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ABSTRACT: The preparation of dense and asymmetric flat membranes from the blending of 

polybenzimidazole (PBI) and (1.5-20 wt%) of a polymer of intrinsic microporosity (PIM-EA(H2)-TB) is 

reported. Thermal characterization validated the blend by revealing a single glass transition 

temperature, which suggests the absence of polymer phase segregation. In addition, the decomposition 

activation energy and d-spacing of the blends follow trends that correlate with the amount of the PIM 

component. The membranes have been tested for the separation of H2/CO2 mixtures. The properties of 

the dense membranes, which also incorporate zeolitic imidazolate-8 (ZIF-8) nanoparticles, helped 

understanding of the behavior of the PIM/PBI blends by which phase inversion results in high separation 

performance asymmetric membranes. Asymmetric membranes show H2/CO2 selectivities of 23.8 (10/90 

wt% PIM/PBI) and 19.4 (20/80 wt% PIM/PBI) together with respective H2 permeances of 57.9 and 83.5 

GPU at 250 °C and 6 bar feed pressure. The gas separation performance of these asymmetric blends has 

been fitted to an empirical model, showing the influence of the amount of PIM and the feed pressure. 

INTRODUCTION 

Membranes are an energy efficient technology for gas separation and purification compared to other 

technologies, such as those based on distillation and absorption processes. Due to their low energy cost 

and separation efficiency, as well as their small footprint and reliability, membranes units operate at 
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large- and small-scale, across the globe, for liquid and gas phase separations. However, polymeric 

membranes show limitations in their gas separation performance, especially due to their relatively low 

permeance and limited operating temperature.1  Several solutions have been proposed to develop high-

performance gas separation membranes, among which polymer blending and the preparation of mixed 

matrix membranes (MMMs) are of particular importance. The blending of polymers seeks the synergistic 

combination of different materials that can overcome their individual deficiencies. Miscible polymer 

blends are desirable to prepare homogeneous membranes with uniform and stable thermal and 

mechanical properties.2 MMMs consist of embedded particles (i.e. fillers, which are often crystalline and 

porous) within a processable polymer matrix within a polymeric phase. Various polymers have been 

modified with inorganic fillers, such as zeolites or mesoporous silicas,3,4 and metal organic frameworks 

(MOFs) 5-7 to enhance their gas separation performance.  

The H2/CO2 separation has special relevance to hydrogen production and pre-combustion carbon 

capture. Many advances have been recently published on materials and membranes for this separation 

at high temperature.8-11 Polybenzimidazole (PBI) is a polymer widely used to prepare membranes for 

H2/CO2 separation.12-17 It possesses high thermal and chemical stabilities, good mechanical resistance 

and a high intrinsic H2/CO2 selectivity. Nevertheless, its main disadvantages are low permeability and 

brittleness.18 On the contrary, polymers of intrinsic microporosity (PIMs) display huge H2 permeability 

as self-standing films often well in excess of 1000 Barrer (1 Barrer = 10-10 cm3(STP) cm cm-2 s-1 cmHg-1) but 

with limited size selectivity for H2 over CO2 due to the relatively large voids present in their structure.19 

The fabrication of a film from the blend of both PBI and a PIM might result in one membrane with good 

H2/CO2 selectivity and enhanced permeability. PBI has already been blended with polyimides, such as 

Matrimid®,20,21 P84®,22 DPPD-IMM23 or Torlon®,20,22 obtaining interesting gas separation performance. The 

good miscibility between PBI and the polyimides is obtained thanks to the affinity between the N-H of 

the former and the C=O of the latter, allowing the formation of hydrogen bonds.24 The polyimide 

segments reinforced the mechanical strength of the membranes while the PBI chains increased their 

thermal stability. Blends of PBI can also be found in the literature with polyaniline,25 and polyvinylidene 

fluoride (PVDF).26 PIMs have also been blended with polyimides.27-31 For instance, PIM-1 has been mixed 

with Matrimid® with even low amounts (~ 10 wt%) increasing permeability by ~75 % with a minimal 

