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A b s t r a c t -  Sorption equilibria and permeation rates for oxygen and carbon dioxide in polycarbonate 
membrane were measured at different temperature between 30 and 60~C and at pressures up to 
2.5 MPa. The pressure dependence of mean permeability coefficient to oxygen obeyed the convention- 
al dual-mode mobility model, whereas that to carbon dioxide followed a modified dual-mode mobility 
model with concentration-dependent diffusivities, as that of polystyrene to the same gas did. 

INTRODUCTION 

The sorption and diffusion of a gas in glassy poly- 
mer membranes generally follow the dual-mode mod- 
el. Specifically, the dual-mode sorption model has 
been well established, whereas the dual-mode mobility 
model has not been examined in many gas-glassy pol- 
ymer systems. Recently, some deviation from this mo- 
bility model has been reported. For example, when 
the temperature for permeation runs is not so much 
lower than the glass-transition temperature (Te), the 
pressure dependence of the mean permeability coeffi- 
cient is apt to deviate from the prediction by the con- 
ventional dual-mode mobility model, and to obey a 

dual-mode mobility model with concentration depen- 
dent diffusivities proposed by Zhou and Stern ~1~. 
This case was met in the systems of CO,-cellulose 

triacetate and CQ-methylmethacrylate-n-butyl acry- 
late copolymer [2~. In our proceeding work, also the 
pressure dependence of the mean permeability coeffi- 
cient for CO~ in polystyrene membrane (Ta=95~ 
was interpreted in terms of such a modified dual- 
mode mobility model E3]. 

The present work was undertaken to check the ap- 
plicability of the modified dual-mode mobility model 
to the system of CO~-polycarbonate membrane whose 
glass-transition temperature is 140~C. 

EXPERIMENTAL 

Oxygen and carbon dioxide were used as a pene- 
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trant gas or sorbate, and homogeneous polycarbonate 
(PC) membranes were used as a glassy polymer film. 
PC film samples were kindly provided from Teijin Co., 
Ltd., Japan. Sorption equilibria for a gas in that mem- 
brane at different temperatures were measured by 
a pressure decay method E3]. The pressure in the 
sorption cell was continuously detected by a pressure 
transducer. Sorption runs were carried out at temper- 
atures of 3 0 ~ ,  40~C, 50~ and 60~ and pressures 
up to 1.7 MPa. 

The permeation rates for a pure gas were measured 
by means of a variable volume method [37. Here, the 
permeation rates were determined by obsecving the 
displacement of a small amount water in the capillary 

tube connected to the downstream pressure side main- 
tained at an atmospheric pressure by the same pene- 
trant gas. The mean permeability coefficient to a gas 
was calculated from steady-state permeation rate, per- 
meation area of the cell (19.6 cm2), difference between 
upstream and downstream pressures of penetrant gas 
and thickness of membrane, viz. P=JsS/Ap. Permea- 
tion runs for oxygen were carried out at temperatures 
of 30~ 40~ 50~ and 60~C and upstream pressures 
up to 2.5 MPa, and those for carbon dioxide were 
performed at temperatures of 30~C, 40~ and 50~ 
and upstream pressures up to 2.5 MPa. 

R E S U L T S  AND DISCUSSION 

1. Sorption Equilibria 
The measured sorption isotherms for 02 and COs 

in a homogeneous membrane of PC at various temper- 

atures range from 30:C to 60r2 are shown in Figures 
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Table 1. Dual-mode sorption and mobility parameters for Oz in PC membrane at 30~ 40~ 50~ and 60~ 

Temp. kl) • 10 ~ b )< 106 CH' DI~ X 1011 D, • i0 II F 

[C ] [m 3 (STP)/(m a Pa)] [Pa ~] [m :l (STP)/m:'] [m2/s] [m~Is] (=DH,'DI,) 
30 0.780 13.10 0.84 0.767 0.160 0.2 l 

40 0.494 7.90 0.78 1.470 0.253 0.1'7 

50 0.296 3535 0.60 2.920 0.407 0.14 

60 0.178 1.97 0.25 6.240 1.180 0.19 
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Fig. 1. Sorption isotherms for Oz in PC at 30~ 40~ 
50~ and 60~ 
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Fig. 2. Sorption isotherms for CO+, in PC at 30'~C, 40~ 

50~ and 60~ 

1 and 2, respectively. The isotherms for both gases 

at each temperature exhibit nonlinear patterns similar 
to those obtained for other glassy polymers E3, 4]. 

