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PIM-1 Mixed Matrix Membranes for Gas Separations using Cost-Effective Hypercrosslinked Nanoparticle Fillers
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High-free-volume glassy polymers, such as polymers of intrinsic microporosity (PIMs) and poly(trimethylsilylpropyne), have attracted attention as membrane materials due to their high permeability. However, loss of free volume over time, or aging, limits their applicability. Introduction of a secondary filler phase can reduce this aging but either cost or instability rules out scale up for many fillers. Here, we report a cheap, acid-tolerant, nanoparticulate hypercrosslinked polymer ‘sponge’ as an alternative filler. On adding the filler, permeability is enhanced and aging is strongly retarded. This is accompanied by a CO2/N2 selectivity that increases over time, surpassing the Robeson upper bound.
Cheap, energy-efficient separation processes are essential for industrial processes such as natural gas purification, hydrocarbon purification, hydrogen recovery, and post-combustion carbon capture.1-5 In recent years, polymer membranes have emerged as attractive candidates for separations because they are readily processed and potentially scalable.6, 7 Polymer membranes usually separate gases by preferential permeation under a pressure gradient. However, fast permeation can generally only be achieved by compromising selectivity. Robeson et al.8 described this trade-off relationship using a double-logarithmic plot of selectivity vs permeability, with the so-called ‘upper bound’ being the line on this plot described by the most effective membranes. 
High-free-volume glassy polymers, such as polymers of intrinsic microporosity (PIMs) or poly[1-(trimethylsilyl)-1-propyne] (PTMSP), are highly permeable to gases like CO2 and demonstrate reasonable gas selectivity, making them attractive materials for gas separation membranes. The awkwardly shaped, bulky backbones of these polymers do not allow efficient packing of polymer chains, leaving fractional free volume to be exploited as gas transport pathways.9-12 However, over time, these polymer chains relax towards a more thermodynamically stable state at the expense of fractional free volume. As the fractional free volume contracts, gas transport pathways are reduced, leading to a loss of permeability. 13 
[image: ]Figure 1. (Top) Molecular structure of PIM-1 and the hypercrosslinked polymer used as the filler. (Middle) Schematic illustration of effect of filler on overall performance of MMMs.  SEM images of (bottom left) pristine PIM-1 and (bottom right) MMM with 16.67 wt% filler. Scale 1 m.
This physical aging process poses a major challenge for the commercial application of glassy polymers, and this has motivated a large body of research with the goal of ‘freezing in’ the free volume. Approaches include rigidifying the initial polymer structure using surface plasma treatment,14 co-polymerization,15 or crosslinking.16, 17  These methods have been successful at reducing aging, but often with a major loss in permeability. Alternatively, a secondary phase, very often another porous material such as a metal-organic framework (MOF), a zeolite, or a porous organic cage, can be incorporated to form a mixed matrix membrane (MMM);18-20 these composite membranes can outperform the unfilled polymer and even surpass the Robeson upper bound performance. 
	Recently, it was reported that addition of a polymeric filler can reduce aging while improving selectivity many fold. 21-23 This filler was a microporous organic polymer, PAF-1, which was incorporated at a loading of 10 wt%. While highly effective, there are some drawbacks to this polymer: it is synthesised from relatively expensive building blocks and requires air- and moisture-sensitive organometallic coupling agents, casting doubts on its scalability. Here we explore a water- and acid-tolerant hypercrosslinked polymer, or HCP,24 which is synthesised from cheap starting materials using relatively inexpensive and air-tolerant catalysts.
