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Synopsis 

The effect of oxygen- and Ar-plasma treatment on glassy polysulfone and polyimide films upon 
the gas diffusion process was investigated in the permeation of CO, and H,. The plasma 
treatment apparently induced a reduction of only the diffusivity of Henry’s law population, while 
the diffusion coefficient of the Langmuir population was not altered by plasma treatment. The 
oxygen- and Ar-plasma treatment on polysulfone films is favorable for permselectivity of H, 
relative to  CO,. Such a surface modification of polyimide films appears to be ineffective for 
improvement of permselectivity of H,. 

INTRODUCTION 

It has been expected that the surface modification of gas separation mem- 
brane by plasma treatment induces an increase in the permselectivity of 
smaller gas molecules such as H, and He relative to larger gas molecules, 
because the surface treatment forms crosslinked networks in the neighborhood 
of the membrane surface. The plasma treatment has been believed to have an 
influence only on the diffusion process, and macroscopically the retardation of 
the diffusivity as a lumped parameter has been measured. In the glassy 
polymer membranes, where two kinds of population execute diffusive move- 
ments, how the plasma treatment affects the respective modes of diffwion is 
an interesting subject. 

In the present research, one aim is to elucidate the effect of oxygen- and 
argon-plasma treatment on glassy polymer films upon the diffusion process of 
carbon dioxide and hydrogen. Polysulfone and polyimide films, both of which 
have an excellent property of highly chemical and thermal stability, were 
employed as the glassy polymer film. The effects of plasma treatment on the 
diffusion processes of Henry’s law and Langmuir modes have been estimated 
from permeability measurements. Another aim in this research is to discuss 
the degree of improvement of permselectivity of H, relative to CO, induced 
by such a surface modification. 

THEORETICAL BACKGROUND 

The dual-mode sorption and mobility model, which is conventionally em- 
ployed to simulate sorption and permeation behavior of a gas in glassy 
polymer films, is briefly described. 

The dual-mode sorption model postulates two simultaneous sorption modes 
comprising a normal Henry’s law dissolution in the polymer matrix and a 
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Langmuir adsorption in preexisting unrelaxed microvoids. Quantitatively, this 
may be written as 

In  the dual-mode mobility model, two kinds of steady-state permeation flux 
have been presented in terms of gradients of concentration1 and chemical 
potential.' The mean permeability coefficient in terms of the proportionality 
to the concentration gradient has been derived by Paul and Koros:' 

The above equation states that the mean permeability coefficient should be 
linear to the term b / ( l  + bp,)(l + bp,). 

On the other hand, the mean permeability coefficient expression in terms of 
the proportionality to the chemical potential gradient has been derived by 
Petropoulos: 

It suggests that the mean permeability coefficient p and the term 

1 1 + bP2 

PZ -P1 1 + bP1 
In ~ 

should give a linear relationship. 

EXPERIMENTAL 

Equilibria of H, by polysulfone (hereafter PSF) and polyimide (hereafter 
PI) film samples and of CO, by PI were measured by the pressure decay 
m e t h ~ d . ~  The sorption cell is similar to one designed by Koros et al.,4 and the 
pressure in the sorption cell was continuously monitored by a pressure 
transducer. The permeabilities of CO, and H, through both the film samples 
with and without oxygen- and Ar-plasma dose were measured by the 
variable-volume method employed by Stern et al.5 The gas to be permeated 
was fed into the upstream side, while the downstream side was filled with the 
same gas at 0.101 MPa. Hence, the downstream pressure is always kept 
constant a t  0.101 MPa. The volumetric flow rate through the film to the 
downstream side was measured by observing the displacement of a small 
amount of l-propanol in a capillary tube connected to the downstream-pres- 
sure side. The mean permeability coefficient was determined from this 
steady-state permeation rate. The permeation area of the cell was 19.6 cm2. 

The PSF film samples (Torayslon-PS) were kindly supplied by Toray Co. 
Ltd., Japan. The glass transition temperature has been reported to be 190°C 
by Toray. The thickness of the film used was 50 pm. The PI film samples 
(Kapton 100H) were kindly supplied also by Toray-DuPont Co. Ltd., Japan. 
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The sample is a glassy material with a glass transition temperature above 
350°C. The thickness of the film used was 25 pm. 