Likewise, the sorption behavior could be adequately 

described in terms of the dual-mode sorption model, 

v i z ,  

C j b P  
C= Ct'~- CH=ke'Pq l + b P  (I) 

The values of the dual-mode sorption parameters, 
kr), b, and C j  for 0=, and CO,_, were determined by 

Table 2. Dual-mode sorption parameters f o r  CO,, in PC 
at 30~ 40~ 50~ and 60~ 

Temp. k/~ • lff ~ b • lff + C.' 
[C ] [m :~ (STP)/(m :+ Pa)] [Pa ~] [m+ (STP')/m :~] 

30 8.79 2.35 17.70 
40 6.72 2.22 11.1 ]. 

50 5.17' 2.01 9.20 

60 4.38 1.73 8.52, 

I I [ I 1 

PC "0 i ~'~'~60"C 

/ o  + ' ~  

O 

5q I I I I L 
0 . 5  1.0 1.5 

b MPo-U 
( I+ bPl)(l* bp2) ' 

Fig. 3. Pressure dependences of mean permeabilit) coeffi- 
cients for 02 in PC membrane at 30~ ", 4i)~ 

50~ and 60~ 

the Maquardt method E5], and are listed in Tables 
I and 2, respectively. All of solid curves m Figures 
1 and 2 represem the sorption isotherms calculated 

using Eq. (I) and there estimated values. 
2. P e r m e a b i l i t i e s  to O~ 

The mean permeability coefficients for Oe in PC 

membrane at 30c ,  40C, 50C and 60C were exhibited 

pressure dependence definitely. At every temperature. 

the mean permeability coefficients decreased with in- 

creasing upstream pressure. Such a pressure depend- 
ence seems to be characteristic of glassy polymer 

membranes. It was checked whether el dual-mode mo- 
bility model driven by gradients of concentration wor- 

ked or not. Figure 3 shows the pressure dependence 

of the mean permeability coefficient on the basis of 
the dual-mode mobility model, viz. 
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Fig. 4. Pressure dependences of mean permeability coeffi- 
cients for CO,. in PC membrane at 30~ 40~ 

and 50~ The full curves represent the calculated 
results by a modified dual-mode model, while the 

broken lines represent the calculated results by a 

conventional dual-mode model. 

bC.'Dn 
P := k~,I)I, + (2) 

(1 + bP~)(1 + bP~) 

The plot in terms of Eq. (2) gave essentially straight 
lines. It implies that the dual-mode mobility model 
is applicable to this system. From the slop and inter- 
cept of each line, the values of diffusivities, D~, and 
D,, were determined, and are listed in Table 1. It 
should be noted in Eq. (2), i.e., conventional dual-mode 
mobility model, both diffusivities of Henry's law and 
Langmuir populations, Dr, and if)n, are assumed to be 
constant. 
3. P e r m e a b i l i t i e s  t o  CO2 

The permeability data for CO~ in PC membrane at 
30, 40 and 50c were plotted also on the basis of Eq. 
(2) in Figure 4. The plots, however, are not on straight 
line at all. ] 'he permeabilites at relatively high up- 
stream pressures deviate upward from the convention- 
al dual-mode mobility model predictions represented 
by broken lines. Such an upward deviation has been 
observed in the permeation for the same gas (CO._,) 
in polystyrene membrane [3], where the deviation 
has been interpreted by a plasticization action of sor- 
bed CO,. According to a modified dual-mode mobility 
model proposed by Zhou and Stern [1], the mean 
permeability coefficient can be written as 

Table 3. Estimated values for diffusion coefficients of He- 

nff's Law and Langmuir populations in the limit 
of zero concentration and plasticization parame- 
ter (13) for CO2 in PC membrane at various tem- 
peratures 