reduction of CO2/CH4 selectivity.32 PIM-1 has also been blended with polyethylene glycol (PEG) giving 

excellent results for the separation of CO2/N2 and CO2/CH4 mixtures, superior to those of neat PIM-1, 
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with CO2 permeabilities close to 2000 Barrer and CO2/N2 and CO2/CH4 selectivities of 16 and 39, 

respectively.33  The blending of PIM-1 with sulfonated polyphenylenesulfone (sPPSU) can also be found 

in the literature.34,35 The increase in the degree of sulfonation in sPPSU/PIM‐1 blends led to a decrease in 

chain–chain packing, and therefore an enhancement in the CO2/CH4 selectivity.35  

In this work we show the preparation of dense and asymmetric flat membranes from the blending of 

PBI and PIM-EA(H2)-TB at different proportions. PIM-EA(H2)-TB contains ethanoanthracene (EA) 

components linked by Tröger-base (TB) (2,8-dimethyl-6H,12H-5,11-methanol 

dibenzo[b,f][1,5]diazocina).36 It possesses an extremely rigid backbone that allows it to display a small 

selectivity for H2 over CO2 room temperature. Therefore, PIM-EA(H2)-TB is more appropriate than other 

PIMs for blending to obtain membranes for H2/CO2 separation. Most of the blends involving PBI (and 

PIM-1) were implemented as dense membranes with the exception of Matrimid®-PBI20,21 and PVDF-PBI,26 

what reinforces the novelty of this work. Moreover, ZIF-8 has been used as a porous filler to prepare 

MMMs with this blended polymer mixture as matrix. ZIF-8 is a zeolitic imidazolate framework with sod 

topology based on the coordination of Zn with the organic linker 2-methylimidazolate. It possesses 

cavities of 1.16 nm connected through pore windows of 0.34 nm.36 This way, the permeance of H2 is 

expected to be favored over that of CO2 (kinetic diameter of 0.29 nm vs. 0.33 nm, respectively). The 

effects of composition, miscibility, microstructure and gas separation performance are investigated. 

EXPERIMENTAL METHODS 

Dense MMM film preparation 

The required amount of PIM (synthesized as previously reported from the reaction of 2,6(7)-

diaminoanthracene with dimethoxymethane in trifluoroacetic acid.37-39)was weighed for each blending 

proportion, from 1.5 to 20 wt%, and dispersed in DMAc (Sigma Aldrich), stirring at room temperature 

until complete dissolution was obtained. PBI commercial solution (26 wt% concentration in DMAc, 

Celazole® S26) was added so that the final concentration of the polymer blend (ca. 40 mg in dry basis) 

in solvent was 10 wt% and the stirring was maintained overnight. The casting solution was sonicated 

three times for 15 min periods and then cast into a Petri dish, which was left uncovered and placed on a 

leveled surface inside an oven at 90 °C. Once dried, the films were peeled off from the Petri dishes and 

washed for 24 h in MeOH (HPLC grade, Scharlau). Finally, the membranes were activated in an oven at 

100 °C for 24 h to remove any remaining traces of solvent. For the blends that incorporated ZIF-8 
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(prepared as nanoparticles in a MeOH/H2O mixture40), the filler was dispersed in DMAc previous to the 

first addition of the PIM polymer. Pure PBI membranes were prepared following the same procedure 

without incorporating any PIM (see Table S1 for further details). 

Pure PIM-EA(H2)-TB membranes were prepared dissolving 40 mg of polymer in 3.6 g of chloroform 

(anhydrous, Sigma Aldrich). The casting solution was stirred overnight, then three times sonicated for 

90 min in total and cast into a leveled Petri dish. The Petri dishes were left covered to allow a slow 

evaporation of the solvent at room temperature. After that, the membranes followed the same soaking 

and drying procedure as for the blends. Note that different solvents have been used depending on the 

membrane polymer. Even if PIM membranes could be affected by the casting solvent,41 the typical 

solvents in which the membranes were prepared and optimized were preferred: DMAc for pure PBI and 

chloroform for PIM containing membranes. Besides, the alternatives to DMAc are similar harm solvents 

such as DMF or NMP, while PIMs can benefit from less toxic solvents. 

