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Abstract 

This work presents a study on mixed matrix membranes (MMMs) of the polymer of intrinsic 

microporosity PIM-1, embedding the crystalline Cr-terephthalate metal-organic framework 

(MOF), known as MIL-101. Different kinds of MIL-101 were used: MIL-101 with an 

average particle size of ca. 0.2 µm, NanoMIL-101 (ca. 50 nm), ED-MIL-101 (MIL-101 

functionalized with ethylene diamine) and NH2-MIL-101 (MIL-101 synthesized using 2-

aminoterephthalic acid instead of terephthalic acid). Permeability, diffusion and solubility 

coefficients and their corresponding ideal selectivities were determined for the gases He, H2, 

O2, N2, CH4 and CO2 on the “as-cast” samples and after alcohol treatment. The performance 

of the MMMs was evaluated in relation to the Maxwell model. The addition of NH2-MIL-101 

and ED-MIL-101 does not increase the membrane performance for the CO2/N2 and CO2/CH4 

separation because of an initial decrease in selectivity at low MOF content, whereas the O2 

and N2 permeability both increase for NH2-MIL-101. In contrast, MIL-101 and NanoMIL-

101 cause a strong shift to higher permeability in the Robeson diagrams for all gas pairs, 

especially for CO2, without significant change in selectivity. Unprecedented CO2 

permeabilities up to 35,600 Barrer were achieved, which are among the highest values 

reached with PIM-1 based mixed matrix membranes. For various gas pairs, the permeability 

and selectivity were far above the Robeson upper bound after alcohol treatment. Short to 
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medium time aging shows that alcohol treated samples with MIL-101 maintain a 

systematically higher permeability in time. Mixed gas permeation experiments on an aged as-

cast sample with 47 vol% MIL-101 reveal that the MMM sample maintains an excellent 

combination of permeability and selectivity, far above the Robeson upper bound 

(CO2=3,500-3,800 Barrer, CO2/N2= 25-27; CO2/CH4=21-24). This suggests good 

perspectives for these materials in thin film composite membranes for real applications. 

 

Keywords: Mixed matrix membranes, PIM-1, MOFs, MIL-101, gas separation, Maxwell 

model 

1 Introduction 

Polymer membrane-based processes are recognized as low-cost and environmentally friendly 

alternatives to conventional gas separation processes [1]. Many polymer membranes have 

been investigated for gas separations, showing a trade-off between permeability and 

selectivity. Polymers of intrinsic microporosity (PIMs), combining a high free volume [2] 

with good processability, are receiving particular attention for membrane gas separation 

applications. The first representative of the PIM family was referred to as PIM-1 by Budd and 

McKeown [3,4]. PIM-1 is a spirobisindane ladder-type polymer as shown in Fig. 1A, with 

rigid polymer backbone and large free volume elements. Its permselectivity was used to 

define the 2008 Robeson upper bound, for important gas pairs such as CO2/N2 and CO2/CH4, 

as a consequence of its large and interconnected free volume [5–8]. These materials are prone 

to physical aging, which is a reduction over time of available free volume and, thus, of the 

permeability [9]. Even if the aging is often coupled with an improvement in the selectivity, it 

is not always desired because it does not allow stable operation over time [9–11]. 

Dimensionally more stable porous materials, such as zeolites or MOFs [12], do not have the 

same problem of physical aging and often combine high permeability and high selectivity. 

However, they are generally brittle and difficult to prepare in large areas without defects. 

