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The characterization of anhydrated Ag +-doped polyperfluorosulfonate membrane (PSM) was made by using EDS, 
positron annihilation lifetime measurement and AFM. It was confirmed that the distribution of doped Ag + in the 
membrane was homogeneous, the membranes were rather dense ones and the concentration of doped Ag + was about 
twice as much as that of charged group SO/  in the membrane. The permeation experiments were also carried out 
for n-butane, 1-butene and 1,3-butadiene. Anhydrated Ag +-doped PSM exhibited relatively high permeability for 
l-butene compared with n-butane and 1,3-butadiene. The ideal separation factor of l-butene/n-butane, which was 
the permeability coefficient ratio of 1-butene to n-butane, was about 5400 in the membranes exchanged by AgNO~ 
aqueous solution at 25°C. Both the permeability of 1-butene and selectivity of l-butene/n-butane increased with 
decrease of temperature. On the other hand for l-butene/l,3-butadiene system, the highest ideal separation factor 
11.7 was obtained at 70°C while permeability increased with decrease of temperature. The permeation behaviour 
of alkenes through anhydrated Ag4-doped PSM could be explained by a swelling model suggested in this paper. 
Based on such swelling mechanism, the diffusivity and permeability of alkenes were strongly affected by the 
amount of alkenes absorbed in the membrane. © 1998 Published by Elsevier Science Ltd. All rights reserved. 

(Keywords: Ag+-doped polyperfluorosulfonate membrane; paraffin; olefin) 

INTRODUCTION 

Polyperfluorosulfonate membranes (PSM) have been 
widely used in industrial separation processes like chlor- 
alkali'cells ~'z, fuel cells 3 5 and selective electrodes 6"7. PSM 
in Ag-  form showed high permselectivity i a the separation 
of alkenes from their corresponding saturated compounds 
and also in the separation of alkenes of different kinds s ~3. 
These phenomena were always considered due to the 
facilitated transport of alkenes by Ag + in the membrane. 
The research on the affinity between silver ion and alkene 
can be dated back to 1938, when Wiastein and his 
co-workers published their first paper about alkene-silver 
coordination complex ~4. Now it is commc,nly understood 
that the interaction between the alkene and the silver ion 
can be described in the following way as shown in Figure 1: 
a o-type bond, as, a result of donation of ~r-electrons from the 
occupied 2p bonding orbital of the olefinic system into the 
vacant 5s orbital of the silver ion, and a 7r-type bond, as a 
result of back-donation of d-electrons from occupied 4d 
orbitals of the silver ion into the unoccupied 7r* - 2p 

1~, |5  antibonding orbitals of the olefinic system 
Based on this special interaction, facil!tated transport 

with silver ions as a carrier in various kinds of membranes 
such as supported liquid membranes and hydrated ion- 
exchange membranes has been investigated 16 19. Gierke 
performed the research work on hydrated PSM and derived 
a cluster-network model which suggested that the polymeric 

* To whom correspondence should be addressed 

ions and absorbed water separated from the fluorocarbon 
matrix into approximately spherical domains (with diameter 
of about 4 nm) connected by short narrow channels of 1 nm 
width. The average distance between these ion-clusters was 
about 5 nm. Gases followed this kind of path when they 
transported through the membrane 2° 22. Even though these 
facilitated transport membranes containing Ag ~ can offer 
high selectivity for olefin/paraffin separations, supported 
liquid membranes often have stability problems because of 
solution loss, while for hydrated Ag+-exchanged PSM, we 
usually have to face the problem of maintaining humidity 
during operation. 