The thickness of the membrane samples (88±16 µm) was measured with a Digimatic Micrometer 

Mitutoyo (measurement range from 0 to 30 mm with an accuracy of ±1 µm), considering the average of 

9 values obtained at different places. 

PBI asymmetric membranes preparation 

PBI asymmetric membranes were prepared via phase inversion method. The corresponding amount 

of PIM was dissolved in DMAc according to the blending proportion, stirring at room temperature and 

the 26 wt% PBI commercial solution was added equally in three stages until the total amount was 

reached (see Table S1). The final concentration of the resulting polymer dope was 20 wt%. The casting 

solution was left still overnight to remove any bubbles present in it and cast on a P84® support42 using 

the Elcometer 4340 Automatic Film Applicator and immediately immersed into a DI water bath at 25 °C. 

Afterwards, the membranes were rinsed in DI water for 72 h to remove all the DMAc and then with 

MeOH and n-hexane (Scharlau) for 90 min. Then the membranes were dried and healed immersing 

them in a coating solution of PDMS (Sylgard® 184). A 3 wt% coating solution in n-hexane was used mixing 

PDMS polymer base and hardener (10 to 1 weight ratio). The membranes were allowed to evaporate at 

room temperature for 2 h and then cured in an oven at 100 °C for 18 h. Neat PBI membranes were 

prepared following the same procedure and obtaining a 20 wt% dope solution from the dilution of the 

26 wt% PBI commercial solution in DMAc. 
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Characterization of samples 

Thermogravimetric analysis (TGA) was performed with a Mettler Toledo TGA/STDA 851e. Samples of 

5 mg were placed in 70 μL aluminum pans that were heated in air atmosphere from 30 to 900 °C at 

heating rates of 5, 10 and 20 °C min-1. Differential scanning calorimetry (DSC) analysis was carried out 

with a Mettler Toledo DSC822e. The 10 mg samples were placed in 70 μL aluminum pans and heated 

under 40 mL min-1 nitrogen flow from 25 to 500 °C using a heating rate of 20 °C min-1. Scanning electron 

microscopy (SEM) images were acquired with an Inspect F50 model scanning electron microscope (FEI), 

operated at 20 kV and using a coating of Pt. The cross-sections of the membranes were prepared 

fracturing the samples during their immersion in liquid nitrogen. Infrared analysis (FTIR) was performed 

on a Bruker Vertex 70 FTIR spectrometer, which used a Golden Gate diamond ATR accessory and a DTGS 

detector, and with the FTIR microscope HYPERION 2000. The spectra were recorded by averaging 40 

scans in the 4000-600 cm-1 wavenumber range at a resolution of 4 cm-1. Powder X-ray diffraction (XRD) 

spectra of ZIF-8 and MMMs were obtained with a D-Max Rigaku X-ray diffractometer that used a copper 

anode and a graphite monochromator to select CuKα radiation (λ = 1.540 Å). Data from 2θ=2.5° to 40° 

were taken at a scan rate of 0.03° s-1. 

Gas separation analysis 

The membranes, consisting in circular areas of 2 cm diameter, and sealed with silicon o-rings, were 

placed in a permeation module based on two stainless steel pieces and a 316LSS macroporous disk 

support (from Mott Co.) with a 20 μm nominal pore size. This module was placed in an UNE 200 

