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SYNOPSIS 

The processes of gas sorption and permeation in a polymer membrane at temperatures 
above and below the glass-transition point were examined using poly-4-methylpentene-1 
(glass-transition temperature reported to be 40°C) as a membrane material. The perme- 
abilities to O2 and N2 were independent of applied gas pressure at every temperature; the 
mean permeability coefficient to COP increased with increasing gas pressure. The logarithm 
of the mean permeability coefficient to C02  increased linearly with gas pressure due to the 
plasticization effect induced by sorbed COP. From the sorption isotherms for C02 at 20 
and 30°C it was judged that the glass transition was brought about by sorbed C 0 2  at 
temperatures below the glass-transition point of the pure polymer. 0 1994 John Wiley & 
Sons, Inc. 

INTRODUCTION 

The dual-mode sorption and mobility model has 
been widely used to describe sorption and diffusion 
behavior of a gas in glassy polymer membranes. In 
the original dual-mode sorption model, sorption pa- 
rameters are assumed to be independent of sorbed 
gas concentration. Recently, Kamiya et al.' extended 
the dual-mode sorption model to polymer-gas sys- 
tems in which sorbed gas molecules plasticized the 
polymer matrix. In their extended model, both Hen- 
ry's law and Langmuir capacity constants are influ- 
enced by sorbed gas species of the plasticizing ability 
to the polymer. They observed the plasticization of 
polymer by sorbed gas clearly in sorption equilibria 
for COz-glassy polymers, for example, decreasing 
the excess free volume in the glassy state and de- 
pressing the glass-transition temperat~re.'-~ Con- 
cerning the dual-mode mobility model, some devia- 
tion has been reported. Zhou and Stern proposed a 
modified dual-mode mobility model wherein the 
diffusivities of Henry's law dissolution and Lang- 
muir adsorption species depend on the concentration 
of the respective species, and the dual-mode sorption 
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parameters are independent of the concentration of 
each species. The observed pressure dependences for 
C02 in homogeneous membranes of cellulose tri- 
acetate and methylmethacrylate-butyl acrylate co- 
polymer were simulated well by this modified model? 

Thus far, the plasticization effects by sorbed gas 
molecules were examined separately from the 
standpoints of sorption and diffusion. There are no 
experimental results available on the plasticization 
action of sorbed gas exerting on both sorption and 
diffusion processes simultaneously. But when the 
temperatures for sorption and permeation runs are 
not so high as the glass-transition temperature of 
the pure polymer, the plasticization effect possibly 
comes out in both the processes simultaneously in 
a moderate pressure range. By considering these, we 
used poly-4-methylpentene-1 as a membrane ma- 
terial ( nominal glass-transition temperature 4OoC) 
and attempted to investigate the permeation and 
sorption mechanism at temperatures above and be- 
low the glass-transition point. 

T H EO RETl CAL B ACKC RO U N D: DEVl AT1 0 N 
FROM DUAL-MODE MODEL 

The sorption isotherm for gases and vapors in glassy 
polymers has been found to be described well by a 

1016 



1016 KUMAZAWA ET AL. 

so-called dual-mode sorption model,6 which postu- 
lates that sorbed molecules are retained in the poly- 
mer via Henry's law dissolution in the polymer ma- 
trix and Langmuir-type adsorption in the unrelaxed 
microvoids, namely 

It has been reported that Henry's law constant ( k D )  

and Langmuir capacity constant (Cl,) are not con- 
stant, but are affected by plasticization action of 
sorbed gas. Kamiya et al.' extended the dual-mode 
sorption model to polymer-gas systems in which the 
gas molecules plasticized the polymer matrix. 
Quantitatively, the sorption equilibrium based on 
their extended dual-mode sorption model is given 
as 

where u is the parameter characterizing the concen- 
tration dependence of CD/p introduced by Suwandi 
and Stern,7 Cl,, the Langmuir capacity constant in 
the limit of p + 0, and C,  the glass-transition con- 
centration. C* refers to the effective concentration 
for plasticization by sorbed gas, which is defined as 

where f is the ratio of the plasticizing ability of 
Langmuir species to that of Henry's law species. In 
the limit of C* -P C,, the concentration of Langmuir 
species becomes equal to zero, that is, the glass tran- 
sition is brought out. 