Noble derived a theory to explain facilitated transport of 
neutral molecules across fixed site carrier membranes 23. 
The model reduced to a form analogous to dual-mode 
transport in the reaction equilibrium (diffusion-limited). 
Based on this model, the transport of gases through fixed 
site carrier membranes could be described in two parallel 
ways. One was the simple solute diffusion and the other was 
the solute hopping between fixed sites. Rabago et al. did 
further research on the facilitated transport fluxes for feed 
solutions containing 1,5-hexadiene, 1-hexene and n-hexane 
in hydrated Ag+-PSM 24. The data and analysis presented in 
his paper also showed that two transport pathways operated 
in parallel. One pathway was diffusion in nature and 
responded to changes in membrane thickness and solute 
concentration in the expected ways. The other pathway 
resulted in membrane fluxes that were thickness-indepen- 
dent and possibly independent of the solute concentration in 
the membrane. The two pathways exhibited different 
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Figure 1 Metal-olefin coordination 
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selectivity for dienes versus monoenes resulting in separa- 
tion factors for these compounds which were dependent on 
membrane thickness. However, the physical property of the 
two transport pathways was not clearly demonstrated. 

In this work, the structure of Ag+-doped PSM was 
investigated by using electron microprobe X-ray micro- 
analysis (Energy Disperse X-ray Spectrometer: EDS), 
positron annihilation lifetime measurement and atomic 
force microscope (AFM). Then the permeation behaviour 
of n-butane, 1-butene and 1,3-butadiene through anhydrated 
Aft--doped PSM was studied. Understanding the transport 
mechanism of alkenes through anhydrated Ag+-doped PSM 
was the objective of this paper. 

EXPERIMENT 

Membrane preparation 
PSM with Na + as counter ions were obtained from Asahi 

Chemicals. The membranes were immersed in AgNO3 
(Wako Chem.) or AgBF4 (Aldrich) aqueous solutions for 
more than 24 h to convert them to the silver form ion- 
exchange membranes. The concentration of Ag * solution 
was IN, 2N and 5N, respectively, and the membrane 
thickness was 15, 30 and 60/~m, respectively. Then the 
membranes were taken out from Lhe solution. After the 
solution on the surface of the merabranes was wiped off 
carefully, the membranes were vacuum-dried at 70°C for 
more than 12 h. The membranes were kept in a desiccator 
after drying. 

The treatments cited above were performed in a dark 
chamber because AgNO3 and AgBF4 were photosensitive. 
The reason why AgBF4 was chosen as the silver salt in this 
study is that anhydrous silver nitrate can form an explosive 
complex with 1,3-butadiene 25. 

Equivalent weight and thicknesses of membranes are 
listed in Table 1. 

Table l Properties of perfluorotype ion exchange membrane 

Charged group EW (g mol-I) Counter ion Thickness (p,m) 

-SOl-  950 Ag + 60 
30 
15 

Na + 30 

EW: equivalent weight = membrane weigat (dry)/equivalent of charged 
group 

Membrane characterisation 
Energy dispersive X-ray spectrometer (EDS). The cross- 

section of anhydrated Ag+-doped PSM were observed by 
EDS image at 25°C, and together with the EDS line analysis 
along the direction of membrane thickness, the distribution of 
Ag + inside the membranes was monitored. EDS area analysis 
was also carried out to give the information about the quantity 
of silver ion doped into the membranes. 

Positron annihilation lifetime measurement. The size of 
free volume voids inside the membranes was investigated 
by positron annihilation lifetime measurement. The positron 
annihilation lifetime measurement also pointed out the tem- 
perature dependence of free volume in the Ag+-doped 
membranes. 

Atomic force microscope (AFM). The surface of PSM 
were observed by atomic force microscope in order to find 
pores on the membranes. 

Permeation measurement. The permeation experiments 
were carried on the gas permeation apparatus as shown in 
Figure 2 at different temperatures and feed side pressures 
for n-butane, 1-butene and 1,3-butadiene, respectively. Feed 
gas from a gas tank was supplied to the high pressure side of 
the permeation cell through a gas regulator and the pressure 
was monitored by a pressure sensor (MKS Baratron 390HA- 
01000SP05). Permeated gas across the membrane was 
detected by a pressure sensor (MKS Baratron 122AA- 
01000BB) and the pressure change was recorded as a func- 
tion of time. Then the pressure was converted to the amount 
of gas [cm3(STP)]. After non steady-state, the steady-state is 
established and the relationship between the amount of gases 
which penetrate through the membrane and the time becomes 
a straight line. The permeability coefficient P can be calcu- 
lated from the slope of the straight line with equation (1). 

dP V-273 1 1 
- - -  ( 1 )  

P dt 760.T A Pl 

and the diffusion coefficient D can also be obtained from the 
intercept of the straight line with time axis 0 (tag time) by 
equation (2). 