Memmert oven that controlled the temperature of the experiment. The gas separation tests were 

performed feeding a 25/25 cm3(STP) min-1 H2/CO2 mixture maintaining 3-6 bar at the feed side using two 

mass-flow controllers (Alicat Scientific, MC-100CCM-D), one for each gas. At the same time, Ar at 1 bar 

was used as sweep gas at the permeate side of the membrane, with a flow of 2-10 cm3(STP) min-1  

controlled by a mass-flow controller (Alicat Scientific, MC-5CCM-D and MC-100CCM-D). The 

concentration of H2 and CO2 in the permate were analyzed online with an Agilent 3000A gas 

microchromatograph using a thermal conductivity detector (TCD). After at least 3 h and once the steady-

state was reached, the permeability was calculated in Barrer (10-10 cm3(STP) cm cm-2 s-1 cmHg-1) and the 

separation selectivity as the ratio of permeabilities. For asymmetric membranes permeance was 

calculated instead in GPU (10-6 cm3(STP) cm-2 s-1 cmHg-1). At least 2-3 membranes of each type were 

measured to provide the corresponding standard deviations. 
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RESULTS AND DISCUSSION 

Membrane characterization 

 

Figure 1. Glass transition temperature (Tg) values of the blends (scatters) as a function of the amount of 

PIM-EA(H2)-TB in them and its fitting to the Fox equation (dashed line). 

The polymers PBI and PIM-EA(H2)-TB have been combined where the latter is the minor component 

in the blend. Two polymers are considered to have built a homogenous blending when they possess a 

single gas transition temperature (Tg), indicating the full miscibility of the system at the molecular 

level.43 Blends of PBI and PIM-EA(H2)-TB were prepared using amounts of PIM from 1.5 to 10 wt% and 

the Tg of the different membranes was calculated from DSC data (see Table S2). The increase of the 

amount of PIM in the blend implies a reduction in the Tg of the membrane, almost following an 

arithmetic sequence.  

The theoretical Tg of a polymer blend can be calculated with the Fox equation (Equation 1).44  

1
𝑇𝑇𝑔𝑔,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑔𝑔

=
𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃−𝐸𝐸𝐸𝐸(H2)−𝑇𝑇𝑇𝑇

𝑇𝑇𝑔𝑔, 𝑃𝑃𝑃𝑃𝑃𝑃−𝐸𝐸𝐸𝐸(H2)−𝑇𝑇𝑇𝑇
+

(1 − 𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃−𝐸𝐸𝐸𝐸(𝐻𝐻2)−𝑇𝑇𝑇𝑇) 
𝑇𝑇𝑔𝑔,𝑃𝑃𝑇𝑇𝑃𝑃

 (1) 

where Tg,PIM-EA(H2)-TB and Tg,PBI are the glass transition temperatures in K of the individual polymers and 

X,PIM-EA(H2)-TB and X,PBI are related to the mass fractions of each component in the blend. For this case of 

study, this equation cannot be directly applied because the Tg of PIM-EA(H2)-TB is unable to be 

measured empirically, its value being higher than the degradation temperature of the polymer. 

Reorganizing the equation, it can be expressed as Equation 2. This way, the Tg of the blends should follow 

a linear tendency when represented against the amount of PIM in the composite. 

0.00 0.04 0.08 0.12 0.16 0.20 0.24
1.425
1.430
1.435
1.440
1.445
1.450
1.455
1.460
1.465

1/Tg=1.64·10-4·X+1.43·10-3

R2=0.961

1/
T g

·1
03  (K

-1
)

XPIM-EA-TB (gPIM/gPIM+PBI)



7 
 

1
𝑇𝑇𝑔𝑔,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑔𝑔

= �
1

𝑇𝑇𝑔𝑔, 𝑃𝑃𝑃𝑃𝑃𝑃−𝐸𝐸𝐸𝐸(𝐻𝐻2)−𝑇𝑇𝑇𝑇
−

1
𝑇𝑇𝑔𝑔, 𝑃𝑃𝑇𝑇𝑃𝑃

� · 𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃−𝐸𝐸𝐸𝐸(𝐻𝐻2)−𝑇𝑇𝑇𝑇 +
1

𝑇𝑇𝑔𝑔,𝑃𝑃𝑇𝑇𝑃𝑃
 (2) 

As seen in Figure 1, the measured values fit to this reorganized Fox equation and, according to this 

fitting, the calculated Tg value for neat PBI is 426 °C, meaning 0.2% error in comparison with its empirical 

value (427 °C, see Table S2). Besides, a hypothetical Tg for PIM-EA(H2)-TB of 354 °C can also be obtained. 

