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Towards High Performance MOF – Microporous Polymer Mixed 

Matrix Membranes: Addressing Compatibility and Limiting Aging 

via Polymer Doping 

Anahid Sabetghadam, Xinlei Liu,* Angelica F. Orsi, Magdalena M. Lozinska, Timothy Johnson, Kaspar 

M. B. Jansen, Paul A. Wright, Mariolino Carta, Neil B. McKeown, Freek Kapteijn and Jorge Gascon* 

Abstract: Membrane separation for gas purification is an energy-

efficient and environment-friendly technology. However, the 

development of high performance membranes is still a great 

challenge. In principle, mixed matrix membranes (MMMs) have the 

potential to overcome current materials limitations, but in practice 

there is no straightforward method to match the properties of fillers 

and polymers (the main components of MMMs) in such a way that 

the final membrane performance reflects the high performance of the 

microporous filler and the processability of the continuous polymer 

phase. This issue is especially important when high flux polymers 

are utilized. In this work, we demonstrate that the use of small 

amounts of a glassy polymer in combination with high performance 

PIM-1 allow for the preparation of MOF based MMMs with superior 

separation properties and low aging rates under humid conditions, 

meeting the commercial target for post-combustion CO2 capture. 

Membrane technologies for gas separation are attractive due to 

their relatively low energy penalty and benign environmental 

aspects.[1] Currently, polymeric materials dominate the market 

for membrane gas separation thanks to ease of processing and 

mechanical strength.[1b] However, the performance of polymeric 

membranes is limited by the fact that improvements in 

permeability are always at the expense of selectivity, and vice 

versa.[2] This trade-off, defined by Robeson’s upper bounds, still 

hampers the widespread application of membrane units.[2] 

Recently, polymers of intrinsic microporosity (PIMs), [3] a 

subfamily of microporous polymers, have been identified as 

attractive candidates for high performance gas separation 

membranes. A prototypical example is PIM-1.[3d] The rigid and 

contorted ladder-like structure of PIM-1 leads to inefficient 

packing of polymer chains and to a high fractional free volume, 

providing highly permeable pathways for gas molecules but 

moderate selectivity and very fast physical aging.[3b] Various 

strategies including crosslinking,[4] post-modification[5] and 

polymer blending[6] have been employed to improve the 

membrane performance. Polymer blending has been recognized 

as a cost- and time-effective route,[7] which combines the 

advantages of different polymers. 

Besides the above strategies, mixed matrix membranes (MMMs) 

are proposed to have even more potential, provided that 

properties from embedded fillers and the economical processing 

features of polymers can be properly matched.[8] [9] In the last 

few years, the effect of boosting gas adsorption[10] and 

diffusion,[10-11] incorporation of additional  polymer chains [12] and 

altering the matrix structure[13] have been explored by using 

metal-organic frameworks (MOFs),[10, 11b, 13] porous organic 

cages (POCs)[11a] and porous aromatic frameworks (PAFs)[12] as 

fillers. Nevertheless, simultaneous improvement of permeation 

and selectivity is challenging and there is not a large amount of 

data reported in literature showing this improvement. Table S1 

shows data collected by Vinoba et al.[14] on membranes that 

have so far demonstrated an increase in both permeability and 

selectivity for CO2/N2 separation. Moreover, in most cases low 

permeation polymers are used. When it comes to microporous 

polymers, the main challenge to overcome in the field of MMMs 

is mostly the poor interfacial compatibility between the two 

phases.[15] As a result, performance improvements are marginal 

and membrane aging rates have been hardly reduced. 

In this study, we demonstrate that the combination of doping 

glassy Matrimid® polymeric chains along with the addition of 

MOF fillers (e.g. NH2-MIL-53(Al)) in PIM-1 (Scheme 1) results in 

both a substantial enhancement of CO2 permeability and 

CO2/N2 selectivity under dry and humid conditions while greatly 

reducing aging. The obtained MMM performance transcends 

the 2008 Robeson upper bound limit and reaches the economic 

target region for post-combustion CO2 capture,[16] even after 17 

months of aging. 
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Scheme 1. Scheme of doping Matrimid® and implanting MOFs into PIM-1 

matrix. 