Instead, mixed matrix membranes (MMMs) [13–17], based on inorganic or metal-organic 

particles dispersed in polymers, have the potential to combine synergistically the good 

separation performance of the fillers and the mechanical resistance of the polymers, provided 

that there is a good dispersion of the filler within the membrane [12,18–22]. Several 
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nanoporous materials have been investigated for this purpose in PIM-1, including zeolites 

[23] and carbon nanotubes [24], but also the non-porous graphene [25] and inorganic 

particles [26]. More recently, the crystalline MOFs have attracted significant attention [27–

30]. These three-dimensional porous coordination polymers have versatile architectures, 

which combine an open porosity, large inner surface area and tuneable pore sizes and 

topologies [31,32]. In many cases, size selective gas transport in the MMMs is related to the 

pore size of MOFs, which can promote more readily the passage of small gases. While the 

growth of HKUST-1 and the zeolitic imidazolate framework, ZIF-8, on top of PIM-1 films 

lead to a reduction of the permeability [33], the dispersion of ZIF-8 in the PIM-1 matrix was 

found to increase the free volume, leading to higher gas permeabilities and diffusion 

coefficients, as well increased selectivities for gas pairs with substantial differences in kinetic 

diameter, such as (H2/N2) or (H2/CH4) [34]. A crucial aspect in the design of suitable MMMs 

is the combination of materials with a good affinity, because an interaction at the interface 

between the polymer matrix and the MOF particles can significantly affect the gas transport 

properties. Owing to the organic linkers connecting the transition metals and transition metal 

oxides in MOFs, a better compatibility with the continuous polymeric matrix is expected 

when using MOFs as fillers, rather than inorganic zeolites, in MMMs. Indeed, methods like 

chemical surface modification or functionalization of the MOF particles have been adopted to 

promote the compatibility between the fillers and the polymer matrix in order to enhance the 

gas separation performance of the MMM. The permeability of PIM-1 was increased from 

8210 to 10,700 Barrer by the addition of functionalized UiO-66, maintaining high selectivity 

also in mixed gas permeation experiments [35]. 

The present work reports novel MMMs based on PIM-1, in which the dispersed phase 

consists of crystalline Cr-based MIL-101, first synthesized by Férey et al. [36] and indicated 

by Yampolskii et al. as a promising filler in PIM-1 [29]. MIL-101 has been dispersed in 

different polymers for the fabrication of MMMs for several applications. Recently, Jung et al. 

loaded MIL-101 into polystyrene‐ b‐ polybutadiene‐ b‐ polystyrene (SBS) block copolymer 

obtaining encouraging results for olefin/paraffin separation [37]. In pervaporation, MMMs 

based on modified SO3H-MIL-101 in the hydrophilic polymer poly(vinyl alcohol) have 

shown large selectivities and permeabilities for water/ethylene glycol separation 

performance, compared with the other reported membranes [38]. In gas separation, the 
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CO2/CH4 selectivity for polysulfone was enhanced by the synergistic addition of MIL-101 

and ZIF-8 [39]. 

MIL-101 (framework [Cr3O(F/OH)(H2O)2(O2CC6H4CO2)3]) has a framework structure 

consisting of two cages with inner free cage diameters of 2.9 nm and 3.4 nm (Fig. 1B). 

Entrance to these cages is through pentagonal rings of 1.2 nm diameter and hexagonal rings 

with 1.5 nm × 1.6 nm diameters that are large enough to admit gases and small organic 

molecules (Fig. 1C) [40].  

The aim of this work is the demonstration that the excellent properties of PIM-1 can be 

further enhanced by the addition of MOFs with a very open pore structure. Different kinds of 

MIL-101 were dispersed in the PIM-1 matrix to study the effect of the particle size of MIL-

101 and the effect of the chemical nature of amine- or ethylene diamine-functionalized MIL-

101 on the MMM performance. The use of similar MOFs with different size and 

functionalization enabled the identification of some critical factors determining the MMM 

performance. Results for two batches of PIM-1 with different molar mass highlighted the 

importance of the continuous phase. It will be shown that a properly chosen combination of 

PIM-1 and MOF yields unprecedented high permeability, with a performance far above the 

upper bound, and this performance is maintained upon aging and for gas mixtures, yet at 

lower permeability and even higher selectivity. 