Thermogravimetric analyses in air were performed using three different heating rates of 5, 10 and 20 

˚C min-1 with bare PBI membranes and blends containing a 5 and 10 wt% of PIM-EA(H2)-TB. The 

temperatures corresponding to the maximum weight loss were obtained from the derivative curve of 

each thermogram (Figure S1) and they are collected in Table S3. It can be seen that the presence of PIM 

accelerated the thermal decomposition of the blend. The apparent activation energy (Ea) of these 

reactions was calculated for the different membranes using the Kissinger integral method.45 The 

temperatures shown in Table S3 were represented and fitted according to the Kissinger equation 

(Equation S3) in Figure S2. The incorporation of PIM in the blend is responsible for a significant 

reduction in the Ea (105, 87 and 83 kJ mol-1 for 0, 5 and 10 wt% PIM in the blend, respectively), since just 

a 5 wt% of polymer makes this parameter decrease by a 17%. This agrees with a decrease of the polymer 

thermal stability as PBI is replaced by the PIM. In general, the lower the Tg value of a given polymer the 

higher its Ea value should be: e.g. ca. 190 °C (Tg) and 285 kJ mol-1 (Ea) for typical polysulfone.46 

Noteworthy, the TGA results may not show the true thermal stability of the membranes because the 

presence of oxygen could accelerate the decomposition or oxidation of certain functionalities. Besides, 

from the TGA analysis (see Figure S1) it can also be notice that all the DMAc drove out by water during 

the membrane activation process. 

FTIR spectroscopy can show the interaction of polymers in a blended structure. New vibration modes 

are usually detected when blends mean new strong interactions in terms of covalent bonds. A physical 

blending without any chemical reaction, i.e. involving only van der Waals, electrostatic or hydrogen 

interactions, would not produce new FTIR vibrations. Figure S3 spectra show the signals at 757 cm-1 and 

those at 1221-1120 cm-1, present in the neat PBI spectrum and corresponding to in-plane bending of the 

imidazole and benzene rings, respectively.47 These bands decreased in intensity in the blends. However, 

no new signals different from those of the bare polymer membranes could be found. This means that the 

interaction between PBI and the PIM follows the same kind of bonding already found in the neat 

polymers, which is logical since they have similar functional groups. FTIR analysis was also performed 
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with a FTIR microscope, measuring several areas of 30 µm x 30 µm on the membrane surface of the blend 

with 20 wt% of PIM (see Figure S4). The homogeneity among the different spectra confirmed the 

intimate mixing between PIM-EA(H2)-TB and PBI, without segregation at a micron scale. 

 

Figure 2. XRD patters of membranes: bare PBI, bare PIM-EA(H2)-TB and blends containing 10 and 20 wt% 

of PIM, in dense (a) and asymmetric configurations (b). 

An XRD analysis was performed to gain insight into the effect of the blending on the microstructure 

and to obtain the d-spacing of the membranes. As shown in Figure 2, PBI is an amorphous polymer with 

an indicative band at 2θ = 22.2°, corresponding to a d-spacing of 4.0 Å. PIM-EA(H2)-TB is a glass polymer, 

an amorphous band at 15.2°. As shown in Figure 2a, in the case of dense membranes an increase in the 

PIM concentration gradually shifted the peak at 22.2⁰ to lower values, increasing the interstitial space 

between the polymer chains up to 4.8 Å. In the case of asymmetric membranes (Figure 2b) the signal at 

16.5° of PIM-EA(H2)-TB was more visible and it shifted to higher values with the decrease in the amount 

of PIM in the blend, showing again that the space between the polymer chains in the blend is higher 

with increasing PIM loading. The spectrum of PIM-EA(H2)-TB in both figures corresponds to that of the 
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dense membrane. It was impossible to prepare a pure PIM-EA(H2)-TB asymmetric membrane due to the 

difficulty to dissolve this polymer in DMAc at high loadings, which is necessary for the preparation of a 

defect-free asymmetric film. No XRD signals related to PIM-EA(H2)-TB could be noticed in the patterns 

of the blends with 1.5 and 5 wt% of PIM (in line with the fact that the 10 wt% sample already showed low 

XRD intensities) and they were not included in Figure 2. 