 

Figure 1. Tapping-mode AFM topographical image of the surface of a) PIMAT 

(9.1 wt.%) and b) PIMAT (40 wt.%). The height profile is shown for reference; 

FIB-SEM images of NH2-MIL-53(Al)/PIMAT membrane: c) the trench created 

by FIB milling of the specimen and d) a representative cross-section of the 

membrane. 

Matrimid®, in comparison to PIM-1, is a relatively flexible, and 

less contorted polymer that shows a higher degree of packing.[17] 

This results in higher selectivity, lower permeance and a very 

slow aging rate. Following previous reports, we used a 

Matrimid®/PIM-1 blending weight ratio of 9.1/90.9 to achieve a 

miscible mixture for membrane preparation [6]. Indeed, when 

using higher amounts of Matrimid® (Figure 1b, weight ratio 

40/60), much rougher surfaces are observed by AFM than at the 

optimal ratio (Figure 1a). Such rough surfaces have been 

interpreted as phase segregation. [6] 

 

NH2-MIL-53,[18] a promising MOF material, has been reported to 

display outstanding selectivity in the separation of CO2 from 

N2,[19] thus making it a good candidate for constructing MMMs.[20] 

Diamond and rod-shaped NH2-MIL-53(Al) crystals with average 

particle size of 500 nm were prepared (Figure S1a). A relatively 

high filler content (25 wt.%, WMOF/(WMOF+WPIMAT)) was used. 

Surprisingly, the PIMAT composite is able to host high 

concentrations of MOF without compromising its structural 

properties. Indeed, such high loadings of filler in pure PIM-1 

rendered brittle films with micro-cracks (Figure S2c, S2d, S3a 

and S3c). The filler dispersion and morphology of the as-

synthesized composite membrane was studied by focused ion 

beam-scanning electronic microscopy (Figure 1c & 1d) and 

(Figure S3b and S3d). A homogeneous distribution of the MOF 

crystals in the PIMAT matrix along with no detectable gaps 

between the filler and matrix is clearly observed, illustrating a 

good adhesion between the filler and polymer phases. 
CO2 adsorption measurements on MOF materials and 

membranes were conducted at 273 K and up to 1.2 bar. As 

depicted in Figure 2a and S5, a slight drop of CO2 uptake on 

PIM-1 is observed upon blending Matrimid®, indicating a higher 

packing efficiency of polymer chains in PIMAT. Given the good 

miscibility of both polymers, the free volume of PIM-1 could be 

partially occupied by the threading Matrimid®. Also the reduced 

N2 uptake on PIMAT membranes suggests this (Figure S4). 

NH2-MIL-53(Al) materials exhibit considerable CO2 uptake even 

when its framework is in np configuration (Figure 2a).[19] For 

comparison, the ideal adsorption isotherm of NH2-MIL-

53(Al)/PIMAT membrane was calculated from a linear 

combination of the isotherms of NH2-MIL-53(Al) and PIMAT 

based on their mass contribution. Since the NH2-MIL-53(Al) in 

the membrane is in a lp-np configuration, the experimental CO2 

uptake is overall higher than the linear combination of both 

isotherms. 

The structures of the MOF powders and membranes were 

analyzed by XRD and the diffraction patterns are presented in 

Figure 2b and S6. NH2-MIL-53 has a flexible framework, and 

displays a mixture of the narrow pore (np) and large pore (lp) 

configurations.[19] As-prepared NH2-MIL-53 crystals show a 

diffraction pattern coherent with the np framework configuration, 

but diffractions ascribed to the lp MOF structure emerge in the 

pattern of the casted PIMAT membrane. The intensity ratio of 

the lp/np reflections in the NH2-MIL-53(Al)/PIMAT is higher than 

NH2-MIL-53(Al)/PIM-1 membrane, suggesting, as previously 

reported by our group (Matrimid® in this case),[21] the partial 

penetration of Matrimid® into the MOF pores (Figure 2b). 