2 Experimental 

2.1 Materials 

All starting materials and solvents were purchased from Sigma-Aldrich, except for 5,5',6,6'-

tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane (TTSBI, Alfa, 98%), 

tetrafluoroterephthalonitrile (TFTPN, Apollo Scientific Ltd., 97%), anhydrous potassium 

carbonate (Fisher Chemical), sodium hydroxide (Fisher Chemical) and chromium nitrate 

nonahydrate (Cr(NO3)3·9H2O, Alfa, 98%). All chemicals were used as received, apart from 

the following chemicals: TTSBI was dissolved in methanol and re-precipitated from 

dichloromethane before use. TFTPN was purified by sublimation under vacuum before use. 

Single gases were supplied by Pirossigeno at a minimum purity of 99.9995%. 
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2.2 PIM-1 syntheses 

Two different batches of PIM-1 (PIM-1A and PIM-1B) were synthesized from TTBSI and 

TFTPN by a step polymerization involving a double aromatic nucleophilic substitution with 

K2CO3 at 65 C for PIM-1A and 160 C for PIM-1B as described previously [5,7,41] and 

detailed in the SI. PIM-1A has Mw =97,800, Mn = 31,100 g mol
-1

 and a polydispersity Mw/Mn 

= 31 and PIM-1B has Mw = 112,000, Mn = 48,600 g mol
-1

 and a polydispersity Mw/Mn = 2.3. 

2.3 MOF syntheses 

MIL-101: Two samples of MIL-101 were prepared, the first MIL-101A using a HF-based 

method as described previously [40,42] and the second MIL-101B using a HF-free method as 

reported previously [43]. The framework structure of the materials differs slightly in that 

some Cr atoms have terminally bound fluoride ions in the former that are replaced by 

hydroxide ions in the latter. Full synthesis and activation details are provided in the SI. 

NanoMIL-101: NanoMIL-101 was prepared following the method of Jiang et al. [44] and 

full synthesis and activation details are provided in the SI. 

ED-MIL-101: ED-MIL-101 was synthesized by functionalising MIL-101B through 

coordination of the amine groups of ethylene diamine to coordinatively unsaturated 

chromium sites following a previously reported method [45] and full synthesis and activation 

details are provided in the SI. 

NH2-MIL-101: NH2-MIL-101 is MIL-101 synthesized using 2-aminoterephthalic acid 

instead of terephthalic acid. The sample was prepared using a method based upon the work of 

Lin et al. [46] and the full synthesis and activation details are provided in the SI. 

A B 

 

 

C D 

 



21/11/2018 16.36.31 PIM-MIL-101 manuscript_SEPPUR_Final_revised_clean.docx p. 6/24 

 

 

Fig. 1. (A) Repeat unit of PIM-1. (B) Porous 

structure of MIL-101. (C) Pentagonal and 

hexagonal nanometre diameter rings of MIL-101. 

(D) Photograph of a representative PIM-1/MIL-

101 MMM.  

 

2.4 Membrane preparation and conditioning 

All the pure PIM-1 and MMMs were cast from chloroform-based solutions or suspensions 

that were poured into level Petri dishes and then placed in a desiccator. Slow solvent-

evaporation yielded self-standing films that were green in colour for all the MMMs, as 

exemplified in Fig. 1D. Further details of the membrane preparations are given in the SI. The 

PIM-1/filler weight ratios were 10:1, 10:2, 10:3 and 10:4, corresponding to filler weight 

percentages of 9.1 wt%, 16.6 wt%, 23.1 wt% and 28.6 wt%, respectively. The volume 

fractions are calculated by SI Eq. 2 from the polymer and filler weight fractions and their 

respective densities (see SI Table 1) and the results are given in SI Table 3. As-cast 

membranes and membranes treated with methanol (PIM-1B/MIL-101B, PIM-1B/ED-MIL-

101, PIM-1B/NH2-MIL-101) or ethanol (PIM-1A/MIL-101A, PIM-1A/NanoMIL-101) were 

tested. Alcohol treatment involved soaking the membranes for 24 h in anhydrous methanol or 

ethanol, followed by drying of the membrane for 24 h at 25 °C and ambient pressure. The 

membranes reported in this work are listed in SI Table 3. Membranes for aging studies were 

kept at ambient conditions without any control of humidity or air exposure. 



