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Abstract
Preparation methods are presented of thin dual layer membranes (DLM's) and mixed matrix
membranes (MMM's) based on nanosheets of the Cu-BDC metal-organic framework (MOF, lateral
size range 1-5 m, thickness 15 nm) and commercially available poly(ethylene oxide)–poly(butylene
terephthalate) (PEO–PBT) copolymer (PolyactiveTM) and their performances are compared in CO2/N2
separation. The MMMs and DLMs represent two extremes, on the one hand with well-mixed
components and on the other hand completely segregated layers. Compared to the free-standing
membranes, the thin PAN- and zirconia-alumina-supported MMMs showed significant enhancement
in both permeance and selectivity. The support properties affect the obtained selective layer
thickness and its resistance impacts the CO2/N2 selectivity. The permeance of thin DLM’s is among
the highest reported literature data of MOF based thin MMMs, but have a modest selectivity.
Addition of the nanosheets in the thin MMMs improves the CO2/N2 selectivity of the already
selective polymer further to 77. The nanosheets in the thin MMMs make a gutter layer on the PAN
support superfluous. The small pore support ZrO2-alumina does not need a gutter layer.
XRD analysis reveals that the spatial distribution of MOF nanosheets and polymer chains packing
were responsible for differences in the permeation performance of the free-standing, thin dual layer
and mixed matrix membranes.