To get insight into the polymer-MOFs interaction, ATR-IR 

spectra of the MMMs were acquired and compared to the 

original spectra of the MOF powder (Figure 2c and S7). In case 

of NH2-MIL-53(Al) MMMs, a slight shift in the stretching vibration 

of NH2-MIL-53(Al) carboxylic groups was observed. The shift in 

asymmetric (1500 cm-1: blue shift and 1580 cm-1: red shift) and 

symmetric (1410 cm-1: red shift) stretching vibration is attributed 

to the interaction of carboxylic and amine groups in NH2-MIL-

53(Al) as reported by Chen et al (Figure S7a).[22] Moreover, the 

peaks at 3500 and 3387 cm-1 are attributed to the asymmetric 

and symmetric amine stretchings of the MOF. The upward shift 

in the amine vibrations in PIMAT could be assigned to hydrogen 

bonding between MOF amine groups and free carbonyls in 

Matrimid® (Figure 2c).[23] Considering ZIF-94 MMMs (Figure 

S7b), there is no shift in the peak of –N-H bond vibration of the 

ZIF-94 (1665 cm-1) by loading in PIM-1 and PIMAT MMMs. 

The mechanical properties of the PIM-1 and PIMAT based 

membranes were assessed by tensile tests. The results are 

presented in Figure S8 and Table S3. As it was observed by 

simple flexing of the samples, PIMAT was more flexible than 

PIM-1. Accordingly, the tensile results showed that by addition of 

Matrimid® to PIM-1, not only the sample shows more plastic 

deformation (shown in Figure S8), but also the strain in the 
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fracture point was higher than PIM-1, showing the flexibility of 

PIMAT membranes. However, loading of NH2-MIL-53(Al) and 

ZIF-94 would result in a lower fracture point which is attributed to 

the brittleness of the membranes in comparison to the neat 

polymeric membranes. Despite this issue, the elastic modulus 

(stress to strain ratio) of the PIMAT based MMMs is much higher 

than the one measured for PIM-1 based MMMs, further 

demonstrating the benefits of polymer blending for the 

preparation of MMMs.[24] 

 

Figure 2. a) Experimental CO2 adsorption (solid symbols) and desorption 

(open symbols) isotherms of NH2-MIL-53(Al) and membranes at 273 K. The 

MOF particle loading in PIMAT is 25 wt. %. The Matrimid® loading in PIM-1 is 

9.1 wt.%. The calculated isotherm is gained from a linear combination of the 

isotherms of NH2-MIL-53(Al) and PIMAT based on their weight contribution, b) 

XRD patterns of NH2-MIL-53(Al), PIMAT, NH2-MIL-53(Al)/PIM-1 and NH2-MIL-

53(Al)/PIMAT. The simulated lp and np XRD patterns of NH2-MIL-53(Al) are 

shown for reference, c) ATR-IR spectra between 2200-4000 cm-1 of NH2-MIL-

53(Al), Matrimid®, PIMAT, PIM-1 and their MMMs. 