21/11/2018 16.36.31 PIM-MIL-101 manuscript_SEPPUR_Final_revised_clean.docx p. 7/24 

2.5 Materials and membranes characterization 

Materials and membranes were characterized by gel permeation chromatography (Multi 

Detector GPC Viscotek 2001 with two Polymer Laboratories mixed bed columns), gas 

sorption analysis (Micrometrics ASAP 2020 sorption analyzer), scanning electron 

microscopy (SEM) (Phenom Pro X desktop SEM, Phenom-World and FEI Quanta 200 

ESEM) and powder X-ray diffraction (Panalytical X’ Pert Pro diffractometer Model 

PW3040/60). Gas permeation tests of single gases were carried out at 25 °C and at a feed 

pressure of 1 bar, using a fixed-volume pressure increase instrument (ESSR), described 

elsewhere [47]. Permeability coefficients, P, and diffusion coefficients, D, were determined 

by the time-lag method [48]. The simplest model of permeation through dense polymeric 

films describes permeability as the product of a diffusion coefficient and a solubility 

coefficient. Thus, the apparent solubility, S, was indirectly calculated as S = P/D. The ideal 

selectivity for a pair of gases is the ratio of the permeability of the two species, α(A/B) = 

PA/PB. The values reported in the present work are effective values for the MMMs, averaged 

out over the polymeric and dispersed phases. Mixed gas permeation tests were carried out 

using a custom made constant pressure/variable volume instrument, described elsewhere [49], 

equipped with a quadrupole mass filter (HPR-20 QIC Benchtop residual gas analysis system, 

Hiden Analytical). 

3 Results and discussion 

3.1 Morphological characterization of MMMs 

SEM images of the cross-section of the MMMs indicate that in general no significant 

sedimentation takes place and a good homogeneous dispersion of the MOF particles is 

achieved.  
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Fig. 2: SEM images of the MMMs of PIM-1A/NanoMIL-101, PIM-1A/MIL-101A, PIM-1B/ED-

MIL-101 and PIM-1B/NH2-MIL-101 with different MOF loadings at a magnification of 40,000 x and 

an accelerating voltage of 10 kV. The indicated scale bar is identical for all membranes. 

 

Even when the MOF concentration increased from 18 vol% to the highest 47 vol%, the 

samples showed no significant agglomeration (Fig. 2 and SI Fig. 4 and SI Fig. 5). Moreover, 

the SEM images do not show evidence of macro-defects, indicating a good interaction 

between the fillers and the polymer matrix. The polymer completely surrounds the MOF 

particles with circular cavities observed in the MMMs. In a few cases the MIL-101 particles 

seem to be embedded in an open void, but from the deformation of the polymer around these 

voids, it may be deduced that they are formed as a result of the tensile forces during sample 

fracture. 
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3.2 Pure gas transport properties 

3.2.1 Comparison of different MOFs 

Single gas permeation data were measured on the MMMs at 25 °C in the order He, H2, O2, 

N2, CH4 and CO2. All permeability, diffusivity and (indirectly calculated) solubility data are 

given in the supporting information (SI Table 4 - SI Table 8). Permeation tests were carried 

out on the as prepared MMMs and after alcohol treatment, which is known to open up the 

polymer structure and to remove residual solvent, resulting in a drastic increase of 

permeability [7] with similar effects for methanol and ethanol [34]. Alcohol is expected to 

remove also the residual solvent from MIL-101, which has sufficiently large windows and 

internal cavities to allow easy access of the alcohol. The permeability indeed increases upon 

alcohol treatment (Fig. 3). This increase in permeability is mostly due to an increase in 

diffusion coefficient (See SI Fig. 7) confirming that MIL-101 has sufficiently large windows 

and internal cavities to allow easy access of the alcohol, in order to promote the removal of 

residual solvent from MIL-101 and the further passage of the gases (See SI Fig. 7 and SI 

Table 4 - SI Table 8). 