Keywords: MOF nanosheets, PolyactiveTM, Cu-BDC, mixed matrix membranes, dual layer, gas
separation, CO2/N2.
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1. Introduction
The increasing global demand for energy-efficient separations in carbon capture has prompted
international actions on searching for novel, high-performance separation membranes [1]. For
industrial scale applications such as natural gas sweetening [2], CO2 capture from flue gas [3] and H2
separation from syngas [4], the use of highly permeable and selective membranes is essential.
Industrial-scale gas separation applications require production of large membrane areas (e.g., 105 to
107 m2) with low defect densities (e.g., below 1 m2 per 105 m2 of membrane surface area) [5]. Such a
scale-up is often quite challenging and requires the production of thin, defect free membranes using
industrial membrane fabrication methods [6]. Membranes with very thin selective layers
(asymmetric or composite structure) typically in the range of 0.1–2 μm are required. The first thin
asymmetric membrane was made by phase inversion and reported by Loeb-Surirajan in 1959. The
asymmetric structure consisted of a 0.2-0.5 μm thin skin layer supported by a porous substructure
with 0.1-1.0 μm pore size [7]. Another class of thin membranes can be prepared by coating a thin
selective layer on a porous support which are known as thin supported membranes [8]. These
membranes are cheaper to manufacture on industrial scale due to the lower consumption of
material for the selective layer preparation and the use of commercial porous supports. The most
widely used methods for preparing thin supported membranes are drop-casting [9], dip-coating [10]
and spin coating [11].
Commonly, thin membranes may also have an intermediate layer known as gutter layer between the
porous support and the selective layer. The gutter layer is mainly chosen from highly permeable
polymers such as PDMS [9] or PTMSP [12] to afford a smooth and flat coating surface while
preventing the upper selective layer penetration into the support. This method also heals defects in
the support layer improving the membrane quality, constituted a breakthrough in the application of
polymeric membranes [13, 14].
Regarding greenhouse gas emission reduction CO2 selective membranes are subject of many studies.
Membranes with CO2/N2 selectivities >30 and high permeances are required in post-combustion CO2
capture to reduce the energetic impact [15, 16]. Glassy-rubbery polymers like Pebax and PolyactiveTM
types with selectivities around 50 are most studied. The Polaris membrane belonging to these
materials [17] has shown excellent permeances as well [14]. The question arises if the separation
performance of such polymeric membranes can be improved even further. High selectivities may
reduce the required membrane area or even change the process lay-out [13]. A feasible approach to
improve the selectivity is the incorporation of fillers (e.g., micro- or nanoparticles) in the polymeric
matrix to form mixed matrix membranes (MMMs) [18]. However, thin MMMs potentially suffer from
defect formation during the fabrication process due to a poor compatibility between filler and
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matrix, which makes their large-scale production quite challenging. One strategy to prepare defect
free ultra-thin mixed matrix membranes is using polymers that address the compatibility and ageing
issues. Glassy-rubbery block copolymers such as Pebax® have been widely studied to make the
defect-free MMMs due to their low glass transition temperature and chain flexibility, filling the gaps
between filler and polymer.[19-21] Using Pebax® 1657 as the continuous matrix resulted in MMMs
featuring moderate CO2 permeability and relatively high selectivity over N2 and CH4, making it an
attractive polymer for defect free thin membrane formation [10, 22-26]. PolyactiveTM, composed of
poly(ethylene oxide) (PEO) and poly(butylenes terephthalate) (PBT) segments, is another promising
block copolymer for CO2 separation which has been fabricated as thin membrane and used in pilot
scale modules [27]. To fabricate defect-free thin membranes the use of high molecular weight
polymer was needed [28].
Considering the compatibility issues in mixed matrix membranes, metal-organic frameworks are
known as potential candidate with improved polymer-filler interaction. This is mainly ascribed to the
organic linker functional groups that can interact with the polymer chains [29, 30].
Another approach to address difficulties in fabricating large-scale, defect-free thin MMMs is the use
of nanomaterials with a high aspect ratio (e.g., carbon nanotubes [31], graphene [32], 2D zeolites
[33] and MOF nanosheets [34]) as fillers [35, 36]. In this regard MOFs offer a number of advantages,
since their morphology can be tuned in a relatively straightforward manner. As example, different
morphologies of NH2-MIL-53(Al) such as nanorod, microneedle, nanoparticle and nanosheet were
synthesized via using various synthetic approaches [37, 38]. Cu-BDC bulk and nanosheet
morphologies were compared by Rodenas et al. [39] and even the preparation of non-lamellar MOF
nanosheets has recently been reported [38]. In general, two different synthesis routes have been
reported for 2D MOF materials, which are globally (i) top-down and (ii) bottom-up synthesis
approaches. The first approach relies on exfoliation of 3D materials that have some drawbacks such
as crystal or morphological damage and re-aggregation of the exfoliated material [40, 41]. The
second approach is preferably used in synthesis of ultra-thin sheets in which the aspect-ratio is
possible to be tuned by either anisotropic crystal growth or thermodynamically limiting the layer
stacking [42-44]. The main driving force for the bottom-up synthesis is the diffusion of the metal and
ligand sources into the intermediate spacer layer which can be tuned by temperature as reported by
Shete et al. [45].
Recently, an advancement of free-standing 2D MOF MMMs has been achieved by incorporating the
Cu-BDC and NH2-MIL-53(Al) nanosheets in Matrimid® and 6FDA-DAM membranes, showing a
significant enhancement of CO2/CH4 selectivity relative to the pristine membranes [38, 39, 45, 46].
This confirms the role of lamellar morphology of the fillers with high aspect ratio that could facilitate
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a perpendicular pore orientation and shorter diffusion paths for desired components, while
increasing that for undesired components making their permeation pathway more tortuous [47].
More recently, the synthesis of thin 2D MOF MMMs has been reported by Cheng et al. [11].
Here, we report the scaled-up synthesis of Cu-BDC nanosheets and fabrication of free-standing and
thin supported membranes comprising these Cu-BDC nanosheets and commercially available PEOPBT block copolymer (PolyactiveTM). In order to demonstrate the scope of this approach, the
influence of different fabrication methods on the permeation performance of two membrane
extremes, viz. thin MMMs with well mixed and DLMs with completely segregated components, was
studied in relation to CO2 capture.