12 
D = - -  (2) 

6O 

where l is the thickness of the membrane. 
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Figure 2 Schematic diagram of gas permeation apparatus 

RESULTS AND DISCUSSION 

Distribution of silver ion in Ag +-doped PSM 
Figure 3 shows an EDS image of the cross-section of 

PSM (30/~m) doped with 2N AgNO3 anc. Figure 4 gives 
the result of EDS line analysis of Ag + concentration 
along the thickness direction of PSM (60/zm) doped 
with 2N AgNO3 as indicated by an arr3w. The results 
of PSM doped with other concentrations of Ag + solution 
or PSM of other thicknesses are all the sarae. This testifies 
that Ag + ions are distributed homogeneausly along the 
direction of membrane thickness. No inhomogeneous 
aggregation of silver ions on the surface o1: the membranes 
is observed regardless of the Ag + solution being AgNO3 or 
AgBF4. 

Concentration of silver ion in Ag +-doped PSM 
The results of EDS area analysis for S and Ag in Ag +- 

doped PSM are shown in Table 2. The amount of Ag-  doped 
in the membrane is about twice as much as that of charged 
group SO3-. This over-dope of Ag-  means that some of 
NO3 or BF4 anions are doped together with Ag + into the 
membrane during the immersing period. Since the separa- 
tion ability of the membrane is based on the affinity of gas 
with Ag +, this over-doped Ag + will improve permeability 
and selectivity of the membrane for olefin. 

Free volume in Ag +-doped PSM 
Figure 5 shows the AFM image of Ag+-doped PSM 

surface. The existence of the pores whose size are about 
several hundred A is not detected. 

~I '~ ~ - -  

i 

t 

1 0 ~ U  N I , 5 0 ~  l ~ w  ~ 7 1 5 0 8  
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Figure 3 Distribution of Ag in PSM (30/zm) dopec with 2N AgNO~ b~, 
EDS image 

Figure 4 Result of EDS line analysis of Ag for PSM (60/xm) doped with 
2N AgNO3 as indicated by arrow ( ~ ) 
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Table 2 Results of EDS square analysis for S. Ag, Na in different types of membrane 

Sample (concentration of dopant, thickness S (%) Ag (%) Na (%) Sum (%) 

Na type (defalt, 30/~m) 

Ag type (2N AgNO,, 15 #m) 

Ag type (2N AgNO~, 30/~m) 

Ag type (5N AgNO~, 30/~m) 

Ag type (2N AgBF4, 30 #m) 

Ag type (5N AgBF4, 30/zm) 

66 - -  34 100 

34 66 - -  100 

33 67 - -  100 

32 68 - -  100 

36 64 - -  100 

27 73 - -  100 

Figure 5 AFM image of PSM surface 
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Table 3 Results of positron annihilation liletime measurement 

Sample r3 Standard 13 (%) Standard 
deviation deviation 

Ag-SO3 2.63 +-0.03 2.8 +-0.0 
Na-SO~ 3.11 _+0.02 t0.8 _+0.1 

r3: lifetime of o-Ps 
l~: relative intensity of o-Ps 

Decay curves of positron lifetime in different types of 
membranes are shown in Figure 6 and the analysis results 
using computer program PATFIT88 and CONTIN are 
summarised in Table 3. Figure 7 also shows the distribution 
of lifetime of o-Ps (ortho-positronium) through Laplase 
transform. The lifetime 73 of o-Ps is related to the size of 
free volume according to the equation: 

= 1 h'~ : 2 { I - RIRo + si a (27rR/Ro)127r } (3) 
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Distribution of lifetime of o-Ps in different types of membranes 

where R0 is the radius of free volume, R is the radius of free 
volume concerning the shielding effect of electrons and the 
intensity is related to the volume concentration of free 
volume in the membranes respectively. For each membrane, 
r3 is in the range of 2-5  ns and the free volume size is about 
several A, which is the same order as in glassy polymer. The 
anhydrated Ag+-doped PSM used in our research are rather 
dense ones and the travelling paths for gases like cluster 
network suggested by Gierke do not exist. 