	MMMs were formed by adding hypercrosslinked polystyrene (hereafter referred as HCP) as a filler into PIM-1 (Figure 1). Most porous organic HCPs are prepared as monoliths or as aggregated powders.24, 25 These polymers are difficult to grind post-synthesis to give submicron sized particles. We also found that adding irregular and large HCP filler particles tends to leave large polymer/particle interfacial defects, providing non-selective diffusion pathways and lowering selectivity (Figure S7d). We therefore prepared the filler particles using an emulsion polymerisation process. Our strategy was to prepare submicron-sized filler particles to ensure a homogeneous distribution of particles throughout the PIM-1. In this context it should be mentioned that other very recent work has also demonstrated the use of HCP as filler, in that case with PTMSP as the continuous phase.26 
	The filler HCP was synthesised by a previously reported method27 where a Friedel–Crafts hypercrosslinking reaction was used to crosslink preformed poly(vinyl benzyl chloride) particles (Figure 1, top). The poly(vinyl benzyl chloride) particles were synthesised using emulsion polymerisation and hence the particle size could be controlled. The HCP had an average spherical particle diameter of approximately 55 nm (Figure S2, Supporting Information), with a Brunauer-Emmett-Teller (BET) surface area of approximately 1700 m2/g (Figure S3, Supporting Information).27 
	MMMs of PIM-1 incorporating HCP were prepared by dispersing the HCP particles in a solution of PIM-1, in either chloroform or dichloromethane (Figure 1, bottom). After stirring for 20 hours to ensure effective mixing, the films were prepared by casting on a glass or Teflon mould. Due to the small and homogeneous particle size distribution of the filler, good dispersion of the two phases, PIM-1 and HCP, were achieved in these nanocomposite MMMs. A number of polymer-to-filler weight ratios were investigated.
	Scanning electron microscopy (SEM) of the PIM-1/HCP MMMs showed spherical particles of filler embedded within the membrane (Figure 1 and S7a-b, Supporting Information). A fibrous nanostructure of PIM-1 was also observed in the SEM images of all PIM-1/HCP membranes, which was not visible in pristine PIM-1 membranes. This may indicate phase separation in the presence of the filler particle. However, we suggest that this nanostructure should not compromise the selectivity/permeability of the membrane, due to more dense packing of nano-sized filler and PIM-1, compared to micron-sized filler. Visual inspections of the MMMs showed a reasonably homogeneous distribution of the HCP filler (Figure S5-S6). The homogeneity of these membranes was also tested by area mapping with IR spectroscopy. A qualitative demonstration of the uniformity of both PIM-1 and filler across the area of the membrane was achieved by measuring IR spectra and comparing the area under the peak at the -CN stretching frequency (Figure S4–S6, Supporting Information).
	Single gas permeation data were obtained for all MMMs ‘as cast’ and after ethanol treatment (Table S1–S2, Supporting Information). Permeability coefficients, P, were determined for N2 and CO2, and subsequently selectivities for the gas pair CO2/N2 at ambient temperature (~298 K) were calculated. The ideal selectivity for a pair of gases, A and B, is the ratio of permeabilities, α(A/B) = PA/PB. Comparing the MMMs with different loadings of HCP filler (Figure 2), it is clear that permeability increases with filler content. This can be understood by comparing the BET surface area of the filler (~1700 m2/g) and the BET surface area of PIM-1 (~750–850 m2/g). Since the surface area of the PIM-1 is about half that of the filler and the permeability is averaged over both the filler and matrix phase, the permeability increases with increasing filler loading. Permeability with regards to CO2 could be increased up to ~250% compared to PIM-1 alone.
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Figure 2. Dependence of permeability coefficient of CO2, (top), and ideal selectivity relative to N2, (bottom). (-◊-): cast from DCM followed by ethanol treatment; (--): cast from chloroform followed by ethanol treatment. All data are shown for non-aged membranes.
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Figure 3. Permeability and aging characteristic of MMMs with HCP polystyrene as filler Top: cast from DCM and subsequent treatment by ethanol bottom: cast from chloroform and subsequent treatment by ethanol Colour code: (▪) N2 permeability on first day; (▪) N2 permeability on 150th day; (▪) CO2 permeability on first day, (▪) CO2 permeability on 150th day.