The two sorbed species (Henry's law and Lang- 
muir species) can execute diffusive movements with 
different mobilities at local equilibrium with each 
other. This approach has been termed the dual-mode 
mobility model. According to a dual-mode mobility 
model driven by gradients of concentration, the 
mean permeability coefficient defined by 

can be derived as follows: 

Here it should be noted that all of the sorption and 
diffusion parameters are assumed to be independent 

of sorbed gas concentration. Recently, concentra- 
tion-dependent diffusivities have been 

Zhou and Stern proposed a modified dual-mode 
mobility model,4 in which all of the sorption param- 
eters are assumed to be constant, but the diffusivities 
of Henry's law dissolution and Langmuir adsorption 
species depend on the concentration of the respec- 
tive species: 

The mean permeability coefficient can analytically 
be derived as follows8: 

The increase of the mean permeability coefficient 
in glassy polymer membranes with increasing gas 
pressure has been reported and attributed to mem- 
brane plasticization induced by sorbed COB. Such a 
pressure dependence has been interpreted by the to- 
tal immobilization model wherein the diffusivity of 
Henry's law species depends on gas pressure via a 
modified free-volume 

EXPERIMENTAL 

Sorption equilibria and permeabilities for a gas in 
a polymeric membrane were measured at different 
temperatures encompassing the nominal glass- 
transition temperature (T,) of the pure polymer. 
Carbon dioxide, oxygen, and nitrogen were used as 
a penetrant gas or sorbate, and a homogeneous film 
of poly-4-methylpentene-1 (PMP) was used as a 
membrane. All PMP film samples were kindly pro- 
vided by Mitsui Petrochemical Industries, Ltd., Ja- 
pan. The Tg has been reported to be 40°C by that 
company. 

Sorption isotherms for a gas were determined by 
the pressure decay method. The sorption cell is sim- 
ilar to one designed by Koros et a1.l' The pressure 
in the sorption chamber was determined using a 
pressure transducer. The apparatus for gas perme- 
ability measurements is similar to the variable vol- 
ume method employed by Stern et al.13 The proce- 
dure for the permeation experiment has been de- 
scribed in detail e1~ewhere.l~ The low-pressure side 
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of the permeation cell was filled with the same pen- 
etrant gas a t  0.101 MPa. 

RESULTS AND DISCUSSION 

The experimental results on the mean permeability 
coefficients for pure 0, , N,, and CO, at  various tem- 
peratures encompassing the Tg of PMP were indi- 
cated as a function of upstream gas pressure in Fig- 
ures 1 and 2. Figure 1 shows the pressure depen- 
dences of the mean permeability coefficients to O2 
and N2 at  various temperatures between 20 and 
45°C. Figure 2 shows the pressure dependence of 
the mean permeability coefficient to C 0 2  at the same 
temperatures. For 0, and N2, the mean permeability 
coefficients are shown to be independent of upstream 
pressure at every temperature. On the other hand, 
the mean permeability coefficients to COP are found 
to increase with upstream pressure. At  temperatures 
above 30"C, the logarithm of the mean permeability 
coefficient increases linearly with upstream pressure. 
At  20"C, the mean permeability coefficient in the 
low pressure range remains constant or slightly de- 
creases with increasing upstream pressure. And at  
25"C, the logarithm of the mean permeability coef- 
ficient slightly deviates upward from a straight line 
in the low pressure region. The linear relationship 
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Figure 1 Mean permeability coefficients for 0 2  and N2 

in PMP membrane as a function of upstream pressure at 
various temperatures. 
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Figure 2 Mean permeability coefficients for COP in 
PMP membrane as a function of upstream pressure at 
various temperatures. 
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between the logarithm of the mean permeability 
coefficient to CO, and the upstream gas pressure 
reminds us of a plasticization effect of sorbed COS. 
Such a pressure dependence of the permeability can 
be interpreted in terms of a free-volume model in 
rubbery polymer membranes described later. 

For O2 and N2 the mean permeability coefficients, 
which are constant irrespective of upstream pres- 
sure, were examined regarding their temperature 
dependence. Figure 3 shows the Arrhenius plots of 
them. For both gases (especially for N2),  the Ar- 
rhenius plots can be approximated by two straight 
lines and at  around 34"C, the slopes of the lines 
become different. Sorbed O2 and N2 do not appar- 
ently exert plasticization action because the per- 
meabilities are independent of upstream pressure. 
That is, the amount of 0, and Nz sorbed is too little 
to depress the Tg. The Tg of PMP in the absence of 
plasticization effect here is judged to be about 34"C, 
though nominal Tg of pure PMP has been reported 
to be 40°C. Above this Tg (34"C),  PMP membrane 
is in its rubbery state. 

The experimental evidence that the logarithm of 
the mean permeability coefficient to CO, at tem- 
peratures of 3 5 4 5 ° C  increases linearly with up- 
stream pressure, can be explained by the plastici- 
zation action of sorbed CO, in a rubbery polymer 
membrane. At 30"C, a linear increase of the loga- 
rithm of the mean permeability cofficient has also 
been observed, and hence the membrane seems to 
be in a rubbery state during the permeation of COP.  
At 25"C, the relation of the logarithm of the mean 
permeability coefficient to gas pressure in the low 
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Figure 3 
ability coefficients to O2 and N2 in PMP membrane. 