The PIM-1A/MIL-101A membranes show a higher permeability compared to the PIM-

1A/NanoMIL-101, PIM-1B/NH2-MIL-101 and PIM-1B/ED-MIL-101. The effect of MIL-101 

in PIM-1 is also larger than that of ZIF-8 and UiO-66 observed previously [34,35]. This is 

related to the very high surface area of MIL-101 and the large internal voids. The PIM-

1/MIL-101-based MMMs maintain the same gas permeation order of PIM-1 itself, with CO2 

as the most permeable species. An increasing volume fraction of MIL-101A, NanoMIL-101 

and MIL-101B results in a higher permeability for all gases (Fig. 3A). This is in agreement 

with the tendency reported by Naseri et al. for Matrimid
©

/MIL-101 [50] and by Alentiev et 

al.[29] for PIM-1/MIL-101, which with a loading of only 33% of MIL-101 increased the CO2 

permeability of the neat PIM-1 about 3 fold. On the other hand, ED-MIL-101 and NH2-MIL-

101 only moderately increased the permeability of neat PIM-1B. This trend is similar to that 

observed by Ma et al. [51], who reached a maximum loading of only 15 vol% NH2-MIL-101 

and remarkably found a 3 times lower permeability. A decrease of the permeability of the 

alcohol treated PIM-1 membranes in the presence of NH2-MIL-101 was also observed by 

Isaeva et al.[52]. Also NH2-modified UiO and NH2-modified Porous Organic Polymers 

(POP) give only a modest increased in permeability of PIM-1, similar to those achieved with 

NH2-MIL-101 [53,54]. ED-MIL-101 does not give any improvement of the PIM-1 
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permeability, and over the entire composition range, the membranes with ED-MIL-101 are 

less permeable than those with NH2-MIL-101, probably due to a larger steric hindrance by 

the longer ethylenediamine groups. 

  

Fig. 3. (A) CO2 permeability coefficient of PIM-1 loaded with MIL-101 ( ) and NanoMIL-

101( ) and (B) PIM-1B with NH2-MIL-101( ) and ED-MIL-101( ). Filled symbols for “as 

cast” and open symbols for alcohol treated membranes. 

 

The changes in permeability induced by the MOFs are mostly caused by an increase in the 

diffusion coefficient, which clearly increases with the MIL-101 concentration (SI Fig. 7), and 

a slight reduction of the solubility (SI Table 4 - SI Table 8). The enhanced diffusion for 

NanoMIL-101, MIL-101A and MIL-101B indicates transport within the pore structure of the 

crystalline MOF. Both the as-cast (SI Fig. 7) and the alcohol-treated membranes (Fig. 3A) 

have a substantially higher permeability with MIL-101A than with the equivalent NanoMIL-

101. The lower permeability of the NanoMIL-101 samples suggests the presence of a 

densified interface layer that hinders access to the internal voids. Instead, at higher loadings, 

the internal voids in the unfunctionalized MIL-101 crystals and/or inter-crystal voids start 

dominating the transport properties, so that the permeability tends to increase gradually with 

increasing filler loading. A similar increase was previously observed for PIM-1 containing 

ZIF-8 [34] and purely organic cage molecules as porous fillers [55].  
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Fig. 4 H2, O2, N2, CO2, CH4 permeabilities as function of the MOFs concentrations for PIM-

1A/MIL-101 (top) and PIM-1A/NanoMIL-101 membranes (bottom). The lines represent the upper 

limit (Pd=∞) and lower limit (Pd=0) of of the Maxwell equation (SI Eq. 3 and SI Eq. 4), respectively. 
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Fig. 4 shows the experimental permeabilities of CO2 as a function of the concentration for the 

most significant MOFs, MIL-101 and Nano-MIL-101 MOFs in comparison with the extreme 

cases of the Maxwell model. The fact that the permeabilities fall within the Maxwell window 

[35], delimited by the two extreme cases of Pd = ∞ and Pd = 0, indicates that the membranes 

are essentially defect-free. Slight scatter in the data, especially of the less permeable gases, is 

due to the inherent difficulty in making very good and homogeneous films from PIMs with 

dispersed MOFs. The systematically lower permeability at low MIL loadings, in some cases 

below the Maxwell limit, indicates that the filler also affects the bulk properties of the PIM, 

probably by occupying the largest free volume elements. At higher loadings, the volume 

fraction of the MOF exceeds that of the free volume and the positive effect of the MOF 

dominates the overall properties. 