Whilst the permeability of PIM-1/HCP-Polystyrene membrane increases dramatically on addition of the filler, there is also a significant drop in the selectivity on addition of 5 wt% filler. However, from 5 to 15 wt% filler, there was little further drop in selectivity, despite the increase in permeability over this filler range. At higher amounts of filler (>15 wt%), the selectivity is compromised. This is in accordance with Robeson’s8 observation that permeability is generally increased at a cost of selectivity.
	For the comparison shown in Fig. 2, the membranes were treated with ethanol. It is well known that the permeability performances of PIM-1 membranes may vary based on the casting conditions (for example, the choice of solvents).  However, alcohol can wash away residual casting solvent and such alcohol treatment provides a means for comparisons between different membranes.28 Alcohol treatment also helps swell the membrane, opening up free volume. Hence, an alcohol wash increases the permeability dramatically,28 although at the expense of selectivity. In this context, it is important to note that the HCP particles do not swell much in presence of ethanol (Figure S11, Supporting Information). Hence, this additional gain of permeability can be attributed to swelling of PIM-1. 
	Upon aging, relaxation of the PIM-1 chains in ethanol treated membranes leads to a faster loss of permeability than for untreated membranes (Figure 3). The as-cast MMMs (using DCM as the casting solvent) show relatively little loss of CO2 permeability (9.4–20.9% after 150 days) while the same membranes after ethanol treatment show a loss of permeability towards CO2 of up to 28% over the same time period. However, the membranes cast from chloroform show faster aging, losing up to 50% permeability towards CO2. Once ethanol-treated, both MMMs show very similar behaviour and trends. Figure 3 and Figure S9 (Supporting Information) summarise the aging properties of each membrane. In most cases, loss of N2 permeability due to aging is significantly faster than the loss of CO2 permeability. Hence, the performance of all MMMs with regards to CO2/N2 selectivity increases over time. In some cases, the membranes show a performance that exceeds the 2008 Robeson upper bound (Figure 4). Additionally, incorporation of the filler significantly retards the decrease in CO2 permeability as compared to PIM-1 alone.
	In summary, formation of a MMM from the glassy polymer, PIM-1 and a nanoporous, particulate HCP, has been described. The integration of an HCP filler in PIM-1 not only leads to higher permeability but also to a significant arrest in polymer aging and permeability loss. We speculate that since fillers are cross linked polymers the pore diameters of HCP polystyrene are rather more rigid and hence do not collapse due to aging.  Since permeability of MMMs are averaged out over the polymeric and dispersed phases, the overall results regards to aging are improved. 
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Figure 4. The single gas CO2 permeability and ideal CO2/N2 selectivity of PIM-1 based MMMs plotted against Robeson’s 2008 Upper Bound. The filled squares and squares with the cross represent pure PIM-1 films. The filled shapes represent as cast, the open symbols the analogous films after ethanol treatment. The circles are for a filler content of 5.7 wt%, blue triangles for 16.7 wt% and green triangles for 21.3 wt% (As-cast data: 04560150 days; ethanol treated data: 015304590150 days). Arrows indicate aging direction.
Table 1. Comparison of our data with other organic MMM
	Filler
	Relative increase in P(CO2) compare to pristine PIM-1
	Aging
	Ref

	HCP-Polystyrene
	250%
	39.9% Over 150 days
	This work

	PAF-1
	320%
	Less than 7% over 240 days
	22

	CC3
	230%
	65% over 400 days
	19



It is worth mentioning that integration of other organic filler such as PAF-1 or CC3 can increase permeability, with regards to CO2, up to 320 % (See Table 1), while PIM-1/PAF-1 membrane loses only 7% permeability over 240 days. However, these HCP fillers are likely to be more cost effective than other examples in the literature. Moreover, the use of the emulsion polymerization to produce the HCP leads to highly uniform particles that are readily cast from solution to give membranes with excellent filler homogeneity. We believe that this represents a useful design strategy for cost-effective and scalable MMMs for gas separations.
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