2. Experimental
2.1 Synthesis
Cu-BDC nanosheet scaled-up synthesis: Cu-BDC nanosheets were prepared following the bottom-up
route introduced by Rodenas et al. [37]. In this study, the nanosheet synthesis was modified and
scaled up where the amount of reactants and solvent was multiplied by 50. The linker layer was
prepared by dissolving 1.5 g terephthalic acid (Sigma Aldrich, 99 %) in a mixture of 100 mL N,Ndimethylformamide (DMF, Sigma Aldrich, >99 %) and 50 mL acetonitrile (Sigma Aldrich, analytical
grade) and was added to the 500 mL Duran® bottle as the bottom layer. The intermediate layer
(spacer) consisted of 100 mL DMF and 100 mL acetonitrile and was added gently to the bottle. The
top layer was prepared by dissolving 1.5 g Cu(NO3)2·3H2O (Sigma Aldrich) in a mixture of 100 mL
acetonitrile and 50 mL DMF and was added to the bottle without mixing. Then, the bottle was kept in
the oven at 40 °C for 24h. The as-synthesized nanosheets were collected by centrifugation and after
removing the supernatant, the solvent were replaced with fresh DMF. This procedure was repeated
three times and the next step was using tetrahydrofuran (THF, Sigma Aldrich, >99 %) to centrifuge
samples via identical procedure as DMF washing (in this study both chloroform and THF were used
for comparison). Finally, the synthesized nanosheets were dispersed in chloroform (Sigma Aldrich,
anhydrous) for membrane preparation.
Free-standing MMMs preparation via solution-casting: to fabricate the free-standing membranes,
PolyactiveTM (Mw~35000 g/mol, Polyvation, NL) granules were degassed for 2 h at 353 K under
vacuum and then, 0.2 g dried polymer was dissolved in 2.5 mL chloroform. The proper amount of CuBDC nanosheet suspension in chloroform were ultrasonicated for 20 min. Then, 10 % of dissolved
polymer was added to the suspension and was stirred for 2 h. The rest of the polymer solution was
added to the mixture and stirred overnight. The solvent/filler-polymer weight ratio was kept
constant (95/5) in all cases. The casting solution was poured on the Teflon petri dish and was covered
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with a top-drilled box (30.5 cm length x 15.5 cm height x 23.0 cm width) overnight under chloroformsaturated atmosphere. Finally, the membranes were treated under vacuum at 353 K for 24 h. The
neat membranes were also prepared with identical approach, without the addition of nanosheets.
Thin supported MMMs preparation via dip-coating: to prepare the thin supported MMMs,
polyacrylonitrile (PAN; supplied from AMT® Co. Ltd) porous UF membrane with pore size around 100
nm and ZrO2 coated alumina (supplied from Fraunhofer IKTS, Germany) with pore size around 3 nm
were used as support. The dip-coating method was used to coat the supports with the
polymer/nanosheet mixture (4 and 8 wt.% nanosheet in PolyactiveTM solution). The mixture used for
dip-coating was prepared in a similar way as for the free-standing membranes. However, the
amounts were increased by 12 times to prepare the required volume for dip-coating process. The
PAN support was pretreated by washing firstly with demi water, and keeping it in the mixture of
water and ethanol (50/50) overnight to fill the pores of support. Prior to dip-coating, water droplets
were smoothly wiped off from the surface of the support by filter paper. The support was sealed on
the Teflon plate by Kapton® tape and was deeply soaked in 3 wt.% PDMS in hexane solution
(Sylgard® 184 Silicone Elastomer). In order to cure the PDMS gutter layer, the support was heattreated at 100 °C for 30 min. Then, the PDMS coated support was soaked in the polymer/nanosheet
mixture vertically and left to dry in a closed Petri dish at room temperature for 24 h. The same