Temperature dependence of mean perme- 

pressure region is found to slightly deviate upward 
from a straight line. At 20"C, the coefficient in the 
low pressure region is almost independent of presure 
or rather slightly decreases with increasing pressure. 
But a t  20 and 25"C, the logarithm of the coefficient 
in the high pressure region is shown to increase lin- 
early with pressure, and at these temperatures the 
membrane may change to a rubbery state in the high 
C02 pressure region. Such experimental evidence is 
supported by observed sorption isotherms of COP 
described below. 

A modified free-volume model was applied in or- 
der to interpret a linear relation of the logarithm of 
the mean permeability coefficient to COP to up- 
stream pressure. According to a modified Fujita free- 
volume model, '* the thermodynamic diffusion coef- 
ficient ( D T )  of penetrant gas in a polymer can be 
written as 

DD = DT = RTAdexp( -Bd/&aUf) (9)  

where uf refers to the fractional free-volume, which 
is the functions of temperature, pressure, and vol- 
ume fraction of a sorbed gas. Also, the polymer is 
in its rubbery state, and hence DT is set equal to 
DD.  When the reference state for the free-volume is 
taken as pure polymer at  some reference tempera- 
ture T, and pressure ps, the free-volume near this 
reference state can be described as 

where a [ = ( d u f / d T ) , ]  is the thermal expansion 
coefficient, P [ = - ( duf/dp)s] the compressibility, and 
y [ = (dvf/du),] the concentration coefficient that 
defines the plasticization action of the penetrant. 
Then, on the basis of the above model, the mean 
permeability coefficient can be derived as follows: 

where 

[Note to eq. ( 13) : when the membrane is rigidly 
supported, hydrostatic pressure p is equal to applied 
penetrant gas pressure p2.] Expanding the term 
( u p  + yu)-' in the integrand of eq. ( 11) into series, 
retaining the series up to the first-order term as an 
approximation, and integrating the resultant equa- 
tion with respect to u ,  one gets15 

where u: refers to the fractional free-volume of the 
pure polymer at p = 0, namely 

Equation (14)  represents that the logarithm of 
the mean permeability coefficient should be linear 
to upstream gas pressure, therefore consistent with 
experimental results at temperatures above 30°C 
depicted in Figure 2. 

Figure 4 shows the sorption isotherms of C02 at 
20,30, and 40°C. The isotherm at  40°C is shown to 
be linear. Such experimental evidence is valid, be- 
cause the polymer is in its rubbery state. So the 
sorption equilibrium in a rubbery state can be writ- 
ten as 

c = CD = kDP. (16) 
At 20 and 30"C, the isotherms have the form of a 
dual-mode sorption model a t  low gas pressures, but 
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Figure 4 
at different temperatures. 

Sorption isotherms of CO, in PMP membrane 

30 -C 
- 

become linear like the isotherm at 40"C, at pressures 
above 1.5 and 0.8 MPa, respectively. The Tg in the 
absence of sorbed COP is about 34"C, but sorption 
of COP results in a decrease of Tg continuously as 
the amount of sorbed COP increases. Figure 4 implies 
that when equilibrated with about 1.5 or 0.8 MPa 
of COP, the Tg for the polymer-COP mixture ap- 
proaches the sorption temperature, 20 or 30°C. The 
isotherms at pressures above 1.5 and 0.8 MPa be- 
come linear and extrapolate to the origin since the 
polymer is in its rubbery state. At  20 and 30°C the 
concentration of Henry's law species is given by eq. 
( 1 ) .  The values of Henry's law constant ( k D )  for 
COP at these temperatures are listed in Table I. 
Above and below the Tg (34"C), k D  is shown to con- 
tinuously decrease with rising temperature on the 
van't Hoff plot. 

In the present system, the plasticization of poly- 
mer by sorbed COP might result in a decrease in the 
unrelaxed microvoid in the glassy polymer and in a 
decrease in Tg. That is, the glass transition is 
brought out by the sorbed COP at temperatures below 
Tg of the pure polymer. According to an extended 
dual-mode sorption model proposed by Kamiya et 
al.' the Langmuir capacity constant (Cl,) has been 
written as 

When C* approaches C,, the concentration of 
Langmuir species becomes absent, consistent with 
the experimental observation. 

Figure 5 presents the sorption isotherms for O2 
and N 2  at  30°C. They can approximately be de- 
scribed by straight lines passing through the origin, 
that is, eq. (16). The apparent values of Henry's 
law constant for both gases are also listed in Ta- 
ble I. 

