
23.516667 3.2321£-06 1.08796E-06 - - -

24.85 3.9788E-06 1.18783E-06 - - -
26483333 4.64753E-06 1.42862E-08 - - -
27.916667 5.24163E-06 1.63061E-06 - - -

NIINATTHALTISWIWATA N NdUA T Receiving fLnan

Q0000 oot st o ssssssnrs e -
3 ¢.00003
® :
2 ‘
& :
E :

- - : * Styrene
= y = 4.450E-0/x - /12/E-06 ;
‘5 0.00002 5
2 R = 9.943E-07 o Ethylbenzene
= )
I :
& :
€ 0.00001 y = TA71E-D7x - 1.661E-06
Le e ¢ R = 9.8@75-01
+ " * o
0 P .. W . 8 coco o @ °
8] 10 15 20 25 30 35 40

AMANdTed Styrene =

Amandana Ethylbenzene =

e (i)
1.48E6-06  TN&/(@7.94.-T25049)

3.88E-07  TWa/(B13.13.-12139)



HAMMTNARAIIDI Styrene-ethylbenzene mixture endiududetlan 2.0 M (each)

81 auidudu (gmolice ) AN avtuty (gmolice.)
('ﬁ'"ﬂm) Styrene Ethylbenzene ('fi."ﬂm) Styrene Ethylbenzene
9.88 1.42032E-06 1.42095E-06 15.25 6.33554E-06 1.31784E-06
10.73 1.76785E-06 1.64535E-06 15.25 §.33554E-06 1.31784E-06
12.15 2.04707E-06 1.71844E-06 15.70 6.81639E-06 1.45697E-06
13.27 2.15769E-06 1.70701E-06 25.97 7.6365E-06 3.4136E-08
14,38 2.68015E-06 1.95547E-06 27.40 7.85475E-06 3.57964E-06
15.53 3.13014€-06 2.1155E-06 29.32 8.80941E-06 3.87864E-C6
16.73 3.54647E-06 2.24529E-06 - - -
17.72 3.92265E-06 2.35223E-06 - - -
20.80 5.21913E-06 2.77846E-06 - - -
21.85 562714E-06 2.89472E-06 - - -
23.00 6.15409E-06 3.04467E-06 - - -
24.35 6.68788E-06 3.24109E-06 - - -

NI A INAUSTEWINATAT NN TR Receiving TUAT

0.00004 |— - .
3 0.00003
P
A
g
<
g
#0,00002 y = 4 293E-0/x - 3H61E06
% R 0030801
- G0 (
B
E
£ 0.00001 R
. v y = 1.260E-07x + 1.229E-07
o ? i
.t o © 7 01 .
0 00 0»68300 coco @ © R 9.982ECM§
0 5 10 15 20 25 30 35 40
VI8 (‘fﬂm}

AANTU84 Styrene = 1.40E-06

Aiand1as Ethvibenzene = 4. 21E-07

Tuﬂ/(ws.‘nu.-'f'ﬂm)

s/ au.-991uY)

* Llytenge

9 [thylbensene
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HANTINAREILDY Styrene-ethylbenzene mixture Haaudintudatlon 2.0 M (each)

12A1 AT (gmolice.) IR Aoudindu (gmolice.)
(i) Styrene Ethylbenzene (2} Slyrene Elhylbenzene

11.22 1.8893E-06 3.BG4A9BE-07 18.83 6.7 /918806 1.669HGE-06

11.70 2.04557E-06 4.07855E-07 19.82 7.26365E-06 1.82522E-06

12.87 2.60751E-06 5.01103E-07 20.37 7.60901E-06 1.90103E-06

13.37 2.88857E-06 5.46975E-07 22.07 8.59245E-06 2.16302E-06

13.97 3.21594E-06 6.11346E-07 23.30 9.99089E-06 2.95894E-06

14.35 3.46983E-06 6.663892E-07 - - -

1517 4,16406E-06 9.30645E-07 - - -

16.00 4.48876E-06 1.05713E-06 - -

16.72 5.06186E-06 1.18226E-06 - - -

17.27 5.45704E-06 1.29236E-06 - - -

17.78 5.8932E-06 1.42035E-06 - - -

18.33 6.36917E-06 1.5527E-06 - - -

neA TN LS sz eANA NI AU Receiving unan

0.00004 - -
a 0.00003 y = 6.927E-07x - 6.426E-06
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Abstract