The positron annihilation lifetime measurement data for 
Ag--doped PCM (perfluorocarboxylate membrane) was 
also given in Figure 6 and Figure 7. However, the 
discussion about Ag+-doped PCM was similar to that of 
PSM. 

Temperature dependence of  free volume 
Figure 8 shows the temperature dependence of size and 

number of free volume in Ag+-doped PSM. The size of free 
volume increases with the increase of the temperature and 
discrete changes happen in two temperature intervals, that is 
45-50°C and 65-70°C. This phenomena indicates that there 
is some kind of membrane structure change in this 
temperature range. 

Permeability o f  n-butane 
In Figure 9 permeability coefficients of n-butane through 

Ag--doped PSM are plotted as a function of reciprocal 
absolute temperature I/T. The permeability coefficient P 
decreases exponentially with the increase of I/T, which is 
the same tendency as found in the permeation of 02 in Ag +- 
exchanged PSM 26 or n-butane in default Na type PSM. The 
data fell into a rather good straight line according to the 
active-diffusion theory (R ---- 0.9905). Since the anhydrated 
Ag+-doped PSM used in this research are dense membranes 
as indicated in the membrane characterization part of this 
paper, the exhibition of simple solution-diffusion behaviour 
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Figure 9 Permeability coefficients of n-butane as a tunction of reciprocal 
temperature through PSM doped with 2N AgNO3 aq aeous solution 

of n-butane penetrating through the membrane can be 
clearly understood. 

The permeability coefficients of n-butane and O2 through 
Ag--doped PSM at 25°C are 6 .85" !0 -3cm3 (STP).cm/ 
cmZ.seocmHg and 8.08* 10 -I1 cm 3 (STP).cm/cm2.seocmHg 27, 
respectively as shown in Table 4. Such difference is mainly 
attributed to the molecular size which is much larger for n- 
butane (6 #,) than for 02 (3.46 ,~), therefore the relatively 
higher resistance should be overcome if n-butane penetrates 
through the membrane. Table 4 also shows that the 
permeability coefficient of n-butane in Ag lype membrane is 
smaller than in default Na type membrane. This phenomena 
can be explained by the fact that the free volume in Ag +- 
doped PSM is smaller than in default Na ~:ype membranes. 

T a b l e  4 Permeability coefficients of different membrane types and gases 

Membrane Gas T P 
type 

(°C) (cm ~ (STP).cm/cm LseocmHg) 

Na n-butane 25 1.06 × 10 -.2 
l-butene 25 1.21 × 10 -~: 

Ag oxygen 25 8.08 × 10- it 
n-butane 25 6.85 × 10 13 
1-butene 25 3.73 × 10 ~ 

Permeation of 1-butene 
Even though the free volume in Ag+-doped PSM is 

smaller than in Na type membranes, l-butene exhibits 
higher permeability, than n-butane in Ag+-doped PSM as 
shown in Table 4. Besides this, Figure 10 shows the 
temperature dependence of permeability coefficient P and 
Figure 11 shows the temperature dependence of diffusion 
coefficient D of 1-butene in Ag+-doped PSM, respectively. 
Being opposite to n-butane discussed above, P of 1-butene 
increases with the reciprocal temperature, while for D, it 
decreases with temperature below 50°C and then begins to 
increase as the temperature increases. Such behaviours can 
not be explained by the simple solution-diffusion model, 
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Figure 10 Comparison of permeability coefficients of I-butene between 
PSMs doped with 2N AgBF4 ( • ) and AgNO3 (©) aqueous solutions as a 
function of reciprocal temperature 
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Figure 12 Permeability coefficients of l-but zne as a function of pressure 
of feed gas through PSM doped with 2N AgBF4 aqueous solution 
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Figure 13 Apparent diffusion coefficients 3f l-butene as a function of 
pressure of feed gas through PSM doped with 2N AgBF4 aqueous solution 
at 25°C 