MIL-101A based MMMs, and to a lesser extent those with Nano-MIL-101 and MIL-101B, 

show unprecedented permeabilities and approach the upper Maxwell limit with increasing 

MOF loading compared to the neat polymer. On the other hand, for ED-MIL-101 and NH2-
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MIL-101, the permeabilities of most MMMs fall relatively close to the centre of the interval 

predicted by the Maxwell equation, which means that the permeability of these MILs is high 

and close to that of the polymer matrix itself. 

3.2.2 Comparison of different PIM-1 batches 

A consistency check of two structurally identical fillers in structurally the same polymer, but 

both from different batches and with different polymer Mw (MIL-101A in PIM-1A and MIL-

101B in PIM-1B), shows different absolute values, but very similar trends (Fig. 5).  

This indicates that the absolute values are dictated by the PIM, and the trends are caused by 

the MOFs. Variability in permeability of PIMs is a well-known fact, as recently shown by 

Rose et al. with a cloud of data for PIM-1 from different sources in the literature [56]. We 

may therefore deduce that the different trends in ED-MIL-101 and NH2-MIL-101 must 

indeed be attributed to the MOF itself and not to the different PIM-1 batches. 

A B 

  

Fig. 5. Similarity of the trends of CO2 permeabilities (A) and diffusion coefficient (B) as 

function of MIL-101 vol% loaded in PIM-1A and PIM-1B membranes.  

 

3.2.3 Aging studies 

Typically, amorphous glassy polymers relax over time, losing excess free volume, and hence 

permeability. PIMs, with their high free volume, are particularly sensitive to this. On aging, 

alcohol-treated PIM-1 loses much of the extra permeability gained on alcohol-treatment, both 
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for gases [9,55,57] and for vapours [58]. In contrast, the void structure within the crystalline 

MOF should be stable, provided that no chemical changes or irreversible adsorption occur. 

Long-term aging studies were therefore performed on the most interesting set of MMMs 

based on MIL-101 and NanoMIL-101, because it was expected that the presence of MIL-101 

might lead to similar stabilization of the permeability as with PAF fillers [20]. This 

stabilization was, however, not observed and the PIM-1/MIL-101 MMMs of the present work 

were found to lose permeability over time, coupled with a gain in selectivity. Fig. 6 shows the 

CO2 permeability as a function of time for the two best performing PIM-1A/MIL-101A and 

PIM-1A/NanoMIL-101 MMMs after alcohol treatment.  

A B 

  

Fig. 6. Change in CO2 permeability over time for A) ethanol-treated PIM-1 (), PIM-

1A/MIL-101A MMMs with 18 (), 30 ( ), 39 ( ) and 47vol%(), and B) PIM-

1A/NanoMIL-101 MMMs with wt. ratios 18 (), 30 ( ), 39 ( ) and 47 vol%(). 

 

For both MIL-101 sizes, all loadings undergo a relatively similar decrease in permeability 

upon aging. In any case, the rate of physical aging is much slower than that in the ultra-

permeable PTMSP, which loses up to two orders of magnitude in permeability for oxygen 

and isobutane in 100 days [59]. Furthermore, samples with a higher initial permeability 

maintained this advantage over time and maintained a higher permeability than the as-cast 

samples. These results demonstrate that the incorporation of MIL-101 may not avoid physical 

aging, but it can markedly enhance the gas permeability of PIM-1 over short to medium time 
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aging, while increasing CO2/N2 and CO2/CH4 selectivity (as will be discussed in the next 

section). 

