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Synopsis 

Utilizing the factors of degradation and crosslinking of TPX polymer and high O,/N, 
selectivity of MMA, the performances of MMA homografted TPX membrane are efficiently 
improved compared to those of pure TPX membrane. The degradation and crosslinking of TPX 
polymer solution with or without dissolved oxygen during irradiation were observed and proved 
in existence by the gas permeability, mechanical, and viscosity change study. High O,,", 
permeability ratio of 7.6 and fairly high oxygen permeability of 28 X lo-'' cm3 cm/cd  s cm Hg 
of the membrane which was cast from the degassing polymer solution, with 20% degree of MMA 
grafting, can be obtained. Also the membrane for high oxygen permeability of 63 X lo-'' cm3 
cm/cm2 s cm Hg with an 02/N2 permeability ratio of 4.5, which was cast from the polymer 
solution with dissolved oxygen, can be obtained under the condition of 60 h irradiation time and 
about 7% degree of grafting. 02/N2 selectivity of TPX membrane can be improved by homograft- 
ing method with lower MMA grafting degree than that of heterografting method. 

INTRODUCTION 

The requirements of a good oxygen enrichment membrane are good gas 
permeability, O,/N, selectivity, and mechanical strength. Unfortunately, some 
simple membranes, such as pure silicone rubber,' poly(4-methyl-pentene-1) 
(TPX) membrane, cannot meet all of these requirements. To prepare compos- 
ite membranes may provide the solution to improve the performance of these 
simple membranes. Ward et a1.2 prepared the copolymer membranes of 
poly(dimethy1-siloxe) and polycarbonate and increased the OJN, selectivi- 
ties of silcone membrane. Kawakami et utilized the properties of 
vinylpyridine which possessed the afEnity to oxygen and combined with some 
substrates, such as natural rubber and silicone rubber, to form a composite 
membrane by plasma deposition to improve the gas selectivities of the 
substrate membranes. Yamamoto et al.4 and Inagaki et al.536 also studied on 
oxygen enrichment membranes by plasma deposition technology. TPX/silo- 
xane blend membrane for increasing permeability of TPX membrane was 
studied by Lai et al.7 

Graft copolymerization is a well-known method which can modify the 
chemical and physical properties of  polymer^.^-'^ Vinylpyridine irradiation- 
heterografted poly(4-methyl-pentene-1) was studied by Lai and Wei14 to 
improve the 0,/N2 selectivity of TPX membrane. 

Vinyl-monomer-homografted cellulose possessed higher branch number per 
cellulose chain and lower grafted polymer chain than those of heterografted 
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cellulose was re~0rted.l~. l6 The modification effect of the membrane could be 
obtained by the homografting method by a lower grafting degree of monomer 
could be used than by the heterografting method. 

The purpose of this study is intended to improve the O,/N, selectivity of 
TPX membrane by homografting TPX with MMA, which possesses a high 
OJN, selectivity. The heterografting method for MMA/TPX membrane is 
also studied for comparison. The degradation and crosslinking of pure TPX 
caused from different irradiation conditions were studied by polymer viscos- 
ity, mechanical strength, and gas permeability changes. The factors that 
would affect the performances of membranes considered were TPX concentra- 
tion of graft solution, kinds of medium solvent, MMA content, and irradiation 
conditions (such as irradiation time, with or without oxygen in solution during 
irradiation). 

EXPERIMENTAL 

Materials 

Poly(4-methyl-pentene-1) (TPX, MX-001) was supplied by Mitsui Co. Cy- 
clohexene supplied by Merk Co. was used as a medium solvent and casting 
solvent. Cyclohexane supplied by ALPS Chem. Co. was also used as a medium 
solvent. Methyl methacrylate (MMA) made by Merk Co. was used as a 
grafting monomer. Methanol and acetone (BDH chemicals) were used as a 
solvent for precipitation and extraction. All of the above chemicals are of 
reagent grade. Oxygen and nitrogen of 99.9% purity were used. 

Homograft Copolymerization 

Poly(4-methyl-pentene-1) was placed in a 250-mL flask, to which the medium 
solvent was added. After TPX was dissolved thoroughly, MMA monomer was 
added to the flask. The total amount of solution is 100 mL finally. Freezing, 
degassing, and melting cycles were repeated three times to remove oxygen, 
and then the flask was sealed. The case of solution with dissolved oxygen was 
also considered. The graft copolymerization was carried out by utilizing a high 
energy Corn y-ray irradiation method. The dose rate used was 0.1 Mrad/h. 
After irradiation, the reaction solution was poured into an excess of cold 
methnol, and the precipitate was filtered, dried, and weighed. The crude graft 
product was then kept in a Soxhlet apparatus for more than 48 h to extract 
PMMA homopolymer with acetone. The degree of grafting was calculated by 
the following equation: 