The as-synthesized membranes were sealed in home-made 

modules and evaluated in the separation of CO2 from N2 at 

conditions relevant to pre-combustion CO2 capture 

(CO2/N2=15/85 mol/mol mixture at 298 K and 2 bar absolute 

feed pressure (see the Supporting Information)). The 

performance is shown in Figure 3a and Figure S9. The neat 

PIM-1 membrane exhibits a CO2 permeability of ~3780 Barrer (1 

Barrer = 1*10-10 cm3 (STP) cm cm-2 s-1 cmHg-1) and a CO2 / N2 

selectivity of ~19, in line with previous reports.[6, 13] Upon 

threading the Matrimid®, a ~32% enhancement of gas selectivity 

was observed at the expense of ~41% reduction in CO2 

permeability, further confirming the higher polymer packing 

efficiency in PIMAT. By the addition of NH2-MIL-53(Al) filler to 

PIMAT, the CO2 permeability nearly doubled (~97% increase 

relative to PIMAT) with a slight drop in selectivity. This 

synergistic effect generates a simultaneous increase of 

selectivity (to 23) and CO2 permeability (to 4380 Barrer) relative 

to PIM-1, driving the membrane separation performance over 

the Robeson upper bound limit (2008)[2] and reaching the 

economic target region.[16] For comparison, the performance of a 

NH2-MIL-53(Al)/PIM-1 membrane was evaluated. As shown in 

Figure 3a, the membrane permeability increased by a 160% with 

26% drop in selectivity relative to neat PIM-1. This is most 

probably the generation of micro-cracks in the polymer matrix 

due to the relatively high MOF loading (vide supra). 

In order to gain insight into the influence on aging, membrane 

performance was evaluated after exposing the membranes to 

ambient conditions for 3 months. Results are shown in Figure 3a 

and Figure S9. It is well known that during physical aging, the 

polymer chains of PIM-1 tend to pack more efficiently,[25] leading 

to a decrease in free volume and to the expected drop in 

permeability (75%) and an increase in selectivity from 19 to 25. 

In contrast, in case of PIMAT, where Matrimid® occupies part of 

this free volume, CO2 permeability decreases only by a 56% and 

selectivity slightly increases to 27. In case of NH2-MIL-

53(Al)/PIM-1, where a large fraction of permeability is due to the 

presence of micro-cracks, only a 26% drop in CO2 flux is 

observed. Despite the substantial decrease (48%) in CO2 

permeability for the NH2-MIL-53(Al)/PIMAT membrane upon 

aging, its performance, with a CO2 permeability of 2260 Barrer 

and CO2/N2 selectivity of 27 lies on the Robeson upper bound 

(2008). This performance clearly improved over that observed 

for the fresh PIMAT and is better both in terms of selectivity and 

permeability than that of aged PIM-1. 

In order to demonstrate the scope of our approach, we prepared 

additional membranes using ZIF-94(Zn) as filler, in virtue of its 

high CO2 uptake at low pressure (Figure S5).[26] However, upon 

loading 25 wt.% ZIF-94(Zn) into PIM-1, very brittle membranes 

were obtained with no separation selectivity. As anticipated, a 

more selective ZIF-94(Zn)/PIMAT membrane was formed with 

the assistance of Matrimid® threading (Figure 3a). After 3 

months aging, although the CO2 permeability of ZIF-

94(Zn)/PIMAT decreased by 60%, it is still higher than the aged 

PIM-1 with a comparable selectivity. These results further 

demonstrate the significance of our approach for composite 

membrane preparation.  
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Figure 3. a) Robeson plot of CO2/N2 separation performance of the fresh (blue 

closed), aged membranes after 3 months (blue open symbols) and 17 months 

(green closed squares) tested under dry conditions. b) Robeson plot of CO2/N2 

separation performance of the fresh (blue symbols) membranes tested under 

dry and humid (2.3 mol.% water in feed, purple symbols) conditions. c) 

Robeson plot of CO2/N2 mixed gas separation performance of this study (the 

fresh/aged membranes in dry and humid condition) and the literature data of 

microporous polymers taken from Commonwealth Scientific and Industrial 

Research Organization (CSIRO).[27] The Robeson upper bound (2008)[2] is 

shown for reference, as well as the target performance region for CO2 capture 

from flue gas from Merkel et al. [16] assuming a membrane thickness of 1 µm. 