which is suitable for permeation of n-butane through Ag +- 
doped PSM. This indicates that tl~ere must be a certain 
special transport mechanism based on the affinity between 
membrane and gas which controls the permeation of 
1-butene through Ag+-doped PSM. 

In order to discover the effect of the affinity between 
alkene and Ag+ on the permeation behaviour of 1-butene, 
the pressure dependence of P and t7) of l-butene has been 
investigated and the results are shown in Figure 12 and 
Figure 13, respectively. Figure 14 and Figure 15 also give 
out some typical curves of the relationship between 
transport parameters (P and D) and feed pressure p 
according to models suggested by other researchers for 
explicating various kinds of gas permeation behaviours 
previously 28'29. Obviously the transport of I-butene through 
Ag+-doped PSM does not follow the dual-transport model 
usually being used to explain the gas permeation behaviour 
in glassy polymers either. In fact, our experiment data can 
be demonstrated well by the swelling model in glassy 
polymers although the permeability coefficient P does not 
increase with the decrease of p in the low pressure range. 
Being a kind of gas with high condense ability and owing to 
its special affinity with Ag + inside :he membrane, l-butene 
may cause a rather strong swelling effect on the membrane. 

(a) 

(c) 

(DI 

(d) 

(a) solution-diffusion model 

(To) dual-transport model 

(c) swelling model in rubbery 
polymer 

(d) swelling mode in glassy 
polymer 

P 

Figure 14 Typical Forms for pressure dependent permeability coeffi- 
cients in polymeric media: (a) solution-diffusion model; (b) dual-transport 
model; (c) swelling model in rubbery polymer; (d) swelling model in glassy 
polymer 

BL 
(a) 

P 

Figure 15 Typical forms for pressure-dependent apparent diffusion 
coefficient in polymeric media: (a) solution-diffusion model; (b) dual- 
transport model; (c) swelling model in rubbery polymer 

So the swelling model, which we suggest here for the 
transport of l-butene through Ag+-doped PSM membranes, 
can be described as following. 

When 1-butene molecules reach the surface of the 
membrane, some of them are bound to the fixed Ag + sites 
and the others are absorbed obeying the dual-sorption law. 
The molecules which are bound to Ag + sites are fixed there 
and swell the polymer chains at the membrane surface. 
Other molecules diffuse into the membrane and propel this 
swelling effect along the direction of membrane thickness 
until the whole membrane is swollen. 

Based on this swelling model, even though the fraction of 
l-butene molecules adsorbed in the microvoids will 
increase as the pressure decreases in the low pressure 
range and then the solubility of the membrane is increased, 
the loss of diffusivity owing to the smaller degree of 
swelling of the membrane may play a more important role. 
So the pressure dependence curve of P exhibits the pattern 
of Figure 12 without rolling up in the low pressure range. 

Now consider the temperature dependence of perme- 
ability coefficient P and diffusion coefficient D again. At 
low temperature range, the binding of 1-butene to fixed Ag + 
sites is fairly stable and the membrane is well swollen. This 
makes the diffusion of l-butene molecules through the 
membrane rather easier so that high diffusivity and 
permeability can be obtained. As the temperature increases, 
the adsorption of 1-butene to Ag + sites becomes more and 
more unstable. In this case the decrease of 1-butene 
concentration in the membrane will cause a drop of swelling 
degree and the diffusion coefficient D. On the other hand, 
the increase of temperature will enhance the mobility of 
polymer chains and let the transport of 1-butene through the 
membrane easier. As a result of the cooperation of these two 
factors, the diffusion coefficient D of 1-butene in Ag +- 
doped PSM membranes decreases with temperature (below 
50°C) at first and then begins to increase as temperature 
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Figure 16 Ideal separation factor of l-butene/n-butane with PSM doped 
in 2N AgNO3 aqueous solution as a function of reciprocal temperature 

arises. However, due to the solubility dependence on 
temperature, the permeability coefficient P keeps on 
decreasing even at high temperatures. 