wt  grafted TPX - wt TPX 
wt  TPX 

degree of grafting = 

Heterograft Copolymerization 

The pure TPX membrane was dried in vacuum and weighed, and then was 
placed in a glass bottle. The grafting monomer solution was poured into the 
membrane and completely soaked the membrane. The solution was purged 
with nitrogen to remove oxygen. Graft copolymerization was carried out by 
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irradiation with Cow y-ray at room temperature, dose rate 0.1 Mrad/h. After 
the irradiation, the grafted membrane was washed with acetone several times 
to remove all homopolymer and then dried in vacuum. The degree of grafting 
was calculated from the above-mentioned equation. 

Irradiation Effect on Pure TPX Polymer Solution 

In order to study the irradiation effect on TPX itself. Pure TPX solutions 
with different irradiation doses were prepared. The pure TPX polymer solu- 
tion was prepared with the same procedure as that of the homograft copoly- 
merization solution except without MMA. 

The inherent viscosity of irradiated TPX solution was measured by a 
Ubbelohde viscometer with cyclohexene as a solvent a t  30°C. 

Membrane Preparation 

Homograft membrane was prepared from a casting solution of grafted 
copolymer in cyclohexene or cyclohexene/acetone mixture solvent. Pure TPX 
membrane prepared by casting TPX in cyclohexene solution with different 
irradiation dose was cast under the same conditions as our previous report.14 
Heterograft membrane was prepared as in our previous report except that the 
monomer was MMA instead of vinyl pyridine. All the membranes were 
prepared under the conditions of heat treatment temperature of 30°C and 
heat treatment time of 40 min. 

Gas Permeability and Mechanical Strength Tests of Membranes 

Gas permeability of membranes and measurement of tensile strength were 
the same as reported previ0us1y.l~ 

RESULT AND DISCUSSION 

Performance of Pure TPX Membranes 

As shown in Figure 1, the oxygen permeabilities increase up to a maximum 
and then decrease while the O,/N, selectivities decrease to a minimum and 
then increase as irradiation time increases for the membrane cast from the 
TPX solution with dissolved oxygen during irradiation. For the oxygen 
permeabilities and O,/N, selectivities of membranes cast from the TPX 
solution without oxygen, we follow the opposite trend as irradiation time 
increases. The reason to cause these observed gas permeability changes might 
be the effects of degradation and crosslinking. In order to prove these effects, 
the viscosity and mechanical strength changes were studied 

Effect of Irradiation Time on Viscosity of TPX 
Polymer Solution 

Figure 2 shows the effect of irradiation time on the viscosity of the TPX 
polymer solution. Viscosity of the TPX polymer solution with dissolved 
oxygen decreases to a minimum, while that of the solution without oxygen 
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Fig. 1. Performance of pure TPX membranes: 5 wt 4& TPX in cyclohexene; dose rate 0.1 
Mrad/h. Solution condition: (0) without 0,; (0 )  with dissolved O,(O, 0)  0, permeability 
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Fig. 2. Effect of irradiation time on inherent viscosity of TPX polymer solution: 5 wt TPX 
in cvclohexene: dose rate 0.1 Mrad/h. solution condition: f0) without 0,: to) with dissolved 0,. 
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increases to a maximum and then decreases, as irradiation time increases. This 
viscosity change study of the TPX polymer solution after irradiation would 
provide the support of the explanation of degradation for solution with the 
presence of dissolved oxygen and slight crosslinking for solution without 
oxygen.17-" 

Mechanical Strength of Membrane 

Figure 3 shows that tensile strength increases and elongation decreases with 
increasing degree of MMA homografting. Figure 4 shows the effect of irradia- 
tion time on tensile strength and elongation of pure TPX membranes that 
were cast from the solutions with or without dissolved oxygen during irradia- 
tion. As irradiation time increases, the tensile strength increases up to a 
maximum and then decreases for the membrane which was free from oxygen 
during irradiation. This could be explained by the fact that slight crosslinking 
was formed around 40-60 h irradiation time, and degradation was caused for 
higher irradiation time. For the membrane cast from solution with dissolved 
oxygen, the tensile strength decreases to a minimum and then increases as the 
irradiation time increases. It indicates that the degradation of TPX polymer 
possibly caused with the presence of oxygen for irradiation time up to 40 h. 
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Fig. 3. Mechanical strength of homografted membranes: irradiation time 40 h; dose rate 0.1 
Mrad/h; medium solvent, cyclohexene; Solution condition, with dissolved 4; (0) tensile strength; 
(0) elongation. 
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Fig. Effect of irradiation time on mechanical strength of pure TPX membranes: 5 w I& 
TPX in cyclohexene; dose rate 0.1 mrad/h; solution condition: (0) without O,, (0 )  with dissolved 
0,; (0,o) tensile strength, (D, 0)  elongation. 