 

Figure 3. SEM images of the cross section of membranes: bare PBI (a), neat PIM-EA(H2)-TB (b) and blend 

with 10 wt% of PIM in dense (c) and asymmetric configuration (d). 

Finally, Figure 3 shows the cross-sections of membranes of bare PBI, neat PIM-EA(H2)-TB and the 

blend containing 10 wt% of PIM in both dense and asymmetric morphology. The appearance and texture 

of both neat polymers is quite similar, being difficult to distinguish one another. Besides, the image of 

the blend looks homogeneous, with no phase separation. The images of the blends containing ZIF-8 are 
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shown in Figure S5, where the filler can be seen homogenously dispersed across the section for all 

loadings.  

Gas separation performance of dense membranes 

 

Figure 4. Gas separation performance of dense membranes at 180 ⁰C and 3 bar of pressure feed: pristine 

polymers and blends with different PIM-EA(H2)-TB loadings. Bars stand for H2 permeability and scatter for 

H2/CO2 selectivity.  

The gas separation performance of dense membranes, blends in absence of filler, at 180˚C and 3 bar of 

feed pressure can be seen in Figure 4. The numerical values are also collected in Table S4 PIM-EA(H2)-

TB (100 wt% PIM) shows a tremendous high H2 permeability, 100 times that of PBI with 3857 Barrer, but 

poor H2/CO2 selectivity (ca. 2.2). 

Blends at 1.5, 5 and 10 wt% of PIM increased the H2 permeability of the PBI from 31.9 to 72.2, 82.0 and 

131 Barrer, respectively, but did not improve the membrane selectivity, since that of neat PIM-EA(H2)-

TB was not very high (2.2). This may be related to the increase in the d-spacing previously observed by 

XRD (see Figure 2). ZIF-8 nanoparticles were also added to the blended matrix in an attempt to enhance 

the separation performance of the membranes (see Table S4) All the results of dense membranes are 

represented in a Robeson type graph (Figure S6) where it can be seen that the best performing 

membranes surpass the Robeson upper bound corrected for 180 °C. Table S5 also shows the gas 

separation performance of dense membranes found in the literature for comparison; in general, the 

selectivity values with dense membrane are below those achieved with asymmetric membranes for this 

particular separation. 

Gas separation performance of asymmetric membranes 
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In order to study in depth, the effect of PIM-EA(H2)-TB/PBI blends in the gas separation performance 

of H2/CO2 mixtures, a new membrane configuration based on asymmetric blended membranes was 

tested. ZIF-8 was not incorporated in this kind of membranes because it did not achieved sufficient 

improvement with the previous dense blends. The higher permeances of this kind of membranes in 

comparison with those of dense blends allowed the measurements at several temperatures from 35 to 

250 ˚C. Different feed pressures up to 6 bar were also applied (see Table S6). The membranes were 

prepared on P84® flat asymmetric supports and the results were compared with those corresponding to 

pristine PBI membranes of this kind previously reported.42 The use of P84® is necessary because PBI 

asymmetric blends are extremely brittle and impossible to handle without the use of a support. This 

polymer has been selected for this purpose because of its compatibility with PBI, which allows the 

absence of delamination in the composite.48 In order to discard a possible contribution of P84® to the gas 

separation, a PBI supported blend (10 wt% PIM) has also been tested for a different gas separation (i.e. 

equimolar CO2/CH4 mixture) at 35 °C and a feed pressure of 3 bar, showing a CO2 permeance of 0.42 

GPU and a CO2/CH4 selectivity of 1.4. Such a low selectivity proves that only the PBI layer is playing a 

role in the gas separation, because P84® usually shows a high CO2/CH4 selectivity while that of PBI is 

negligible.49 
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Figure 5. Gas separation performance of asymmetric blends: (a) at several operating temperatures and 3 bar 

of feed pressure (bars stands for H2 permeance and scatter for H2/CO2 selectivity); and (b) gas separation 

performance at 250 ⁰C and different feed pressures with the H2/CO2 upper bound at the same temperature. 