Temp. Dt~• 1012 Din• 1012 F 13 
[ ~ ]  [m-'/s] [m2/s] ( D~to/Dm)[m ~ (STP)/m :~] 
30 3.50 1.85 0.53 0.010 
40 5.00 3.77 0.75 0.018 
50 6.96 5.76 0.83 0.021 

13~)- 13. = ]3 assumed 

p --- DI)(I 
131:(P2- PI) [exp(13~>C:~,2) exp(13ijC:~,)] 

DHo 
+ [3s(P~- Pl) [exp(13uC'2)-exp([MC'l)] (3) 

where I)i)~) and 1)n0 refer to diffusivities of dissolved 
and adsorbed species, respectively, in the limit of zero 
respective concentration, and 13o and 13, designate pa- 
rameters representing the plasticization action indu- 

ced by dissolved and adsorbed species, respectively. 
It should be remembered that the diffusivities of re- 
spective species are given as 

DI~ = DI,,, exp(13~C~,) (4) 

DI~ DHI, expq3.C,r (5) 

In the present case. the plasticization effect did not 
appear so much, because the sorption equilibria were 
not influenced by it at all. When both the terms of 
6t~CI) and [3HCH are much smaller than unity, Eq. (3) 
reduces to 

P = P,x~t 1 + [3.1C~,~ + CJu) } ~ Pu~ { 1 + 13H(CH2 + CHI ) } (6) 

where 

Pt~i- k/~Dz~ (7) 

CdbDH. 
PH,~ = (8) 

(1+ bP:)(1 + bP~) 

The permeability data for COs plotted in Figure 4 
were fitted to Eq. (3). First, an asymptotic line for 
the permeability data in the low upstream pressure 
region at each temperature was assumed as broken 
line depicted in Figure 4. From the slop and intercept 
of each broken line, D~) and Dm were determined. 
The values of such diffusivities at each temperature 
are listed in Table 3. From the comparison of the per- 
meability data with Eq. (3), 13 was evaluated by assum- 
ing that 13t) 13,(-13). The values of 13 determined 
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thus are listed in Table 3. The solid curves in Figure 
3 represent the calculated results by Eq. (3) with these 

estimates. 13 is found to increase with rising tempera- 
ture. 

CONCLUSION 

Sorption equilibria for oxygen and carbon dioxide 
in a homogeneous polycarbonate membrane at differ- 
ent temperatures between 30~ and 60~ are descri- 
bed well in terms of the dual-mode sorption model. 
The conventional dual-mode mobility model has been 
successfully employed to interpret the observed de- 

pendence of the mean permeability coefficient for ox- 
ygen on the upstream gas pressure. The pressure de- 
pendence of the mean permeability coefficient to car- 
bondioxide is simulated better  by a modified dual- 
mode mobility model with concentration-dependent 
diffusivities, as encountered in the pressure depend- 
ence for the same gas in polystyrene membrane. 

N O M E N C L A T U R E  

b :Langmuir  affinity constant FPa ~] 
C :total sorbed concentration Em a (STP)/m :~] 
C~) :concentration of Henry's law population [m :~ 

(STP)/m:~ 
C. : concentration of Langmuir population [m :~ (STP) 

/m:'~ 
C.'  : Langmuir capacity constant Fm 3 (STP)/m :~] 
D :diffusion coefficient in membrane E m-'/s] 

J, : steady-state permeation flux [m :~ (STP)/(m ~'s)] 
k~ :Henry ' s  law constant Em :~ (STP)/(m:~.Pa)] 
P : mean permeability coefficient [m :~ (STF).m/(m 2 

�9 s" Pa)] 

P :pressure  of penetrant gas [Pa~ 
Tx : glass-transition temperature ~C 
13 :concentration-dependence parameter appearing 

in Eqs. (4) and (5) [.m:Tm :~ (STP)~ 
AP :difference between upstream and downstream 

pressures [-Pa] 
& : thickness of membrane Fm] 

S u b s c r i p t s  

D :Henry 's  law mode 
H : Langmuir mode 
0 :zero concentration state 
1 : downstream surface 
2 : upstream surface 
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