In order to reveal the effect of the plasticization 
action of sorbed COP on both processes of sorption 
and permeation for COP, the sorption isotherm and 

Table I 
and N2 in PMP Membrane 

Henry's Law Constants for C o t ,  02, 

Temp. kD X lo6 
Gas ("C) [m3(STP)/(m3 Pa)] 

8.26 
6.35 
4.69 
1.28 
0.90 

the pressure dependence of the mean permeability 
coefficient for COP at 20°C depicted in Figures 4 and 
2, respectively, will be examined. 

The inflection in the isotherm at  20°C occurs at 
1.5 MPa of COP pressure when the Tg for the poly- 
mer-COP mixture equates the sorption temperature 
(20°C). At pressures above 1.5 MPa, the isotherm 
becomes linear, characteristic of rubbery polymers. 
In the corresponding high pressure region, where 
the polymer is in its rubbery state, the logarithm of 
the mean permeability coefficient to COP increases 
linearly with upstream pressure. Such a linear in- 
crease is ascribed to the plasticization action of 
sorbed COP to the rubbery polymer. The plastici- 
zation action to the rubbery polymer comes out 
in the diffusion process rather than the sorption 
process within gas pressures covered here (below 
2 MPa).  

CONCLUSIONS 

The sorption isotherms and the pressure depen- 
dences of mean permeability coefficients for COz, 
02, and N 2  in a homogeneous membrane of poly-4- 
methylpentene-1 whose nominal Tg is 4OoC, were 
measured at temperatures encompassing the glass- 
transition point. The permeabilities to O2 and N 2  
were independent of applied gas pressure at  every 
temperature, whereas the permeabilities to COz in- 

P. MPo 

Figure 5 
membrane at 30°C. 

Sorption isotherms of Oz and Nz in PMP 
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creased with increasing gas pressure. At  tempera- 
tures above 3OoC, the logarithm of the permeability 
increased linearly with applied gas pressure. A t  
temperatures of 20 and 25"C, the permeabilities re- 
mained constant and deviated upward from a linear 
relation, respectively, in the low pressure region; and 
in the high pressure region, the logarithms of per- 
meabilities increased linearly with applied gas pres- 
sure. The linear increase in the logarithm of the 
permeability might be ascribed to the plasticization 
action of sorbed C 0 2 .  From the sorption isotherms 
for COP at 20 and 30°C, it was found that the glass 
transition was brought out by sorbed C 0 2  at tem- 
peratures below the glass-transition point of the pure 
polymer, consistent with a linear increase in the 
logarithm of the mean permeability coefficient with 
gas pressure. 

NOMENCLATURE 
characteristic parameter in eq. (9 )  (mol s /  kg) 
characteristic parameter in eq. (9)  
Langmuir affinity constant ( Pa p1 ) 
total sorbed concentration [ m3 ( STP ) /m3] 
concentration of Henry's law dissolution spe- 

glass-transition concentration appearing in eq. 

concentration of Langmuir adsorption species 

Langmuir capacity constant [ m3 (STP) /m3] 
effective concentration for plasticization by 

diffusion coefficient in membrane ( m2/s) 
ratio of the plasticizing ability of Langmuir 

species to that of Henry's law species ap- 
pearing in eq. ( 3 )  

steady-state permeation rate [ m3 (STP) / ( m2 
s) l  

Henry's law constant [ m3 (STP) / ( m3 Pa)  ] 
mean permeability coefficient or permeability 

pressure of penetrant gas or hydrostatic pres- 

gas constant [ J / ( mol K ) ] 
mean solubility coefficient [ m3 (STP) / ( m3 

temperature ( K )  
glass-transition temperature ( "C) 
volume fraction concentraion of penetrant gas 

in membrane [ m3 ( STP) /m3] 
volume fraction of free-volume 

cies [ m3 ( STP)/m3] 

( 2 )  [m3 (STP)/m31 

[m3 (STP)/m3] 

sorbed gas [ m3 ( STP ) /m3] 

[m3 (STP) m/(m2 s Pa) ]  

sure (Pa) 

Pa) I 

Greek letters 
a thermal expansion coefficient of free-volume 

defined by (duf/dT), (K-l)  

P compressibility of free-volume defined by 

PD concentration-dependence parameter appear- 

PH concentration-dependence parameter appear- 

y concentration coefficient of free-volume defined 

6 thickness of membrane (m)  
CT parameter characterizing the concentration 

dependence of Henry's law constant appear- 
ing in eq. ( 2 )  [ m3/m3 (STP) ]  

- (duf/dp), ( Pa-' ) 

ing in eq. ( 6 )  [m3/m3 (STP)] 

ing in eq. ( 7 )  [m3/m3 (STP) ]  

by ( d u f l d u ) ,  

@a amorphous fraction of membrane 

Subscripts 

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