Figure 5a shows the gas separation performance of asymmetric PBI membranes (pristine polymer and 

blends containing 10 and 20 wt% of PIM. Asymmetric membranes with 1.5 and 5 wt% of PIM were not 

prepared because such low loading did not show a considerable improvement with the previous dense 

membranes (see Figure 4). The entire test was performed under a feed pressure of 3 bar and temperatures 

of 35, 180 and 250 ˚C. When these results are compared to those in Figure 4, the asymmetric membranes 

show a better gas separation performance than the dense membranes, presumably due to the different 

polymeric structure of the skin layer (less porous).42 The content of PIM in the blends provided an 

enhancement in the H2 transport. At 35 °C the H2 permeance increased from 0.4 to 8.9 GPU (22 times 

higher) when the content of PIM increased from 0 to 20 wt%. At higher temperatures the increase in 

permeance was even greater, reaching the maximum H2 permeance of 74.6 GPU for the blend containing 
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20 wt% of PIM at 250 °C. Conversely, the H2/CO2 selectivity decreased slightly as the amount of PIM in 

the blend was increased, as previously seen for dense membranes, but H2/CO2 selectivity remained over 

10 at the highest temperature. Increasing the operating temperature had a great impact on the H2 

permeation in all bare PBI membranes and blends. The H2 permeance was around 5 times higher at 

180 °C than at 35 °C (from 0.4-8.9 GPU to 6.5-40.7 GPU) and twice at 250 °C than at 180 °C (from 6.5-40.7 

GPU to 14.4-74.6 GPU). The H2/CO2 selectivity also improved as the temperature rose, being 2.5-fold 

higher at 180 °C in comparison with that at the lowest temperature (4.8), and it even increased further 

when measuring at 250 °C (13.8). Measuring at different temperatures also allowed the calculation of the 

apparent activation energies of the membranes in terms of permeances for H2 and CO2 (see Figure S5 

and Table S7). Calculated from H2 permeances, pristine PBI membranes showed an apparent activation 

energy of 22.3 kJ mol-1, a value that decreased to 14.9 and 13.9 kJ mol-1 as the amount of PIM increased to 

10 and 20 wt%, respectively. The same happened with the values calculated from CO2 permeances, which 

decreased from 15.6 to 7.6 kJ mol-1. This activation energy shows the same tendency as that 

(corresponding to membrane stability) calculated by thermal analysis, previously shown in Figure S2. 

Since thermal treatments have been reported to be able to affect the transport properties of PIMs,36 the 

blend with 20 wt% of PIM was measured again after cooling down the membrane to room temperature. 

Its gas separation performance (see Table S6) was similar to the original at 250 °C, showing that the high 

temperature operation had almost no effect on the gas separation properties of the blend.  

Regarding the effect of pressure on the gas separation performance of the membranes, Figure 5b shows 

the separation selectivity results of PBI blends at 250 ˚C under feed pressures from 3 to 6 bar. As 

previously reported,42 the increase in the feed pressure led to an enhancement of the gas separation 

performance. The disappearance of defects thanks to the membrane healing by PDMS coating together 

with the small thickness of their skin layer probably caused the membranes to reach CO2 saturation, 

significantly increasing the gas transport and the separation factor, as observed in case of pure PBI 

membranes.42 The effect of pressure was less significant as the amount of PIM in the blend increased. 

