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INTRODUCTION

The most popular method of preparing asymmetric polymeric materials is through one of the phase inversion processes. Nonsolvent induced phase inversion (NIPI) is the most common phase inversion method[1-3]. When the casting solution is immersed in a coagulation bath, the exchange of diffusion of a solvent and a nonsolvent across the interface in a polymer solution and a nonsolvent can introduce the polymer solution phase inversion with different exchange rates which form membranes with symmetric or asymmetric structures. This exchange rate depends on the difference between solubility parameters, the diffusion force of nonsolvent, and various physical factors of the phase inversion system. 

In order to obtain an optimal membrane structure, an additive as the fourth component or solvent is frequently used. The addition of organic or inorganic components as a fourth component to a casting solution or a nonsolvent coagulant bath has been important methods used in membrane modification. Kim et al.[4] researched that the effects of the PEG additive, as a pore forming agent, has on the structure formation of membranes, their permeation properties, and related the changes to kinetic properties in the phase inversion process. In order to explain the effects of additives on the membrane formation, it is necessary to use the kinetic effects such as diffusion difference between polymer solution and nonsolvent. Recently, Kang et al.[5] showed that the kinetic effect of the phase inversion process on a membrane morphology is a significant parameter. Thus, in this study, the pore-forming behavior in the 6FDA-4,4'ODA polyimide membrane as well known as having a high gas selectivity and permeability was investigated using various amounts of DMAc through diffusion coefficients of nonsolvents relation with phase diagram and SEM photographs.
EXPERIMENTAL

Materials

 For this study, 4,4' hexafluoroisopropylidene diphtalic anhydride(6FDA, Aldrich) and 4,4’-oxydianline (4,4'ODA, Aldrich) were used. They were finally purified by vacuum sublimation before use the in preparing polyamic acid. The solvent N,N'-dimethylacetamide (DMAc, 99.8%, anhydrous, Aldrich) was used without additional purification. The nonsolvent selected for the phase inversion process was H2O and mixtures of DMAc and H2O. When DMAc/H2O mixtures were used, the casting polymer solution was immersed in 0/100, 20/80, 40/60, 50/50 (DMAc/water) weight ratios, respectively. 

Membrane Preparation

The poly amic acid (PAA) was prepared by solution condensation of 4,4'ODA with stoichiometric amounts of 6FDA in DMAc. The polymer solution contained a 15 wt. % solid in a nitrogen environment. The PAA solution was cast onto a glass substrate and evaporated in 5 s, and then immersed in a coagulation bath for a PAA polymer solution at room temperature for 60 s. Porous PAA gels prepared by this method were allowed to dry at 70(C in a vacuum oven. The final asymmetric 6FDA-4,4'ODA polyimide membranes were obtained by thermal imidization at 350(C for 2 h. 

Kinetic effects : apparent diffusion coefficient of nonsolvent

 Many kinetic parameters of a membrane formation can be observed, but during the immersion step in the phase inversion process, precipitation kinetics provides very important information on the membrane formation process. In order to obtain the apparent diffusion coefficient of a nonsolvent, the optical microscopy measurement techniques described by Strathmann and Kang et al.[5]were used and are detailed.. The moving distance, d, of the precipitation front was measured by optical photographs at different times. The apparent diffusion coefficient, De, of a nonsolvent can be calculated as formulated by Strathmann in the following manner:
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Where De is the apparent diffusion coefficient of a nonsolvent.
RESULTS AND DISCUSSION

Fig.1 shows a ternary phase diagram of (6FDA-4,4'ODA)-DMAc-nonsolvent system. The cloud points shifts to the polymer-nonsolvent axis when the nonsolvent contains higher amounts of DMAc. In other words, the system containing higher amounts of DMAc has a smaller demixing gap. Therefore, it is expected that the polymer solution would form a dense structure in coagulation baths with higher amounts of DMAc. 

As shown in SEM photographs of Fig.2, when the DMAc/water ratio in a coagulation bath is 50/50, the membrane formed a less porous structure with thicker skin layers than the samples with lower amounts of DMAc. Open pore sizes also changed between 2 and 9 (m by decreasing the amounts of DMAc. As the amount of DMAc is increased in coagulation baths, the tendency of water diffusion into the polymer solution slows down; therefore, it takes more time for the sub-layers to undergo phase inversion, which caused delayed demixing. 
Fig.3 shows the calculated De values. The region of average De values is between 0.39 and 2.97 x 10-5 cm2 /s and decreases as the amount of DMAc increases in the coagulation bath. The activated moving force of nonsolvent in precipitation process explains this occurrence indicating that a low affinity between a solvent and a nonsolvent of the polymer system corresponds to a low diffusion coefficient of nonsolvent. As shown in Fig.3, the diffusion coefficients of nonsolvents slow down by increasing the amount of DMAc in a coagulation bath. The apparent diffusion coefficients of nonsolvents are almost constant in case of 0/100 and 50/50 while the coefficients for 20/80 and 40/60 decreases with time. From the above results, it has been suggested that the sub-structure can be determined by the initial conditions of phase inversion process. In other words, after a skin layer is formed, the structure below the skin is determined by the diffusion rate of a nonsolvent and a solvent through the skin layer. Thus, the difference in diffusion between a solvent in a coagulation bath and a nonsolvent towards a polymer solution can be a very important factor in membrane structure formations. 

CONCLUSION

The pore-forming behavior in polyimide membranes was investigated by varying the amounts of N,N’-dimethylacetamide(DMAc, wt.% vs. water as a nonsolvent) in coagulation baths. The pore-forming behavior was explained by phase diagrams, diffusion coefficients of nonsolvents, and SEM photographs. The nonsolvent induced phase inversion (NIPI) process prepared the asymmetric polyimide membranes. The diffusion coefficient, De, of the nonsolvents into the PAA solutions were in the range of 0.39 ( 2.97 x 10-5 cm2/s. A less porous structure is formed by strong interactions between solvent and nonsolvent; nonsolvent penetration is delayed in the polymer solution. The sub-pore shape in polyimide membranes, which were a finger-like structure, did not change as the amount of DMAc increased. It was very well known that the kinetic effects could give important information about the membrane pore-forming. 
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Fig.1.  Ternary phase diagram of (6FDA-4,4'ODA)-DMAc-Nonsolvent 

with different amounts of DMAc in nonsolvents.

DMAc/water (W/W) A: 0/100, B : 20/80, C : 40/60, D : 50/50
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Fig.2.  SEM photographs of cross section of polyimide films 

    with different amounts of DMAc (T : top surface).     

Left : cross section   Right : top surface
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Fig.3.  A graph of the effective diffusion coefficient, De , vs. time, t, 

with different DMAc amounts.
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