procedure was used to prepare the thin membranes on the ZrO2-alumina support. For the sample
identification, the xns-yPA-PDMS-MMM abbreviation was used where x represents the weight
percentage of nanosheet based on polymer and y refers to the polymer concentration in the coating
solution.
Thin supported DLM preparation via drop-casting: to fabricate the thin dual layer membranes
(DLM), the PAN support was firstly mounted in the vacuum filtration apparatus and was coated with
1 mL highly diluted Cu-BDC nanosheet suspension (0.05 wt.%). After drying, the surface of the
nanosheets layer was coated with PDMS for the membranes with gutter layer, as described above.
Then, 1 mL PolyactiveTM solution (0.25 to 0.5 wt.% in Chloroform) was dropwise added on the PDMS
or nanosheet layer and the membranes were dried at room temperature for 24 h. Similarly as above
for the sample identification the xns-yPA-PDMS-DLM abbreviation was used
2.2 Characterization
Transmission electron microscopy (TEM) analysis was carried out using a JEOL JEM-2010 microscope
operated at 200 keV. Micrograph acquisition was performed with GATAN Digital Micrograph 1.80.70
software. A few drops of MOF dispersed in chloroform were added on a carbon-coated copper grid
and then after drying it was placed on the specimen.
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Field emission scanning electron microscopy (FE-SEM) was performed in Nova NanoSEM 450
(Thermo Fisher Scientific) operated at 10 kV. To get the cross section images of the membranes, the
samples were immersed and fractured in liquid nitrogen and gold-coated prior to scanning.
Atomic force microscopy (AFM) was performed with a Veeco Multimode Nanoscope 3A microscope
operating in tapping mode.
XRD patterns of nanosheets and MMMs were obtained in a Bruker-D8 Advance diffractometer using
Co-Kα radiation (λ = 1.78897Å, 40 kV, 30 mA). The range of 5-60° of 2ϴ was scanned using a step size
of 0.02° and a scan speed of 0.2 s per step in a continuous scanning mode. The XRD patterns of thin
MMMs were obtained by Bruker-D8 Discovery diffractometer and using Cu-Kα radiation (λ = 1.54059
Å, 40 kV, 30 mA).
CO2 and N2 adsorption isotherms of Cu-BDC nanosheets were recorded in a Tristar II 3020
(Micromeritics) setup at 273 and 77 K, respectively. Prior to the measurements, the samples were
degassed at 423 K under vacuum overnight.
2.3 Gas permeation experiments
The separation of CO2 and N2 mixtures at 298 K was conducted in a home-made setup described
elsewhere [48]. The membrane samples (area: 1.13 or 3.14 cm2) were prepared and mounted in a
flange between two Viton® O-rings. A macroporous stainless steel disc (316L, 20 µm nominal pore
size) was used as support. The permeation module was placed inside a convection oven for
controlling the temperature. A mixture (133 ml·min-1, STP) of CO2 (15 mol.%) and N2 (85 mol.%) flow
was used as feed and helium (3 ml·min-1, STP) was used as a sweep gas. The feed pressure was
adjusted to 2 bar (absolute pressure) using a back-pressure controller at the retentate side while the
permeate side was kept at atmospheric pressure (1 bar absolute pressure) for all measurements. An
online gas chromatograph (Interscience Compact GC) equipped with a packed Carboxen® 1010 PLOT
(30 m x 0.32 mm) column and TCD detector was used to analyse the permeate stream.
Gas separation performance was defined by two parameters: the separation factor (α, or selectivity)
and the gas permeability or permeance. The thin membranes performance mainly defined by
permeance which is the pressure normalized flux of the membrane and is reported in Gas
Permeation Unit (GPU) where 1 GPU = 1×10−6 cm3 (STP)/(cm2·s·cmHg) or 3.35x10-12 mol·s-1·m-2·Pa-1.
The permeance for the component i (Pi) was calculated as follows (Equation 1):