3.3 Mixed gas transport properties 

The real membrane performance for two relevant industrial separations was tested via mixed 

gas permeability measurements on the PIM-1A/MIL-101A sample with the highest MOF 

loading (47 vol%) and the highest permeability. In order to evaluate the true effect of the 

MOFs on the transport properties, a well-consolidated as-cast sample after 7 years of aging 

was tested. This sample is more representative for commercial membranes, which are 

normally asymmetric or thin film composite membranes, and therefore not alcohol treated. 

Thin films also age faster, so that the 7 years aged thick film represents a thin film with 

intermediate age. Measurements were performed from 1 to 6 bar(a) with two binary gas 

mixtures of CO2/N2 (15:85 vol%) and CO2/CH4 (35:65 vol%), simulating flue gas and biogas, 

respectively (Fig. 7).  

A B 

  

Fig. 7. A) Pressure dependence of CO2 and N2 permeabilities and CO2/N2 selectivity in 

binary mixture conditions for CO2/N2 (15:85 vol%); B) Pressure dependence of CO2 and CH4 

permeabilities and CO2/CH4 selectivity using the binary CO2/CH4 (35:65 vol%) mixture for 

the PIM-1A/MIL-101A (47 vol%) membrane aged for 7 years. Closed symbols for stepwise 

increase of the pressure and open symbols for the subsequent stepwise decrease of the 

pressure.  
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The synthetic flue gas mixture shows typical dual mode behaviour, with a decrease of CO2 

permeability as a function of the feed pressure. Occupation of the free volume by CO2 causes 

a simultaneous and slightly smaller decrease of the N2 permeability, and as a result, the 

selectivity slightly decreases as a function of pressure. For this mixture, there is no significant 

hysteresis between the pressure increase run and the pressure decrease run. On the contrary, 

anomalous behaviour is observed for the CO2/CH4 mixture. Competition between dual mode 

behaviour (with decreasing permeability as a function of pressure) and dilation by the high 

internal CO2 and CH4 concentrations, gives an almost constant permeability in the pressure 

increase run, followed by the typical dual mode behaviour on the return run. This clear 

hysteresis is also observed for methane, but in this case, the dilation facilitates the permeation 

of methane, which increases with increasing pressure and then remains virtually constant 

with decreasing pressure. As a consequence, the CO2/CH4 selectivity decreases with 

increasing pressure. For both mixtures, the mixed gas performance is better than the ideal 

selectivity measured in the time lag instrument (see Robeson plot, Fig. 8). This can be 

ascribed to competitive sorption of CO2 over the less soluble gases N2 and CH4. Although the 

data move back towards the Robeson upper bound at higher pressure, all mixed gas 

permeation data lie above the upper bound, confirming the excellent performance of the PIM-

1A/MIL-101A based MMM. 

3.4 Performance overview 

The results are summarized in the Robeson diagrams in Fig. 8. Alcohol-treated PIM-1A/MIL-

101A membranes exhibit an extremely high CO2 permeability (up to 35,600 Barrer for 47 

vol% MIL-101). This is within the range of poly(1-trimethylsilyl-1-propyne) (PTMSP), one 

of the most permeable polymers reported in the literature so far [60–62], but at much higher 

selectivity, and it is similar to the recently reported triptycene-based PIM [63]. The CO2/CH4 

and CO2/N2 separation performance of the MMMs surpasses the Robeson upper bound in the 

high permeability region for MIL-101 and NanoMIL-101. The permeabilities and ideal 

selectivities shift slightly upward into the righthand direction of the Robeson diagrams, 

suggesting that the polymer matrix still provides the main resistance to transport, while the 

fillers provide a preferential diffusion path. This effect is most evident with the larger MIL-

101 particles, which shows a higher permeability for all gases compared to the NanoMIL-101 

(Fig. 8). The initial reduction in permeability compared to the neat PIM-1A at the lowest 

NanoMIL-101 loading (18 vol%) can be ascribed to the matrix densification near the 
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interface, described by Moore and Koros as case I [64], or to the occupation of the largest 

free volume elements, as described in section 3.2.1. 