In Figure 10 and Figure 11 the permeabLlity coefficients 
and the diffusion coefficients of 1-butene through PSM 
exchanged by AgBF4 aqueous solution are compared with 
those through PSM exchanged by AgNO3 aqueous solution. 
The curves have almost the same pat:ern. The only 
difference is that both the values of P and D in PSM 
exchanged by AgBF4 solution is smaller than that in PSM 
exchanged by AgNO3 solution. This phenomena can also be 
explained by the swelling model suggested in this paper. 
Since F atoms in AgBF4 have stronger oxidation ability 
than O atoms in AgNO3, they may weaken back-donation of 
d-electrons from occupied 4d orbitals of the silver ion into 
the unoccupied 7r* - 2p antibonding orbitals of the olefinic 
system. Therefore the affinity between Ag ~ and l-butene is 
also weakened and then the alkene solubility in the 
membrane decreases. Thus, the membrane', is less swollen 
and exhibits lower diffusivity and permeal:ility. 

Selectivity of 1-butene/n-butane 
The ideal separation factor of l-butene/n-butane in 

anhydrated Ag+-doped PSM as shown in Figure 16. The 
separation factor increases as temperature decreases until 
reaching 5443 at 25°C. This is a very high value compared 
with 100-200 which was obtained by W. S. Ho in his 
research on hydrated Ag ~-PVA membranes 3o. However, the 
P value of 1-butene in our anhydrated Ag+-doped PSM 
(=3.73"10 9 cm 3 (STP).cm/cm2.sec.cmH~) is only 1/36 
of W. S. Ho's membrane (=135"10 9cm3(STP).cm/ 
cmZ.sec.cmHg). That is, anhydrated membranes possess 
superiority on selectivity while hydrated membranes own 
superiority on permeability for olefin/paratfin gas mixtures. 

In membrane separation processes, we often face the 
discrepancy of getting both high permeability and selectiv- 
ity at the same time. If the permeability is enhanced by 
increasing temperature or adding water content in hydrated 
membranes, selectivity usually falls down. However, such a 
trade-off relationship does not appear in our Ag+-doped 
PSM. At low temperatures, both the permeability and 
selectivity reach their high values (Figure 10 and Figure 
16). This consistence indicates special predominance of our 
anhydrated Ag~-doped PSM in olefin/paraffin separation 
processes according to its swelling transport mechanism for 
alkenes. 

Permeation of I, 3-butadiene and selectivi~' of 1 -butene/1,3- 
butadiene 

Figure 17 and Figure 18 show the temperature depen- 
dence of P and D individually for 1,3-butadiene in 
anhydrated Ag+-doped PSM. The permeability coefficients 
and diffusion coefficients of 1,3-butadiene as a function of 
feed side pressure are also shown in Figure 19 and Figure 20 
respectively. The style of all the curves is almost the same as 
that of l-butene indicating the transport of 1,3-butadiene 
through Ag+-doped PSM is also controlled by the same 
swelling mechanism as l-butene. 