Permeation of ethylbenzene, styrene and cyclohexene through CR 61-CMP-
447, a crosslinked-poly(sulfonated styrene), was investigated. The experiments
performed with the Na'-form membrane showed that CR 61-CMP-447 was highly
permeable to the aromatics and cyclohexene.  An additional experiment was carried
out with the Na'-form membrane incorporated with poly(pyrrole) and 2.0 M styrene
as a [eed. The presence of poly(pyrrole) resulted in a significant Hux decline,
suggesting that solution-diffusion transport also occurred in the ionic regions. As Ag'
ions were exchanged for Na" ions, it was found that the solute flux attributed to the
facilitated transport was proportional to the ditfusional flux. This led to a hypothesis
that a fast diffusion of solute between the carrier sites promoted the transport through
the reactive pathway. The very high diffusional flux however limited the facilitation
factor to below 10. In addition, under very high permeation through the solution-
diffusion mechanism, the presence of Ag" ions in the membrane could merely
increase the styrene/ethylbenzene separation factor from [.2-1.4 to 1.9-2.3. The low
separation factor indicated that the competitive transport did not occur. An excess
number of carriers in the membrane could suppress the competitive absorption of the

aromatics. It was also possible that the homogeneous distribution of Ag” ions in the



membrane might also be responsible for the unobserved competitive transport in CR

61-CMP-447.
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1. Introduction

Considerable research in separations of alkenes and aromatics through
facilitated transport membranes containing Ag”™ has been done [1-7]. Based on the
flux measurements carried out with single-component feed solutions, the separations
of several bicomponent feeds are not likely. Nevertheless, unexpectedly large
selectivities for the separation of certain unsaturated hydrocarbon mixtures were
observed . The competitive facilitated transport of styrene and ethylbenzene through
Ag’-Nafion® 117 was first reported by Koval et al. | 1]. Although cach component in
the feed solution was able to complex with Ag’, the styrene/ethylbenzene separation
factor of 36 was obtained for the feed containing 0.1 mol/l of each aromatic. In a
subsequent study, the effect of permanently swelling of the membrane on the
separation were explored [2|. The expansion of the cluster network allowed the
membrane to absorb more water. The effective Ag' concentration in the membrane
was reduced, which resulted in the lower facilitation of aromatic transport. The more
open membrane structure also led to the higher permeation through solution-difTusion
mechanism, As a consequence, the styrene/ethylbenzene separation {actor decreased
dramatically, that is, the effect of competitive transport was less pronounced. Koval
et al. [3] also observed the enhancement of 1-hexene and 1,5-hexadiene transport rates
across Nafion® 111 by factors of several hundred when Ag" was exchanged for Na".
An indepth-study of the separations of linear C;-Cp dienes from monoenes using
hydrated Nafion® was performed by Thoen et al. [4]. Selectivities much larger than
predicted from measurements involving single-component feed solutions were
obtained. For the separation of 1,5-hexadiene from 1-hexene, the separation factor

obtained from an equimolar, bicomponent experiment was 43, ten times higher than



the number predicted from the single-component experiments. It was found that
fluxes of the solutes closely related to their concentrations in the membrane, clearly
indicating that the large selectivity resuited from competitive absorption. It was
however demonstrated that competitive absorption would not be observed for liquid
membranes composed of aqueous salts. To explain the unexpected large scparation
factors for the diene/monoene mixtures, the complexation of dienes to two Ag’ was
proposed. Kohls et al. [5] reported further investigation into the effects of various
properties of Cq alkene and dienes, such as bond spacing and position, on their
competitive permeation. Competitive transport through Nafion® was also obscrved
with gas-phase olefins [6]. The competitive effect slightly increased the cis-2-
butene/trans-2-butene selectivity from the ideal value of 1.4 calculated {from pure gas
fluxes to about 1.9-2.7, depending on the feed composition. Recently. absorption and
transport experiments in Ag’-exchanged Neosepta® CM-1 suggested the transport
through the membrane occurred predominantly through the 1:1 1,5-hexadiene/Ag"
complexation mechanism [7].