Pi =

Fi

(1)

Dpi ´ A
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Where Fi denotes the molar flow rate of compound i, Δpi is the partial pressure difference of i across
the membrane, and A is the membrane area.
The separation factor or mixed gas selectivity (α) of CO2 over N2 was defined as the ratio of their
permeance and can be expressed as follows:

αCO2 ,N2 

PCO2

(2)

PN2

Where PCO2 and PN2 represent the permeance of CO2 and N2, respectively.

3. Results and discussion
3.1 Characterization scaled-up Cu-BDC nanosheets
Scaled up synthesis of Cu-BDC nanosheet was successfully performed by using the layered route
(Figure 1a) reported by our group [44]. Transmission electron microscopy (TEM) and electron
diffraction show the morphology and plane orientation of nanosheets. The equal d-spacing of the
basal planes in the xy direction indicates the tetragonal projection of the crystal structure. (Figure 1b
and 1c) [45]. Atomic force microscopy (AFM) images of the nanosheets presented in Figure 1d and 1e
show the square platelet structures with lateral sizes of 1-5 µm and an approximate thickness of
15 nm (Figure 1e). XRD results of the sample before and after washing with THF indicate no
significant difference in crystallinity. CO2 and N2 adsorption of the scaled-up sample (Figure 1g, 1h)
show an uptake of CO2 of 0.8 mmol·g-1 at 1 bar and a BET area of 55 m2·g-1. These results are in good
agreement with the reported adsorption capacity and BET area of the samples of the original
synthesis [39]. The calculated yield of the scaled up synthesis, however, was lower than original
synthesis (4% vs. 8%), which might be attributed to the dominant influence of the interfacial area in
the three layers approach. Although the amount of reactants was increased up to 50 times, the
interface area in scaled-up synthesis was approximately 3.8 times larger than in the original synthesis
(Figure 1a). This confirms the key role of interface area in promoting the yield of reaction by
providing the sufficient surface to contact the reactants by diffusional transport.
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Figure 1. Cu-BDC nanosheet original and scaled-up synthesis (a), TEM images and electron diffraction pattern of region
shown in inset (b, c), AFM image showing the thickness of Cu-BDC nanosheets (d, e), XRD patterns of original [39] and
scaled-up synthesis using chloroform and THF (f), CO2 and N2 adsorption of Cu-BDC nanosheets at 273 and 77 K (g, h) (the
open and closed symbols represent the adsorption and desorption data, respectively.

3.2 MMM characterization
Thin supported membranes comprising Cu-BDC nanosheets and PolyactiveTM were prepared on
porous PAN and ZrO2-alumina supports using two approaches; i) Dip-coating and, ii) Drop-casting to
obtain mixed matrix and dual layer thin membranes, respectively (Figure 2 & S1).
2D and 3D AFM images of thin MMM (8ns-3PA; 8 wt.% nanosheets in 3 wt.% PolyactiveTM solution)
prepared via dip-coating are shown in Figure 3a & 3b. Cross-sectional FE-SEM images of this
membrane coated on ZrO2-alumina and PAN supports (without PDMS gutter layer) are shown in
Figure 3(c-f). The cross-sectional FE-SEM images reveal that the thin layer formation was successful
without polymer penetration in to the finger-like pores of the PAN support, which could be
attributed to the fast solvent (CHCl3) evaporation and vertical orientation of membrane during drying
(Figure S1) [49]. Comparing the thin MMMs coated on PAN and on ZrO2-alumina revealed that the
thickness was 50% lower in case of ZrO2-alumina support (351 vs. 708 nm) (Figure 3c & 3d). This is
ascribed to the lower top surface roughness of ZrO2-alumina (pore size ~3 nm) and adherence of less
coating solution to the support.
8

In contrast, using drop-casting resulted in a smooth surface of the thin membranes, representing
horizontally aligned nanosheets by vacuum filtration on the support (Figure 4a & 4b) and an
adequate coverage of the nanosheets by the polymer layer (Figure 4c & 4d).
XRD patterns of Cu-BDC nanosheets and free-standing membranes are compared in Figure 5a.
PolyactiveTM neat membrane shows a certain degree of crystallinity [50]. However, by addition of
Cu-BDC nanosheets into PolyactiveTM, the reflections of the polymer that appeared in the range of
2ϴ ~22-27° became wider and overlapped (Figure 5a). Moreover, the polymer reflection slightly
shifted to higher 2ϴ (lower d-spacing), showing reduction in polymer chains spacing as was
previously reported by Zornoza et al. [48, 51]. Further, the typical reflections of Cu-BDC nanosheets
which were indexed as (-2 0 1) and (-4 0 2) shifted slightly and their intensity decreased. In turn, the
reflections of the (1 1 0), (0 4 0) planes (Figure 5c & 5d), are more visible in the MMMs. These results
indicate a change in the orientation of the nanosheets in free-standing MMMs which might have
arisen from shear forces during membrane preparation and solvent evaporation [11, 52]. In contrast,
thin supported neat PolyactiveTM membranes and the relevant thin MMMs showed different patterns
as indicated in Figure 5b. This might be attributed to the ultrafast drying of the thin layer during the
dip-coating process, changing the polymer chain packing and resulting in broadened reflections of
thin supported membranes compared to free-standing membranes. The addition of nanosheets to
the polymer slightly changed the crystallinity of the neat membrane and the nanosheet reflections
corresponding to (-2 0 1) and (1 1 0) planes with direction toward pore accessibility were observed.
However, the reflections attributed to (0 0 1), (0 4 0) and (-4 0 2) planes were not strong enough
which might be due to the less loading of nanosheets or different orientation in the thin membranes.
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Figure 2. Scheme of thin supported dual layer (top) and mixed matrix (bottom) membranes prepared via dip-coating and
drop-casting methods.