According to the research work of H. W. Quinn 3t'32, 1,3- 
butadiene forms AgBF4-(i,3-butadiene) complexes with 
AgBF4 while 1-butene forms AgBF4.2(1-butene) com- 
plexes. This means the amount of i,3-butadiene molecules 
that can be absorbed in Ag--doped PSM is much less than 
that of l-butene molecules, which leads to a lower swelling 
degree of the membrane. Furthermore, the rigidity of 1,3- 
butadiene is higher than 1-butene because it possesses two 
7r-bonds in one molecule. It will certainly be more difficult 
for the more rigid molecule travelling in a membrane with 
the lower swelling degree. Comparing the values of P and D 
for 1,3-butadiene and I-butene, agreement has been shown 
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Figure 17 Permeability coefficients of 1,3-butadiene as a function of 
reciprocal temperature through PSM doped in 2N AgBF4 aqueous solution 
compared with that of I-butene 
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Figure 18 Apparent diffusion coefficients of 1,3-butadiene as a function 
of reciprocal temperature through PSM doped with 2N AgNO3 aqueous 
solution, compared with that of I-butene 

POLYMER Volume 39 Number 11 1998 2321 



Permeation of  n-butane, 1-bute, ne and 1,3-butadiene: K. Adachi et al. 

= 

H 

7E-IO 

6E- IO 

5E-lO 

4~-10 

J 
]E-IO 

i 

2E-10 

IE-10 

] 

0 0 2  0 4  0 6  0 8  ] 1 2  E4 1~, I ~  

p/bar 

Figure 19 Permeability coefficients of 1,3-butadine as a function of 
pressure of feed gas through PSM doped with 2N AgBF4 aqueous solution 
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Figure 20 Apparent diffusion coefficients of 1,3-butadiene as a function 
of pressure of feed gas through PSM doped with 2N AgBF4 aqueous 
solution at 25°C 

trade-off relationship exists here, high selectivity appears 
at high temperatures while permeability prefers low 
temperatures. At 70°C (where T -] = 2.92"10-3), the ideal 
separation factor is as high as 11.7 and the permeability 
coefficient of l-butene is about 9.53* 10-l0 cm 3 (STP)-cm/ 
cm2.sec.cmHg, which is still a rather high value compared 
with other anhydrated membranes. 

CONCLUSIONS 

In order to understand the transport mechanism of olefin and 
paraffin through anhydrated Ag+-doped PSM, first char- 
acterization of the membrane was made by using EDS, 
positron annihilation lifetime measurement and AFM. The 
distribution of doped Ag + in the membrane is homo- 
geneous, no aggregation of silver ions on the surface is 
observed. Anhydrated Ag--doped PSM are rather dense 
membranes and can dope Ag + about two times as the 
concentration of charged group SO~ inside the membrane. 

Then the permeation experiments were carried out for 
n-butane, l-butene and 1,3-butadiene. Anhydrated Ag +- 
doped PSM exhibit high selectivity for the permeation of 
olefins. The ideal separation factor of l-butene/n-butane is 
as high as 5443 in membranes exchanged by AgNO3 
aqueous solution. Both the permeability of l-butene and 
selectivity of l-butene/n-butane increase with the drop of 
temperature showing special predominance of the anhy- 
drated Ag+-doped PSM used in this study. On the other 
hand, for 1-butene/I,3-butadiene system, the ideal separa- 
tion factor increases with the temperature increase and 
reaches the value of 11.7 at 70°C while the permeabilities of 
these two olefins decrease with the temperature increase. 
The permeation of alkenes through anhydrated Ag+-doped 
PSM follows a swelling model which is suggested in this 
paper while the permeation behaviour of alkylene through 
anhydrated Ag+-doped PSM is controlled by simple 
solution-diffusion model. Based on such swelling mechan- 
ism, the diffusivity and permeability of alkenes are strongly 
affected by the amount of alkenes absorbed in the 
membrane. So the membranes with over-dope of Ag-  
inside are rather prosperous ones for the separation of 
olefin/paraffin. 
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Figure 21 ideal separation ['actor of l-butene/1,3-butadiene with PSM 
doped in 2N AgBF4 aqueous solution, as a function of reciprocal 
temperature 

with the above discussion, that is, 1,3-butadiene exhibits 
lower diffusivity and permeability than I-butene. 

Figure 21 also gives out the variation of ideal separation 
factors of l-butene/I,3-butadiene with temperature. A 
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