In present work, facilitated transport of styrene, ethylbenzene and cyclohexene
through crosslinked-poly(sulfonated styrene) containing Ag" was investigated. The
chemical structure and morphology of the membrane was different from Nafion® and
led to intriguing results. The permeation through the crosslinked-poly(sulfonated
styrene) incorporated with poly(pyrrole), a positively charged polymer, was also
carried out. In addition, the effects of temperature and feed concentration were also

studied.



2. Experimental

2.1 Materials

Crosslinked-poly(sulfonated styrene), commercially desinated as CR 61-CMP-
447, was kindly given by lonics, incorporated. The 22.5 Mils thick membrane was
reinforced with polypropylene. An ion-exchange capacity of 2.2 meq/dry gram was
reported by the manufacturer. Sorbic acid or 2,4-hexadiencic acid 99% and ethanol
99.5% was used to prepare the membrane storage solution. Purity of silver nitrate
and sodium nitrate was higher than 99%. Ethylbenzene, 98+%, was purchased from
Fluka. Cyclohexene, styrene, and isooclane (2,2 4-trimethylpentane), all 99+ % grade,
were used. Pyrrole, 98 %, was purchased from Aldrich. Aqueous hydrogen peroxide
40 m/v in water was used. All chemicals were used without further purification.

Purified and deionized water was used in all experiments.

2.2 Membrane preparation and characterization

The as-received H'-lorm membrane was kept in 0.1% aqueous solution of
sorbic acid and ethanol. Conversion to a Na'-form membrane was done by first
thoroughly washing the as-received membrance with water. The membrane was then
immersed in a 1 M agueous sodium nitrate solution {or 6 hours. The film was
subsequently rinsed with water. The membrane was converted to Ag'-form by ion-
exchanging in a 1 M aqueous silver nitrate solution for 6 hours. The membrane was
then repeatedly rinsed with water to remove the excess solution.

Water content of the membrane was obtained by first weighing a fully
hydrated H*-form membrane. The membranc was dried in a vacuum oven at 60 °C for

6 hours, and then placed in a desiccator. A constant weight of the membrane was
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reached afler several days. Water content of the membrane found by this procedure
was 49 wi%. compared with 44% reported by the manulacturer,

The preparation of the membrane incorporated with poly(pyrrole) was similar
to the procedure described previously [8]. To polymerize pyrrole into a H -form film,
an aqueous solution of 0.01 M pyrrole was prepared. A H'-form crosslinked-poly
(sulfonated styrene) film was placed in the solution for 12 hours. Then,
approximately 0.25 cm’ of hydrogen peroxide, 40 m/v in water, was subsequently
added to the solution. The mixture was continuously and gently stirred for about 5
minutes. A black film of the H'-form crosslinked-poly(sulfonated styrenc)-poly
(pyrrole) composite polymer was obtained. The [ilim was rinsed with water. The ion-
exchange procedures used to convert these membranes to the Ag” or Na'-form were
the same as those described earlier. The membranes were thoroughly washed prior to
transport measurements.

The amount of poly(pyrrole) in the membrane was obtained from the weight
difference between the dry H'-form membrane incorporated with poly(pyrrole) and
the dry H'-form membrane, Weight of the dry H'-form membrane was obtained by
subtracting the calculated weight of water in the membrane from weight of the wet
H*-form membrane, Poly(pyrrole) was subsequently polymerized into the membrane.
The composite membrane was dried in an oven and a desiccator until the constant
weight was obtained. The membrane was found to contain ca. 1.1 wt% poly(pyrrole).
Jon-exchange capacity and water content of the membrane were obtained by the same

procedures described earlicr. Water content of the composite membrane was 45 wi%o.



