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The study deals with the preparation and characterisation of heterogeneous membranes based on microparticle hypercrosslinked polymeric adsorbents with a polyimide binder. In the previous papers [
], [
] we described preparation of heterogeneous zeolite- and polymer adsorbent-based membranes with a polymeric binder.
Hypercrosslinked polystyrene microparticles were prepared by SnCl4-catalysed Friedel-Crafts [
], [
] reaction of polystyrene (M.wt.7.96x105, Mw/Ma 2.16) with chloromethyl methyl ether in 1,2-dichlorethane solution. Hypercrosslinked microparticles of diameter 1-5 (m were obtained. 

Two polyimides with different chemical structure were used as a binder.  
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The precursor polyamic acid (PAA) was synthesized by the reaction of equimolar amounts of 5,5'-oxybis(1,3-dihydroisobenzofuran-1,3-dione) (ODPA) and bis(4,4'-oxydianiline (ODA) or 4,4'-(1,4-phenylenedipropane-2,2-diyl)dianiline (BIS P) in N-methyl-2-pyrrolidone (solid content 10 wt.%) at room temperature for 24 h. A PAA solution in N-methyl-2-pyrrolidone with the adsorbent was spread onto a glass substrate and kept at 60 °C/12 h, 100 °C/2 h, 150 °C/2 h, 200 °C/2h and, finally, 240 °C/2h. The structure was confirmed by ATR spectra (zinc selenide crystal, incidence angle 45°) of prepared membranes. The thickness of the resulting transparent film was 40 - 100 μm. 

Heterogeneous membranes were filled with 5, 10, 15, or 20 wt.% of microparticle adsorbent. The thickness of filled membranes was varied from 100 to 400 m. Particles of the adsorbent were distributed regularly. Slightly brownish membranes were compact and self-supporting. They were characterized by thermal, mechanical and separation mesurements.

Thermal properties of polyimide heterogeneous membranes.

Thermal properties of membranes were studied in nitrogen in the interval 40 - 850 °C with the heating rate 10 °C per minute. Heterogeneneous polyimide-hypercrosslinked adsorbent composites exhibited very good thermal properties. Heterogeneous membranes were stable up to 250 °C. The presence of the adsorbent decreased their thermal stability.

Hypercrosslinked adsorbents H06 (specific surface area 796 m2/g) and H01 (1264 m2/g) are less thermo-stable than the polyimide binder. 5% weight loss of adsorbents were observed at 360 °C and the maximum rate of decomposition was at 420 °C. According to TGA, 81 % weight loss of the adsorbents were observed at 840 °C. Even at such high temperature, the decomposition did not proceed completely because of carbonization of the sample. 

On the other hand, polyimides ODPA-ODA were stable up to 450 °C and 5 % weight loss of sample was observed at 360 °C. At 850 °C only 50 % of the polyimide decomposed. The composite based on polyimide-hypercrosslinked adsorbent decomposed at lower temperature, but in the opposite order than would follow from their amounts of adsorbent. At lower amounts of adsorbent, decomposition started at lower temperature. The composite with 5 wt.% of adsorbent decomposed at 250 °C. The maximal weight loss in composites with the lowest adsorbent content is impossible to explain by condensation of polyimide, because polyimide did not show any weight loss in this temperature range. The polymer loss at 350 °C is higher as the adsorbent content in composite is lower. But at 500 °C, polymer loss is proportional to the adsorbent content. In the same way increases the temperature of 5 % weight loss.


On the TGA curve of composites with 10, 15 a 20 % of hypercroslinked adsorbent is a saddle at 450 °C, when most adsorbent is decomposed. This saddle represents complete decomposition of the hypercrosslinked adsorbent.

Polyimide ODPA-BIS P polymer is less stable, but its decomposition started above 450 °C, and 5 % of sample is decomposed at 360 °C. The lower thermal stability of ODPA-BIS P polymer is probably caused by the dimethylmethylene bridge present in the structure. Composite membranes based on the ODPA-BIS P polymer were less stable than those based on ODPA-ODA and the maximal rate of decomposition is observed at about temperatures lower by ca. 100 °C than in the previous case. 

Mechanical properties of heterogeneous polyimide membranes.

All the prepared membranes exhibited a very high strength modulus. Homogeneous polyimide membrane showed excellent mechanical properties being characterized by high Young modulus (3311 MPa) and strain at tensile strength (31.4 %). With increasing amount of the adsorbent the mechanical properties deteriorated, but up to 15 % filling they are satisfactory. In samples with adsorbent contents higher than 20 wt.% it is not possible to evaluate permeation because these samples are not mechanically stable and in some cases are not compact. Polyimide membranes were superior in mechanical properties to the poly(phenyleneoxide) membranes, prepared earlier.
Permeation measurements

Permeation was measured using standard gases as permeate (H2, N2, O2, CO2 and CH4). Permeation and selectivity characterized the separation properties. A very good separation selectivity was observed for hydrogen/methane separation. The observed time lag in permeability shows that the separation proceeds by the sorption mechanism.  

Permeability of gases through prepared membranes increases in the order CH4< N2<O2<CO2<H2. The determined values of permeability for polyimide membrane without adsorbents were in good agreement with the values published earlier2. The permeability of heterogeneous membranes increased proportionally to the amount of the incorporated ad-sorbent and to increasing particle size. The values were of the order of magnitude 10-15 - 10-18 compared with homogeneous polyimide membranes, which were by three orders of magnitude higher. 

The overall permeability was divided into permeability of the binder and that of the adsorbent. The permeability of adsorbent is about one or two orders of magnitude higher than that of binder. There is no simply correlation between the permeability effective radii of gas molecules. 

Difusivity and solubility of gases in heterogeneous membranes

In heterogeneous membranes the time lags of permeation through membrane were observed when measurement started. The time lag of H2, O2 and CO2 increased with the amount of adsorbent incorporated, due to adsorption of the gases. On the other hand, the time lag of N2 and CH4 decreased with the amount of adsorbent incorporated. The data on time lag allow to determine the diffusivity and solubility of gases in the membrane. The diffusivity of homogeneous polyimide membrane increases in the series CH4<N2<CO2<O2<H2. The diffusivity of heterogeneous membranes increased in the order CO2<CH4<O2<N2<H2. The low diffusivity of CO2 in heterogeneous membranes in comparison with homogeneous ones is caused by its dissolution in polymer as follows also from the evaluated solubility in membranes and adsorbent. 

The solubility of gases in the polymer is of the order of magnitude 10-3 - 10-5 and decreases in the series CO2>O2>H2>N2>CH4. The solubility of CO2 is higher in homomogeneous polyimide membranes than in heterogeneous composite membranes and is extremely high.

Selectivity.

The selectivity relative to nitrogen increased from 10 to 250 in the order CH4<O2<CO2<H2. The selectivity slightly decreased with increasing amount of the adsorbent in the membrane. Correlation of selectivity with effective molecule radii was not observed for CO2, e.g. because of dissolution of CO2 in the polymer due to polar interactions with polymer. Polyimide homogeneous membranes exhibit very good properties in separation of hydrogen and methane (selectivity 253) but worse in heterogeneous composite (199). 

The molecular model of equilibrium sorption, dissolution or diffusion of species in microporous or compact subspaces of composite matrices may operate in heterogeneous membranes with a polymer binder. The differences in the diffusion flux of hydrogen and methane confirm that the separation using our heterogeneous membranes is governed by the size exclusion mechanism.
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