Effect of TPX Concentration on the Degree of Grafting 

It is observed in Figure 5 that there is an optimum TPX concentration 
(22 g/100 mL solution) a t  which the degree of grafting is maximum. It could 
be explained that the maximum extension of the backbone polymer occurs at  
2 g TPX/100 mL soluton and a t  this concentration of TPX, the pentration of 
polymer chains is maximum, with increase in the concentration of TPX, 
grafting is found to decrease. This indicates that, beyond optimum concentra- 
tion, gel effect becomes pronounced. The formation of gel increases the 
viscosity of the reaction solution and the movement of the growing grafted 
polymer chains is restricted with the result that the attack on the active site 
of TPX backbone is decreased.20 Hereafter 2 g TPX/100 mL solution was 
used for the result of this report. 

Effect of Irradiation Time and MMA Content on the 
Degree of Grafting 

Figure 6 shows the effect of irradiation time and MMA content on the 
degree of grafting of MMA onto TPX for the grafting solution with dissolved 
oxygen during irradiation. It is observed that, with an increase in irradiation 
time, degree of grafting increases, reaches a maximum a t  40 h, and then falls 
off. This is different from Tsuzuki et al.,l5~l6 who report that the degree of 
styrene grafting onto cellulose increased linearly with increasing irradiation 
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Fig. 5. Effect of TPX concentration on the degree of MMA grafted onto TPX: irradiation 
time 20 h, dose rate 0.1 Mrad/h; medium solvent; cyclohexane; MMA concentration 10 vol %; 
solution condition, with dissolved 0,. 

time. This could be explained by the fact that polystyrene was crosslinked 
while PMMA was degraded after irradiation.21 In the beginning of irradiation, 
the degree of grafting increased due to the active sites increasing, and then 
the degradation of PMMA occurred after sufficient energy was irradiated 
(0.1 Mrad/h X 60 h in this study): hence degree of grafting decreased. It is 
also observed that the degree of grafting increases as MMA content increases. 
The solution with higher than 30% MMA content was changed from clear to 
opaque. It is indicated that the phase separation occurred due to the addition 
of nonsolvent (MMA).22*23 It was suggested from this experimental that MMA 
concentration should not exceed 30% for good membrane formation. 

Effect of Medium Solvent on the Degree of Grafting 

Figure 7 shows the effect of medium solvent on the degree of MMA grafted 
onto TPX. The differences between cyclohexane and cyclohexene are that the 
former has a single bond and higher G-value, free radical value per 100 eV 
absorbed, and the latter has a double bond and lower G-value." This explains 
the fact that the result of the degree of grafting for using cyclohexane as 
medium solvent is higher than for using cyclohexene. However it was found 
that the homografted polymers using cyclohexane as medium solvent made it 
rather difficult to form membrane, so that cyclohexene was used as medium 
solvent for most of this study. 
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Fig. 6. Effect of irradiation time and MMA content on the degree of MMA grded  onto TPX: 
dme rate 0.1 Mrad/h; medium solvent, cyclohexene; solution condition, with dissolved 0,; MMA 
concentration: (0)  10 vol I&; (0) 20 vol %; (A) 30 vol I&. 

Effect of Oxygen on Degree of Grafting 

As shown in Figure 8, under the same irradiation dose the MMA grafting 
degree of TPX with dissolved oxygen is higher than that of TPX without 
oxygen by freezing, degassing, and melting processings. The higher degree of 
grafting is caused by the peroxide and peroxy radicals which were produced in 
the presence of oxygen during irradiation."-19 

Performances of Membranes Cast from Grafting Solutions 
with / without Oxygen during Irradiation 

As shown in Figure 9, the oxygen/nitrogen permeability ratio increases 
rapidly, and oxygen permeability decreases as the degree of grafting increases 
for the membrane cast from degassing solution during irradiation. But for the 
membrane cast from the polymer solution with dissolved oxygen during 
irradiation when the degree of grafting increases, the oxygen/nitrogen perme- 
ability ratio increases only slightly. 

The performances shown in Figure 9 were adjusted to the MMA volume 
percents to provide different degrees of grafting for constant irradiation time 
of 40 h. 