2.3 Transport measurements

The flux measurement cell is shown in Figure 1. The two compartments of the
cell were separated by the membrane which was held in place with O-rings and a joint
clip. The surfacc arca of the membranes exposed to the solutions, measured from the
O-ring joint diameter, was approximately 4.52 cm?. The experiments were perforimed
with liquid phases in both feed and receiving (sweep) solutions, referred to as the
perstraction mode of operation. The feed side compartment contained 15 cm”® of
solute in isooctane. The receiving compartrﬁent consisted of 15 cm? of isooctane.
Both cell compartments were mechanically stirred by magnetic stirrers,
After the cell was assembled, it was kept in a room whose temperature was constant at
25 °C. To investigate the mass transfer at low temperature, the cell was placed in a
refrigerator providing the temperature of 10£1 °C. Aliquots (ca. 1pL) of the
receiving solution were removed periodically with a syringe and analyzed for
permeates by gas chromatography. The gas chromatograph was a Shimadzu 4B with
a flame ionization detector. Separations were performed with a packed column (BX-
10). Solute fluxes were obtained by calculating the concentration ol olelin appearing
in the receiving reservoir per unit time and unit arca of membrane. For the
experiments involving Ap'-form membranes were pecformed ina way as o minimize

cxposure to light.



3. Results and discussion
3.1. Na -form membranes.

To investigate the Fickean mass transport of ethylbenzene, styrene and
cyclohexene, the permeation measurements were carried out with the Na'-form CR
61-CMP-447 membrane. Fluxes through the membranc obtained from the single-
component feeds, that is the feeds consist of either ethylbenzene, styrene or
cyclohexene in isooctane, are shown in Table 1. The membrane exhibits very large
fluxes for ethylbenzene and styrene, the aromatics, while giving a much lower flux for
cyclohexene, an alkene. Since CR 61-CMP-447 is a styrene-based polymer, sorption
of ethylbenzene and styrene into the membrane are likely to be very high. The very
large fluxes are possibly attributed to the high solubilitics of the aromatics into the
membrane.

Further investigation on solution-diffusion of styrene through CR 61-CMP-
447 was done by incorporating poly(pyrrole) into the membrane. In an oxidized-form,
poly(pyrrole) contains positive charges and requires the presence of anions as counter
ions. In this case, the sulfonate groups in CR 61-CMP-447 serve as counter ions for
the positive charges of poly(pyrrole). Embedded in the hydrophilic region, poly
(pyrrole) was found to decrease the water conient of the membrane from 49 wi% (0 45
wt%. It is possible that poly(pyrrole) replaces water originally forming the hydration
shell around the sulfonate groups, reducing the free-volume of the membrane. The
membrane was tested with 2.0 M styrene as a feed. Flux of styrene was 7.34 x 107

mol cm™ hr'!, approximately 40 % lower than the flux of the poly(pyrrole)-free



membrane. The flux decline in the presence of poly(pyrrole) suggests that the
solution-diffusion transport also takes place in the hydrated region.

Permeation measurements of ethylbenzene and styrene were also performed
with the equimolar bicomponent feeds. For the most part, fluxes of the aromatics, as
listed in Table 2, are slightly greater than those obtained from the single-component
feed. This could result from the higher concentration of aromatic in the fced side in
the bicomponent experiments. The membrane was then swollen to a greater degree,
allowing the solutes to diffuse more freely through the membrane with the
congsequentially increasing {luxes.

In comparison with Nafion®™, the CR 61-CMP-447 membrane is more
permeable to ethylbenzene and styrene. With the feed composed of 1.0 M of each
aromatic, ethylbenzene and styrene fluxes through Nafion® 117 were 1.19 x 10 mol
em? hr' and 3.96 x 10 mol cm™ hr'', repectively [1]. Evidently, the aromatic fluxes
of Nafion® 117 were several times lower than those of CR 61-CMP-447. As CR 61-
CMP-447 is approximately 3.25 times thicker than Nafion® 117, aromatic
permeabilities are calculated, taking the membrane thickness into account. The
permeabilities shown in Table 3 clearly indicate that CR 61-CMP-447 has a much
larger solution-diffusion aromatic transport than Nafion® 117.