 

A B 

  

C D 

  

Fig. 8. Robeson’s plots of CO2/CH4 (A,C) and CO2/N2 gas pairs (B,D), showing the data of ethanol treated  

membranes PIM-1A/MIL-101A (blue) PIM-1A/NanoMIL-101 (red), and methanol treated membranes 

PIM-1B/NH2-MIL-101 (pink), PIM-1B/ED-MIL-101 (green) and PIM-1B/MIL-101B (violet), at 18 vol% 

, 30 vol% , 39 vol%  and 47 vol% ♦. Neat PIM-1A (×) PIM-1B ( ) are reported as a reference. Blue 

line: 1991 upper bound; red line: 2008 upper bound. [8]. The arrows serve as a guide to the eye to 

understand the effect of increasing MOF loading. The closely connected blue diamonds represent mixed 
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gas data at pressures of 1-6 bar(a) for a 7 years aged PIM-1A/MIL-101A as-cast membrane with a loading 

of 47 vol%. 1 Barrer = 10
10

 cm
3
 [STP] cm cm

2
 s

1
 cmHg

1
. Please refer to electronic version for colour 

figures. 

 

The effect of ED-MIL-101 and NH2-MIL-101 is not fundamentally different, but much 

smaller, and for most gases there is only a relatively small increase in permeability compared 

to MIL-101. For CO2, this increase is contrasted by the strong affinity with the amino groups 

of the functionalized MIL, leading to immobilizing sorption [65,66], as was previously seen 

for Amine-PIM-1 [67]. Therefore, the permeability of CO2 is relatively constant, and the 

selectivity of gas pairs involving CO2 decreases. This effect is more evident for ED-MIL-101, 

which has more amino groups to interact with CO2. Nevertheless, almost all points are still 

near or above the 2008 Upper Bound for important gas pairs such as CO2/CH4, CO2/N2 and 

close to the 2015 upper bound for O2/N2 and H2/CH4 (SI Fig. 6). The Robeson diagrams 

highlight especially the impressive mixed gas performance of the aged as-cast membrane 

sample with permeability and selectivity far exceeding the Robeson upper bound. 

4 Conclusions 

Mixed matrix membranes based on MIL-101, NanoMIL-101, ED-MIL-101 and NH2-MIL-

101 in the polymer of intrinsic microporosity PIM-1 were successfully obtained and studied 

for pure and mixed gas permeation. SEM analysis confirmed a good dispersion of the MOFs 

without evident defects at the interface. After an initial decrease in selectivity in the presence 

of low concentrations of NH2-MIL-101 and ED-MIL-101, higher concentrations of these 

fillers restore the ideal gas selectivity to a value close to that of the neat PIM-1B. 

Nevertheless, they hardly improve the performance of the polymer itself. In contrast, pristine 

MIL-101 drastically increases the CO2 permeability, maintaining the excellent ideal CO2/N2 

and CO2/CH4 selectivity of the neat polymer. The effect of MIL-101 samples falls within the 

range predicted by the Maxwell model for highly permeable fillers. The extremely high CO2 

permeability of 35,600 Barrer is an unprecedented achievement for MMMs based on PIM-1. 

Studies of permeability over time, show that MMMs with large amounts of MOFs maintain a 

relatively high permeability upon aging compared to neat PIM-1 over short to medium time 

aging. Finally, under mixed gas permeation tests, an aged as-cast PIM-1/MIL-101 MMM 

shows better than ideal performance, probably due to competitive sorption. The excellent 
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combination of permeability and CO2/N2 selectivity (~25-27) and CO2/CH4 selectivity (~21-

24) confirms the potential suitability of the present MMMs for use in relevant industrial gas 

separations such as biogas purification and CO2 sequestration from flue gas. 
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