For bare PBI membranes, the H2 permeance was 29 % higher at 6 bar than at 3 bar and the H2/CO2 

selectivity 61 % higher, reaching values of 20.3 GPU and 35.6, respectively. However, for both blends, the 

H2 permeance increased by 10 % and the selectivity by 44 %. The best values for the blends were obtained 

at 6 bar feed pressure with 57.9 GPU of H2 and a H2/CO2 selectivity of 23.8 (10 wt% of PIM) and 83.5 GPU 
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of H2 and a H2/CO2 selectivity of 19.4 (20 wt% of PIM). All the permselectivity results surpass clearly the 

H2/CO2 upper bound defined in GPU at 250 °C.42 

It can also be shown that the gas separation performance of the asymmetric blends follows a linear 

tendency based on the amount of PIM in the composite and the feed pressure of the process. The values 

of H2 and CO2 permeances shown in Figure 5b were fitted by multiple linear regression, providing the 

empirical model described by Equations 3 and 4. No physical meaning is under these expressions as far 

as we are concerned. The fitting was successful (R2 value > 0.97) and can be seen in Figure S5. 

𝑷𝑷𝑯𝑯𝟐𝟐 = 𝟗𝟗.𝟏𝟏𝟏𝟏 + 𝟑𝟑.𝟎𝟎𝟎𝟎 · 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 (𝒘𝒘𝒘𝒘%) + 𝟐𝟐.𝟑𝟑𝟎𝟎 · 𝑷𝑷 (𝒃𝒃𝒍𝒍𝒃𝒃)   ( 3) 

𝑷𝑷𝑪𝑪𝑶𝑶𝟐𝟐  =  𝟑𝟑.𝟎𝟎𝟑𝟑 + 𝟎𝟎.𝟐𝟐𝟐𝟐 · 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 (𝒘𝒘𝒘𝒘%) − 𝟎𝟎.𝟎𝟎𝟎𝟎 ∗ 𝑷𝑷 (𝒃𝒃𝒍𝒍𝒃𝒃)   ( 4) 

From the model, it can be seen how increasing the PIM content (loading) in the blend provides 

increases in gas transport for both H2 and CO2, since it is a positive term in both previous equations. 

The feed total pressure (P), however, has a different influence for each gas. Increasing this variable leads 

to simultaneous increase and decrease of the H2 and CO2 permances, respectively. This fact is due to the 

saturation phenomena already explained above and supports the enhancement of the H2/CO2 with 

increasing pressure. 

CONCLUSIONS 

Blends of PBI and PIM-EA(H2)-TB have been prepared in both dense and asymmetric configurations. 

The formation of a homogeneous blend between the two polymers was verified by the existence of a 

single glass transition temperature. The incorporation of PIM into PBI made the d-spacing of the 

resulting polymer increase, leading to higher gas permeances. The apparent activation energies of the 

blends, for thermal degradation and permeation, decreased as the amount of PIM in the composite was 

higher. The PIM/PBI blends were tested for the separation of H2/CO2 mixtures. Dense membranes also 

incorporated ZIF-8 nanoparticles to try to improve the gas separation thanks to the molecular sieving 

effect of this filler. The combination of PIM and PBI enhanced greatly the permeability of the membranes 

but reduced selectivity, due to the poor H2/CO2 separation selectivity of PIM-EA(H2)-TB. Asymmetric 

blends performed much better than the dense membranes due to their thin skin layer. With these 

composites, the increase in feed pressure had a positive effect on the gas separation performance, 

reaching a maximum H2 permeance of 83.5 GPU with a H2/CO2 selectivity of 19.4. The empirical model 

developed corroborated the influence of the amount of PIM and the feed pressure on the gas separation 
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performance. Finally, the presence of characterization and separation results with both dense and 

asymmetric membranes of the PIM-1/PBI blend allows an interesting comparison not usually afforded 

in membrane gas separation publications. This allows to envisage the great potential that blends of high 

performance polymers may have in the separation of H2/CO2 mixtures. 

Supporting Information. 

Information about the thermal analysis, the  characterization of membrane samples and gas separation is 

included. This material is available free of charge via the Internet at http://pubs.acs.org. 
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