Reducing temperature results in the decreasing solution-diffusion flux as
shown in Table 3. At 10 °C, ethylbenzene and styrene fluxes are 3-4 times lower than

those obtained from the experiments done at 25 °C.
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3.2. Ag’-form membranes.

The Ag -penetrant reversible reaction provides another transport pathway in
addition to the solution-diffusion mechanism. One of the widely accepted mechanism
for the facilitated transport across the memb-rane was provided by Noble [9-11]. The
main feature of the theory is that a penetrant has weak interactions with the polymer
linkages between carrier sites and can migrate along the polymer chain. It was found
by this study that the diffusion of solute between the carrier sites might have a
profound effect on the facilitated transport.

Facilitated transport of ethylbenzene, styrene and cyclohexene through the
Ag’-form CR 61-CMP-447 was investigated. Fluxes observed with the single-
compeonent feed solutions are reported in Table 4. Flux of each component is the sum
of the diffusion flux and the flux attributed to the complexation.

It might reasonably be assumed that the diffusive flux of solute through the
reactive membrane is the same as that of the carrier-lree membrane. J3ased on this
assumption, flux of a solute through the facilitated transport pathway can be
calculated by subtracting flux of the Na"-form membrane from flux of the Ag™-form
membrane. Accordingly, facilitated fluxes of ethylbenzene range from 5.70 x 107 10
2.39 x 10 mol em? hr'', while those of styrene arc slightly larger, 2.33 x 10 to 5.97
x 10 mol em™ hr”'. Despite the fact that facilitation factors of cyclohexene are
higher than those of the aromatics, facilitated flux of cyclohexene are much lower,
ranging from 1.39 x 10% 10 5.20 x 10® mol em™ hr''. By considering the diffusion
fluxes of ethylbenzene, styrene and cyclohexene reported in the Table 1, it is evident
that the magnitude of the facilitated transport {Tux corresponds (o the diftusional ux.

The Na*-form membrane exhibits the largest flux for styrene, while the Ag”-form
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membrane also gives the highest facilitated flux. On the other hand. both diffusion
and facilitated fluxes of cyclohexene are lowest. The correspondence between
facilitated flux and diffusion flux suggests a correlation between the transport to
reactive and diffusive mechanisms. In addition to the preferential fast reversible
complexation, the enhanced transport rate through the phenomenon of facilitated
transport in- the membrane may also rely on the fast ditfusion of solute between the
carrier sites.

The relative rates between the complexation and diffusion arc important to the
effectiveness of the membrane. Under diffusion-limited regime, the reaction rate is
relatively faster than the diffusion rate, and the diffusion mechanism controls the total
mass transfer rate. In the case when the diffusion rate is faster than the reaction rate,
the reactive pathway controls the total mass transfer rate. In between these two
limiting regimes, the total mass transfer rate is governed by both mechanisms [12].

The ratio of flux across the Ag’ -form membrane to the flux of the Na'-form
membrane is termed the facilitation factors. It can be viewed as a measure of
increased mass transfer rate through the facilitated transport pathway. In general, a
high facilitation factor is evidence of the transport under the diffusion-limited regime,
while the facilitation factor of lower than 10 has been arbitrarily chosen to indicate the
transport under the reaction-limited regime [13].

The facilitation factors of ethylbenzene range from 2-3, while those of styrene
are slightly higher, 4-8. These numbers are relatively low compared with those of
Nafion® [1,2], and imply that the diffusion rate is higher than the reaction rate.
Nevertheless, facilitated fluxes of the aromatics through CR 61-CMP-447 are
remarkably higher than the fluxes observed with Nafion® 117. It was discovered that

facilitated transport of ethylbenzene and styrenc through Nafion® 117 achieved
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reaction equilibrium [2]. As a consequence, based upon the facilitated flux, rather
than the facilitation factor, the lacilitation through CR 61-CMP-447 is presumably
under the diffusion-limited regime. The primary reason of the low facilitation factor
is that the CR 61-CMP-447 membrane has the very high dilTusion fluxes, as shown in
the previous section. This could be a result from very high solubilities of the
aromatics in the membrane, while the effecti?e diffusion coefficient of the complexed
aromatics are still relatively low compared with the complexation rates. The
facilitation regime is not then reflected well on the facilitation factor.