The MOF particle loading in PIMAT is 25 wt. %. The Matrimid® loading in PIM-

1 is 9.1 wt.%. All the measurements were conducted at 298 K with 2 bar 

absolute feed pressure (mixed gases). 1 Barrer = 1*10-10 cm3 (STP) cm cm-2 s-

1 cmHg-1. 

Further, we have tested the aged PIM and PIMAT neat and 

MMM samples after 17 months. The aging after 3 months mainly 

resulted predominantly in a decrease in permeation while after 

17 months the aging shifted towards an increase in selectivity for 

the PIMAT membranes. In contrast, the PIM-1 membrane 

continued the trend of reduction in permeability after 17 months 

of aging. Interestingly, after 17 months of membranes aging in 

ambient conditions the PIMAT MMMs performance surpasses 

the upper bound. 

The separation performance of PIM-1 and PIMAT neat and 

mixed matrix membranes was evaluated under humid conditions 

(2.3 mol.% water in feed) and compared with dry conditions 

(Figure 3b). PIMAT based membranes showed less reduction in 

permeability than PIM-1, while in both cases the selectivity 

increased by two points. However, the NH2-MIL-53(Al)/PIMAT 

composites nearly preserved its high permeability of 4000 Barrer 

and improved CO2/N2 selectivity up to 28, the highest of all 

samples. 

The results of this study (blue circles) demonstrate a superior 

performance in comparison to other PIMs (black open circles) 

and PIM blended (red open circles) membranes (Figure 3c). 

This confirms the influence of MOF loading in blended polymers 

and enhancing the CO2/N2 separation performance relative to 

the upper bound. 

In summary, by utilizing a second, less permeable polymer, in 

combination with a high performance PIM-1 microporous 

polymer, we were able to manufacture MOF-based mixed matrix 

membranes with enhanced phase compatibility, and 

consequently the membrane separation performance and anti-

aging properties were improved simultaneously. The versatility 

of the developed method was evidenced by using different MOF 

fillers, which can potentially incorporate in other rigid 

microporous polymer membranes. 

Experimental Section 

MOF/PIMAT membrane preparation: to prepare the mixture of polymers, 

0.10 g PIM-1 was dissolved in 4.0 mL chloroform (Sigma Aldrich, 

anhydrous ≥ 99.99 %) and then 0.010 g Matrimid® (Huntsman Advanced 

Materials, MW: 80,000) was added and stirred for 2 h. Meanwhile, a 

certain amount of MOF NH2-MIL-53(Al) or ZIF-94(Zn) (degassed at 373 K, 

0.037 g) was dispersed in 1.5 mL of chloroform, followed by 

ultrasonication and stirring for 90 min. To attain a better MOF dispersion, 

firstly a 10 % of the dissolved polymers solution was added to the MOF 

solution. After stirring, the remaining amount of polymer solution was 

added and stirred overnight. The homogeneous MOF/PIMAT solution 

was casted on a glass plate by Doctor Blade technique with a gap of 

80 µm and covered with a top-drilled box and dried overnight under 

chloroform-saturated atmosphere. Finally, the dried membranes were 

peeled off and heat-treated under vacuum at 393 K for 24 h. The MOF 

content in both fabricated PIMAT membranes was kept at 25 wt.% 

(WMOF/(WMOF+WPIMAT) for consistency. As reference, neat PIM-1, PIMAT 

(WMat/(WMat+WPIM)=9.1 wt.%), MOF/PIM-1 (WMOF/(WMOF+WPIM)=25 wt.%) 

membranes were prepared with the same approach. The thickness of all 

membranes was around 30-40 μm, measured by a digital micrometer 

(Mitutoyo, Japan, 1 µm) at different locations of each membrane. 

More experimental (preparation of MOFs and PIM-1) and 

characterization details (adsorption measurements, FIB-SEM, TEM, XRD, 

AFM and gas permeation evaluation) are described in the Supporting 

Information. 
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