The O,/N, permeability ratio of MMA homografted TPX membrane is 
significantly improved, compared to that of nongrafting TPX membrane. For 
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Fig. 7. Effect of medium solvent on the degree of MMA grafted onto TPX: irradiation time 
20 h; dose rate 0.1 Mrad/h; solution condition, with dissolved 0,; medium solvent: (0 )  cyclohex- 
ene; (0) cyclohexane. 

example, an oxygen/nitrogen permeability ratio of 7.6 and 28 X l O - ' O  cm3 
cm/cm2 s cm Hg oxygen permeability of the membrane which was cast from 
the degassing polymer solution, with 20% degree of grafting, can be obtained. 
The oxygen permeability and oxygen/nitrogen permeability of nongrafted 
TPX membrane are 56 x cm3 cm/cm2 s cm Hg and 3.9, respectively. 

Effect of Grafting Degree on Performances of Membranes Cast 
from Polymer Solution with Dissolved Oxygen 

The data of membranes with zero degree of grafting as shown in Figure 10 
represent that of membranes prepared from pure TPX polymer solution in the 
presence of dissolved oxygen with 20, 40, and 60 h irradiation times. Oxygen 
permeability of the mentioned pure TPX membrane increases as irradiation 
time increases because of the polymer degradation caused by irradiation. 
Figure 10 shows that gas permeabilities decrease and PO,/PN, ratios increase 
with increasing MMA grafting degree for membranes with different irradia- 
tion times. The degree of grafting was controlled by different MMA contents 
for each fixed irradiation time. With increasing degree of grafting, gas perme- 
ability of 20 h irradiation treated membrane decreases much more seriously 
than that of the membrane dose for a longer irradiation treatment. Because 
the TPX polymer degradation would affect the increase of gas permeability 
while the grafted MMA plays a major role on decreasing effect. The gas 
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Fig. 8. Effect of oxygen in grafting solution on the degree of MMA grafted onto TPX: 
irradiation time 20 h; dose rate 0.1 Mrad/h; medium solvent, cyclohexene; solution condition: 
(0) without 02; (0)  with dissolved 4. 

permeabilities decrease with increasing grafting degree not so seriously for 40 
and 60 h irradiation treated membranes. 

From this result, it suggests that the MMA homografted TPX membrane 
with high gas permeability and high PO,/PN, ratio should be obtained under 
the condition of 60 h irradiation time and around 7% degree of grafting. 

Comparison of Membranes by Homografting and 
Heterografting Methods 

As shown in Figure 11, the oxygen permeability decreases seriously and the 
oxygen/nitrogen permeability ratio increases slightly as grafting degree in- 
creases for membranes prepared by heterografting method. Compared to 
performances of heterografted membranes, the high oxygen permeabilities and 
oxygen/nitrogen permeability ratios of membranes could be obtained by the 
homografting method; a much lower grafting degree of MMA could be used 
than that of the heterografting method. For example, the oxygen permeability 
of 42 X lo-'' cm3 cm/cm2 s cm Hg and O,/N, permeability ratio of 5 could 
be prepared by homografting method with 10% MMA grafting degree while 
32 X lo-'' cm3 cm/cr2 s cm Hg oxygen permeability with O,/N, permeabil- 
ity ratio of 5 should be prepared by the-heterografting method with 60% 
MMA grafting degree. 
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CONCLUSION 

The degradation of TPX polymer of casting solution with dissolved oxygen 
was proved by the decrease of tensile strength, viscosity, and increase of 
elongation. The slight crosslinking of TPX polymer of the degassing casting 
solution was believed to be caused by the fact of appreciable increase of tensile 
strength, viscosity, and decrease of elongation. By utilizing the factors of 
degradation, slight crosslinking, and high O,/N, selectivity of MMA, the 
performances of TPX membrane can be efficiently improved. With increasing 
degree of grafting, the permeability of MPqA homograft copolymerized mem- 
brane decreases and its selectivity increases. 

The 02/N, permeability ratio of MMA homografted TPX membrane is 
improved, compared to that of nongrafting TPX membrane. For example, an 
OJN, permeability ratio of 7.6 and 28 x lo-'' cm3 cm/cm2 s cm Hg oxygen 
permeability of the membrane, cast from the degassing polymer solution 
during irradiation for 20% degree of grafting, can be obtained. MMA-homo- 
grafted TPX membrane with high gas permeability and fairly high 0,/N2 
permeability ratio can be prepared under the conditions of 60 h irradiation 
time to cause suitable TPX polymer degradation of grafting solution with 
dissolved oxygen. For example, with an oxygen permeability of 63 x lo-'' cm3 
cm/cm2 s cm Hg and an O,/N, permeability ratio of 4.5 for 60 h irradiation, 
about 10% degree homografted membrane can be obtained. 
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Compared to performances of heterografting membranes, the high oxygen 
permeability and oxygen/nitrogen permeability ratio of membranes could be 
obtained by the homografting method; a much lower grafting degree of MMA 
could be used than that of the heterografting method. 

The authors wish to  thank the National Science Council of the Republic of China for fir.ancial 
support. 
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