On the other hand, cyclohexene which has a smaller diffusion flux the
aromatics, possibly due to a lower solubility, possesses the higher facilitation factors,
10.2-18.9. Transport through the solution-diffusion pathway evidently confines the
extent to which the transport through carrier-mediated mechanism can enhance the
performance of membrane.

The permeation measurements were also done with the bicomponent feeds.
Fluxes of the aromatics, listed in Table 5. clearly show that Nux of cach component is
reduced due to the presence of another aromatice in the feed. In addition, the
facilitation factors of the aromatics are lower than those observed with the single-
component {eeds. For the feed consisting of both aromatics, the facilitation factors of
ethylbenzene range from 1.4 to 2.2, while those of styrene are between 2.1 and 4.
This is probably because both aromatics are able to complex with Ag" in the
membrane. The available carriers for cach aromatic are therefore reduced.

Compared with slyrene, decreasing temperature from 25 °C to 10 °C reduces
flux of ethylbenzene by a slightly greater degree. Separation factor, a ratio of styrene
flux to ethylbenzenc flux, consequently increases from about 2 at 25 °C to 3-4 at 10

°C. Temperature also shows little effect on the facilitation factor of styrenc. Asa
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decrease in the diffusional flux is more than the facilitated flux, facilitation factor
becomes slightly larger at 10 °C. On the other hand, effect of temperature on the
facilitation factor of ethylbenzene is negligible.

Styrene/ethylbenzene separation factor of Nafion® 117 is as high as 18 for the
feed composed of 1.0 M of each aromatic [1]. The reason for the very high separation
factor is that both components are competitively absorbed into the membrane [4].
Such high separation factor and competitive transport is however not observed with
CR 61-CMP-447. 1t is of the opinion that a high carrier loading in CR 6]-CMP-447 is
responsible for a lack of the compelitive transport. The ion-exchange capacity of CR
61-CMP-447, 2.2 meq/g, is significantly higher than that of Nafion® 117, 0.9 meq/g.
The number of carriers in the membrane may exceed an amount of solutes in the
membrane. As a result the competitive absorption does not occur.

Another plausible explanation is concerned with morphology difference
between Nafion® 117 and CR 61-CMP-447. The ion exchange sites in Nafion® 117
aggregate into clusters [14-16). The polymeric side chain ionic groups and absorbed
water are separated from the fluorocarbon backbone in approximately spherical
clusters connected by short narrow channels. The cluster diameter is approximately
40 A and the channel diameter is about 10 A. Providing that the fixed anions are
located in the narrow channels, the facilitated transport of aromatics across the
membrane must occur through these intercluster regions. However, only a small
number of H,O molccules, ions, and aromatics can occupy this small volume of
approximately 1 nm®, Preferential absorption of styrene in these cluster-connccting
pores could block ethylbenzene from accessing the carriers that mostly locate in the

clusters. This can effectively exclude ethylbenzene from the membrane. Unlike
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Nafion®, jon exchange sites in CR 61-CMP-447, a crosslinked-poly(sulfonated
styrene) membrane, are uniformly distributed. The absorption of ethylbenzene is not
affected by the presence of styrene in the feed. As a consequence, the styrene-

cthylbenzene competitive transport is not observed with CR 61-CMP-447.

4. Conclusions

Much research has been done to investigate the facilitated transport of
unsaturated hydrocarbons across the membrane containing Ag’ ions. C.A. Koval and
coworkers have intensively studied the separations of liquid phase olefins such as
styrene/ethylbenzene, dienes/monoenes using Nafion® membranes. In the present
work, permeation measurements of styrene, ethylbenzene and cyclohexene through
the CR 61-CMP-447 ion-exchange membrane were carried out. CR 61-CMP-447,
kindly given by lonics, Incorporated, is a crosslinked-poly(sulfonated styrene)
membrane,

Studies of the solution-diffusion transport were performed with the membrane
in Na'-form. CR 61-CMP-447 exhibited very high aromatic fluxes, while giving a
lower flux for cyclohexene. Styrene-based structure of the membrane most likely
contributed to the very high solubilities of the aromatics in the membrane. The
solution-diffusion transport was further explored by incorporating poly(pyrrole) into
the membrane. For a 2.0 M styrene feed, styrene {lux was decreased by about 40%,
suggesting that solution-~diffusion transport also happened in the hydrophilic region.