The plasma treatment was conducted in a flow-type cylindrical reactor with 
external plate electrode (Yamato, PR-510A). The inner diameter and length of 
the reactor are 21.5 and 27.5 cm, respectively. It is similar to one reported by 
Hollahan and Bell.6 The glow discharge was generated under a pressure of 0.2 
Torr a t  a frequency of 13.56 MHz, and the electric power of discharge was 
kept constant a t  100 W. Oxygen or argon was used for a plasma gas. The flow 
rates of oxygen and Ar were maintained a t  3 and 10 cm3/min, respectively. 
The exposure time was varied from 5 to 20 min for treatment on PSF films 
and from 5 to 40 min for treatment on PI films. 

RESULTS AND DISCUSSION 

Sorption Equilibria 

The sorption isotherms for CO, in PSF film at  four levels of temperature 
between 30 and 45°C were measured in our work.7 The isotherm could be 
simulated well in terms of the dual-mode sorption model, eq. (l), and the 
dual-mode sorption parameters were determined as listed in Table I. In the 
same table, the dual-mode sorption parameters for the same systems previ- 
ously m e a ~ u r e d ~ ? ~  were listed. The values of the Langmuir affinity constant b 
are different from the earlier ~tudies.8,~ The difference may be explained in 
terms of possible differences in sample histories, sample production methods, 
and additives. 

The measured sorption isotherms for the same gas in PI film at 30, 40, and 
60°C are demonstrated in Figure 1. Each isotherm exhibits a nonlinear 
pattern similar to those observed for PSF7 and other glassy  polymer^.^^'^ 
Similarly, the sorption behavior could be described adequately by the dual- 

TABLE I 
Sorption Parameters for CO, and H, in PSF Film 

Temp 
("C) 

k ,  b cii 
[ cm3(STP)/cm3 atm] (atm-') [ cm3( STP)/cm3] 

30 
35 
40 
45 

35 

20 
35 
65 

30 
40 
50 

0.646 
0.595 
0.547 
0.508 

0.664 

0.801 
0.725 
0.231 

0.120 
0.104 
0.085 

CO2-PSF 
0.195 
0.178 
0.168 
0.155 

CO,-PSF* 

C02- PSF' 
0.326 

0.410 
. 0.390 

0.134 
H2-PSF 

- 

20.5 
19.4 
18.3 
17.1 

17.9 

26.0 
19.2 
17.5 
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P, atm 
Fig. 1. Sorption isotherms for CO, in PI (Kapton 100H) film at different temperatures ("C): 

(0)  30; (A) 40; (0) 60. 

mode sorption model. The values of the dual-mode sorption parameters were 
determined by a nonlinear-least-square method and are listed in Table 11. The 
solid curves in Figure 1 represent the sorption isotherms calculated using eq. 
(1) and these estimates. In Table 11, the dual-mode sorption parameters for 
CO, in 0.3-mil Kapton polyimide film measured by Chern et a1.l' were listed. 
The values of b are different from this earlier study" possibly due to the 
similar reasons described above. 

The measured sorption isotherms for H, in PSF and PI films a t  30,40, and 
50°C are shown in Figures 2 and 3. Each isotherm exhibits negligible curva- 
ture and can be described well by Henry's law, viz., 

C = k,p (4) 

TABLE I1 
Sorption Parameters for CO, and H, in PI Film 

Temp 
("C) 

k ,  b CA 
[cm3(STP)/cm3 atm] (atm-I) [cm3(STP)/cm3] 

30 
40 
60 

60 

30 
40 
50 

c0,-PI 
0.715 0.161 
0.651 0.151 
0.635 , 0.145 

0.380 0.296 
H,-PI 

0.243 - 
0.192 - 
0.156 - 

CO,-PI" 

- 

25.2 
23.3 
19.1 

12.5 
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Fig. 2. Sorption isotherms for H, in PSF film at different temperatures ("C): (0) 30; (A) 40; 

(0) 50. 
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Fig. 3. Sorption isotherms for H, in PI film at  different temperatures ("C): (0) 30; (A) 40; 

(0) 50. 

The Henry's law constants calculated from the slopes were listed in Tables I 
and 11. 

Permeabilities of CO, and H, in Oxygen-Plasma-Treated PSF 
and PI Films 

First, the experimental results of mean permeability coefficients of CO, 
through untreated PSF film are illustrated as a function of upstream pressure 
in Figure 4. A t  every temperature, the permeability coefficients decreased with 
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2 

Fig. 4. Effect of upstream pressure on mean permeability coefficient of CO, in PSF film at 
different temperatures ("C): (0) 50; (A) 40; (0) 30; (v) 20. 

increasing upstream pressure, characteristic of glassy polymers. Then, i t  was 
examined whether the dual-mode mobility model driven by gradients of 
concentration or chemical potential was applicable. 

The mean permeability coefficient data were plotted on the basis of eqs. (2) 
and (3), respectively, in Figures 5 and 6. The plots in Figure 5 did not give any 
straight lines a t  all temperatures covered, whereas the plots in terms of eq. (3) 
depicted in Figure 6 gave essentially straight lines. It implies that the 
dual-mode mobility model driven by gradients of chemical potential is appli- 
cable to this system. From the slope and intercept of each straight line in 
Figure 6, the diffusion coefficients Do and DH were determined, and the 
temperature dependencies of these two diffusion coefficients were indicated as 
an Arrhenius plot in Figure 7. The values of the diffusion coefficients OD and 
DH for a similar system had been measured at 35°C by Erb and Paul' and 
Maeda and Paul.g The values.of DD in the present study are close to those 
reported in these two earlier studies, whereas the values of DH are much 
larger (about four times larger) than those in the earlier studies. The differ- 
ence may be also explained in terms of possible differences in sample histories, 
sample production methods, and additives. Further, i t  is due to the differences 
in sorption equilibria, specifically, Langmuir affinity constants. For the sake of 
comparison, the present permeability coefficient data a t  40°C were plotted on 
the basis of both eqs. (2) and (3) using the value of b reported by Maeda and 
Paulg ( b  = 0.36 atm-' a t  40°C). The plots are shown in Figure 8. Similarly, 
the dual-mode mobility model driven by gradients of chemical potential 
rather than concentration is applicable to this system. 

The permeabilities of CO, through oxygen-plasma-treated PSF films a t  
different durations of exposure are shown in Figure 9, where the mean 
permeability coefficients are plotted on the basis of eq. (3). The permeability 
was gradually decreased with an increase in exposure time. This figure shows 
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5. Test of dual-mode mobility model driven by gradients of concentration for C0,-PSF 

Fig. 6. Test of dual-mode mobility model driven by gradients of chemical potential for 
C0,-PSF film. Temperatures ("C): (0) 50; (A) 40; (0)  30; (v) 20. 

that the dual-mode mobility model driven by gradients of chemical potential 
can be applicable also to oxygen-plasma-treated films. Though the dual-mode 
mobility model in itself should work well only for homogeneous dense films, it 
works well for the treated films as well. In the following, then, the reason will 
be considered. 
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Fig. 7. Temperature dependencies of diffusion coefficients of Henry's Law and Langmuir 
modes for C 0 2  in PSF film. 

reported by 

The plasma treated film can be approximated by a composite structure 
composing of a thin surface layer treated by plasma and a remaining base 
polymer layer, as illustrated in Figure 10. A t  steady state, the permeation rate 
through the thin surface layer of thickness I ,  is equal to that through the 
base-polymer layer of thickness I, (= I - Z2). Let the pressures of a penetrant 
gas on the upstream and downstream sides of this composite film be desig- 
nated by p z  and p,, respectively, and the pressure in between these two layers 
replaced by pi. 
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Fig. 9. Test of dual-mode mobility model driven by gradients of chemical potential for 
C02-oxygen-plasma treated PSF film at different durations (min) of treatment: (0) 0; (0) 5; (9) 
15; (A) 20. 

f q p l  

Fig. 10. Conceptual sketch of plasma treated film. 

The permeation rate a t  steady state is written as 

where p2 and refer to the mean permeability coefficients through a 
plasma-treated layer and an untreated base-polymer layer, respectively, and 
can be given by 
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In eq. (7), DL and D;I designate the diffusion coefficients of Henry's law and 
Langmuir populations in the plasma-treated layer. The permeation rate can 
be also given in terms of the mean permeability coefficient through a compos- 
ite film ( F )  as 

4 = P(P2 - P M L 2  + 11)  (8) 

From eq. (5), the following equation holds: 

By combining eq. (9) with eq. (8), the mean permeability coefficient p can be 
derived as follows: 

D,CA 1 + bp, 
+-ln---- 

P2 -P1 1 + bP, 

From the experimental evidence in Figure 9 that the mean permeability 
coefficient through plasma-treated films varies in a linear way with the term 
ln[(l + bp,)/(l + bp,)] and the slope of the straight line remains unchanged 
regardless of plasma exposure time, Dfi is believed to be equal to DH. 
Equation (10) is reduced to 

(11) 
(P2 + (P i  OHc;, + bp2 + -1n- 

P2 -P1 1 P2 - P 1  1 + bP1 
P =  kD 

In the above equation, the bracketed term of the right-hand side implies a 
mean diffusion coefficient of Henry's law population in a composite film, 
which is a function of p2. That is, 

Figure 9 shows that the plots for treated as well as untreated films exhibit 
straight lines parallel to each other and the intercept of the ordinate which is 
given by k&, is affected only by the plasma exposure time. Apparently, a 
mean value over upstream pressures covered, OD, is expected to be constant 
with an experimental error. 