When Ag” ions were exchanged for Na' jons, study of facilitated transport
under very high solution-diffusion transport was possible. [t was found that there was

a correlation between the magnitude of flux attributed to the facilitated transport and
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the diffusional flux. It was hypothesized that a tast diffusion of solute between the
carrier sites increased the transport rate through the reactive pathway. The facilitation
factor, calculated by dividing flux of the Ag'-form membrane with the diffusional flux
obtained from the Na’-form membrane, was however below 10 due to the very high
diffusional flux.

The phenomenon of competitive facilitated transport selectively enhances flux
of a certain component in a mixture. Unlike Nafion®, CR 61-CMP-447 showed a
very low styrene/ethylbenzene separation factor, indicating the absence of the
competitive transport. A possible explanation was that a high carrier loading in the
membrane suppressed the styrene/ethylbenzene competitive absorption. It was also
hypothesized that facilitated transport in Nafion® must occur through the narrow
pathways connecting the adjacent clusters. Ethylbenzene was excluded from the
membrane because styrene is preferentially absorbed in these intercluster regions. On
the other hand, Ag” ions in CR 61-CMP-447 werc uniformly distributed within the
membrane matrix. The carriers were then accessible for ethylbenzenc although
styrene was present in the feed.

Finally, although decreasing temperature from 25 °C to 10 °C resulted in a
lower diffusive flux, an increase in facilitation effect was almost negligible. This was

because the facilitated flux was also reduced by the similar degree.
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Table Captions

Flux of ethylbenzene, styrene and cyclohexence through Na'-form membrane
Oblained from single-component feed (mol em™ hr™')

Flux of cthylbenzene and styrene through Na'-form membrane Obtained
{rom bicomponent feed (moi em” hr'!)

Comparison ethylbenzene and styrene permeabilities through Na'-form
Membranes (mol cm em™ hr'! M™)

Flux of ethylbenzene, styrene and cyclohexenc through Ag'-form membrane
Obtained from single-component feed (mol cm™ hr'!)

Flux of ethylbenzene and styrene through Ag*-form membrane Obtained

from bicomponent feed (mol em™ hr'')



Concentration (M)

Compound 0.5 1.0 1.5 2.0

Ethylbenzene 493x 107 6.70x107  7.15x 107 1.12x 10°

Styrene 6.96x 107 692x107  745x107 8.68x 107
1.51x10°  2.15x107  245x10%  3.65x10°

Cyclohexene

19



Table 2.

Concentration (M)

Compound 0.5 1.0 1.5 2.0

Ethylbenzene 6.79x 107 6.79x 107  745x 107  9.12x 107
Styrene 824x 107  839x107 1.02x10° 121x10°
Ethylbenzene (10°C) 167 x 107  2.01x107  215x107  3.00x 107
Styrene (10 °C) 249x107  320x107  348x107  3.75x 107
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Table 3.

Compound C.A. Kovaletal. {1] This work
Ethylbenzene 1.59x 10" 2.38x 107
Styrene 1.96x 10°! 7.92x 107
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Table 4.

Concentration (M)

Compound 0.5 1.0 1.5 2.0

Ethylbenzene 1.14x 10°  124x10° 221x10°  351x10°
Styrene 3.03x10°  3.83x10° 448x10° 684x10°
Cyclohexene 1.54x 10%  320x10%  464x10"  556x10®
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Table 5.

Concentration (M)

Compound 0.5 1.0 1.5 2.0
Ethylbenzene 9.65x 107  9.73x 107 146x10° 2.05x10°
Styrene 1.79x 10°  1.92x10%  323x10°  4.80x10°
Ethylbenzene (10°C)  2.03x 107 2.75x 107  3.88x107  5.66x 107
Styrene (10 °C) 6.62x 107  1.04x10° 148x107 185x10°
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