From the slope and intercept of each straight line in Figure 9, the diffusion 
coefficients DH and OD were determined. They were plotted against plasma 
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Fig. 11. Diffusion coefficients of Henry’s law and Langmuir modes for CO, in oxygen-plasma 
treated PSF film at different durations of treatment. 

exposure time in Figure 11. It was apparent that OD decreased with an 
increase in the exposure time (0), while DH was almost independent of 0. It 
suggests that  the plasma treatment has an influence on the diffusion process 
of Henry’s law dissolution population but not on that of the Langmuir 
adsorption population. 

The pressure dependencies of the mean permeability coefficients of H, in 
oxygen-plasma-treated PSF films were demonstrated in Figure 12. As a 
reference, the same relationship for an untreated PSF film was also shown. 
The permeabilities are found to be independent of upstream pressure. By 
taking account this experimental evidence along with Henry-type sorption 
isotherms as shown in Figure 2, the permeability expression reduces to 

F = kDDD 

for an untreated film, and 

for a treated film. 
The permeability was decreased a little with an increase in plasma exposure 

time. The permeability data were converted to diffusivities OD by use of eq. 
(14), and BD was plotted against exposure time in Figure 13. In a 20-min 
oxygen-plasma-treated PSF film, the diffusivity ?i, of H, is decreased only by 
4%, while that of CO, is reduced by 23%, as shown in Figure 14. The 
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Fig. 12. Permeability coefficients for H, in PSF film with and without oxygen-plasma 
treatment. 

oxygen-plasma treatment on PSF films does not have much influence on H, 
permeation. The crosslinked structure near the polymer surface induced by 
oxygen-plasma treatment seems to present negligible resistance to diffusion of 
low molecular weight gas. Therefore, the oxygen-plasma treatment on PSF 
films is favorable for permselectivity of H, relative to CO,. 
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The effect of oxygen-plasma treatment on PI films, which have a more rigid 
structure and a higher glass transition temperature than PSF films, upon 
permeation behavior will be discussed below. 

Measured permeability coefficients of CO, in an untreated PI film are 
illustrated on the basis of eq. (2) in Figure 15. The dual-mode mobility model 
driven by gradients of concentration is not operative as in case of PSF films. 

I I l l  1 

c o p -  PI 
40% 

I0 

Fig. 15. Test of dual-mode mobility model driven by gradients of concentration for CO,-PI 
film. 
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Fig. 16. Test of dual-mode mobility model driven by gradients of chemical potential for 
C0,-oxygen-plasma treated PI film at different durations (min) of treatment: (0, 0)  0; (A) 10; 
(0) 25; (v) 40. 

Then, the permeability coefficient data for untreated and treated PI films 
were plotted on the basis of eq. (3). Figure 16 represents such plots. The plots 
for untreated and treated films give essentially straight lines and are therefore 
consistent with eq. (3). From the plot for an untreated film, Do and DH are 
estimated to be 8.42 x and 8.37 X lo-' cm2/s, respectively. For the sake 
of comparison, the present permeability data a t  40°C were plotted on the 
basis of eqs. (2) and (3) using the value of b reported by Chern et a1.l' 
( b  = 0.32 atm-') in Figure 17. In this case, also, the dual-mode mobility 
model driven by gradients of chemical potential works well. Further, all 
straight lines in Figure 16 are found to be parallel, which implies that the 
diffusion coefficient of Langmuir mode, DH, is independent of plasma exposure 
time. From the intercepts of the straight lines, the diffusion coefficients of 
Henry's law mode, OD, defined in eq. (12), were determined for different 
durations of treatment. In Figure 18, the ratio of the diffusion coefficient for a 
treated film to that for an untreated film was plotted against duration of 
treatment. For a 40-min oxygen-plasma-treated PI film, OD is reduced by 8%. 

The pressure dependencies of the mean permeability coefficients of H, in 
oxygen-plasma-treated PI films are shown in Figure 19. Also, the permeabili- 
ties are found to be independent of upstream pressure, following eq. (14). By 
use of this equation, the diffusion coefficients of Henry's law mode (0,) were 
determined. The ratio of OD for a treated film to that for an untreated film 
was also plotted against duration of treatment in Figure 18, The effect of 
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Test of dual-mode mobility model using the Langmuir affinity constant reported by 

plasma treatment on PI films upon the process of diffusion of Henry's law 
mode for H, and CO, is found to be same. This is attributable to a more rigid 
structure of base polymer. Therefore, the oxygen-plasma treatment on PI 
films is not successful for improved permselectivity. 

Permeabilities of CO, and H, in Ar-Plasma-Treated PSF Films 

Measured permeability coefficients of CO, through Ar-plasma-treated PSF 
films were plotted on the basis of eq. (3) in Figure 20. The plots for treated as 
well as untreated films exhibited straight lines in parallel with each other. 
Accordingly, the dual-mode mobility model driven by gradients of chemical 
potential works well, and, besides, the diffusion coefficient of Langmuir mode, 
DH, is independent of duration of Ar-plasma treatment. The effect of oxygen- 
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Fig. 18. Effect of duration of treatment on diffusion coefficients of CO, (0)  and H, (0) in 
oxygen-plasma treated PI film. 
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plasma treatment for a duration of 20 min is equivalent to that of Ar-plasma 
treatment for 10 min. Figure 21 illustrates the pressure dependence of the 
mean permeability coefficients of H, in Ar-plasma-treated PSF films. Also, 
the permeability is found to be, regardless of upstream pressure, consistent 
with eq. (14). In Figure 22, the ratios of the diffusion coefficients of Henry's 
law mode for CO, and H, in treated films to those in untreated films were 
plotted against the duration of Ar-plasma treatment. A 20-min treatment 

Fig. 20. Test of dual-mode mobility model driven by gradients of chemical potential for 
C0,-Ar-plasma treated PSF film at different durations (min) of treatment: (0)  0; (0) 5; (@) 10; 
(v) 15; (A) 20; (A) 20. 
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0.7 

induced 26% reduction of CO, diffusivity compared to only 6% reduction of H, 
diffusi-Sty. Hence, the Ar-plasma treatment on PSF films can improve perm- 
selectivity of H, relative to CO,. 

The surface modification by oxygen- and Ar-plasma treatment on PSF films 
appears to be efficient for improvement of permselectivity of H,. This may be 
attributable from the fact that a crosslinked thin layer is formed on the 
surface of the polymer film. 
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H* 
I I I I 
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CONCLUSION 

The sorption equilibria and permeation behavior for CO, in PSF and PI 
films are simulated well by the dual-mode sorption and mobility model. For 
these systems, the dual-mode mobility model works better in terms of gradi- 
ents of chemical potential rather than concentration. The sorption equilibria 
for H, in both films are described well by Henry’s law, and the penneabilities 
are independent of applied pressure. 

The oxygen- and Ar-plasma treatment on PSF and PI films apparently 
induces a reduction of only the diffusivity of Henry’s law population, while 
the diffusivity of the Langmuir population is apparently not influenced by 
plasma treatment. The diffusivity of Henry’s law mode for CO, in PSF films is 
reduced more than that for H, by plasma treatment. The effect of oxygen- 
plasma treatment on PI films upon a reduction of diffusivity of Henry’s law 
mode for CO, and H, is almost the same. The surface modification by oxygen- 
and Ar-plasma treatment on PSF films appears to be successful for improved 
permselectivity of H, relative to CO,. 

APPENDIX: NOMENCLATURE 

b Langmuir affinity constant (atm-’) 
C total sorbed concentration [cm3(STP)/cm3] 
C, concentration of Henry’s law population [cm3(STP)/cm3] 
C, concentration of Langmuir population [cm3(STP)/cm3] 
CA Langmuir capacity constant [cm3(STP)/cm3] 
D diffusion coefficient in polymer film (cm2/s) 

- D‘ diffusion coefficient in plasma treated layer (cm2/s) 
D,) mean diffusion coefficient of Henry’s law population defined in eq. (12) (cm2/s) 
J ,  steady-state diffusion flux [cm3(STP)/(cm2 s)] 
k ,  Henry’s law constant [crn’(STP)/(cm2 atm)] 
1 thickness of polymer film (cm) 
1, thickness of base-polymer layer (cmj 
1, thickness of plasma-treated layer (cm) 
p mean permeability coefficient [cm3(STPj cm/(cm2 s atm)] 
P, mean permeability coefficient in base-polymer layer [cm:’(STPj cm/(cm2 s atm)] 
P2 mean permeability coefficient in plasma-treated layer [ cd (STP)  cm/(cm2 s atrn)] 
p ,  downstream pressure (atm) 
p ,  upstream pressure (atm) 
p L  

- 

pressure in between plasma-treated and base-polymer layers as depicted in Figure 10 (atrn) 

Greek  symbol 

0 duration of plasma treatment (min) 

Subscripts 

D Henry’s law mode 
H Langmuir mode 
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