Figure 3. AFM 2D and 3D topography images (a, b) and FE-SEM images of thin MMMs on ZrO2-alumina (c, d) and PAN
support (e, f) prepared by dip-coating in the mixture of 8 wt.% nanosheet in PolyactiveTM (8ns-3PA-MMM).
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Figure 4. FE-SEM images of surface (a) and cross-section (b) of nanosheets coated on PAN and cross-section images of dual
layer thin membranes on PAN prepared by drop-casting (ns-0.25PA-PDMS-DLM) (c, d).
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Figure 5. XRD patterns of Cu-BDC nanosheets, free-standing membranes (using Co-Kα) (a) and thin membranes (using CuKα-radiation) (b), crystal structure of Cu-BDC showing (-2 0 1) (c) and (1 1 0), (0 4 0) and (0 0 1) planes (d).

3.3 Gas separation performance
The free-standing membranes fabricated by solution casting were tested under identical condition as
reported previously [30]. Table 1 shows their CO2 and N2 separation performance parameters. The
increase in nanosheet loading (from 0 to 16 wt.%) resulted in a monotonous improvement in
selectivity (from 56 to 66) along with a decrease of gas permeance. The obtained permeation results
are in good agreement with reported data of MMMs using Cu-BDC nanosheets with Matrimid® or
6FDA-DAM as the continuous matrix [39, 45, 46]. The decrease in permeance of the MMMs is in line
with XRD patterns of the free-standing membranes, showing reduction in polymer chains distance
and a partial change in orientation of nanosheets towards non-accessible porosity of MOF in MMMs.
Further, the flexible polymer chains might penetrate into pores of the nanosheets and partially block
the porosity of MOF [50].
The thin membranes prepared by two different approaches (dip-coating and drop-casting methods)
were tested under identical conditions as for the free-standing membranes. The permeation results
of thin supported MMMs prepared by dip-coating with and without using PDMS as gutter layer are
presented in Figure 6a. The selectivity of the neat thin membrane was very low (~10) which could be
attributed to the large pore size of the PAN support and defect formation. Coating with a PDMS
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gutter layer improved slightly the selectivity. In order to fabricate a thin neat PolyactiveTM membrane
with expected intrinsic selectivity, a double coating approach was applied. However, a considerable
drop in CO2 permeance to ~6 GPU resulted (still above the free standing sample) along with an
increase in selectivity to 54, similar as for the pure PolyactiveTM membrane. For thin MMMs prepared
under identical conditions with single coating, an increase in selectivity (ranging from 58 to 72) was
achieved even with an improvement of permeance. The performance of thin MMMs prepared with
PDMS gutter layer was only slightly different from the membranes without gutter layer. Therefore,
high aspect ratio fillers (nanosheets) could make the PDMS gutter layer and its optimization
superfluous with the advantage of obtaining higher selectivity.[1, 53] Interestingly, using a lower
concentration of polymer solution (3 wt.%) resulted in certain improvement in permeance of the thin
MMM (to ~40 GPU) and increasing the selectivity up to 77 (Figure 6a; purple symbol). The selectivity
is even higher than the optimized free standing MMM (table 1) which might be attributed to the
different polymer chains packing and nanosheet orientation as revealed by XRD studies [11].
To investigate the role of support properties, ZrO2-alumina with much smaller pore size (~3 nm) was
used to prepare thin membranes via dip-coating (Figure 6b). The neat thin PolyactiveTM membrane
without PDMS gutter layer was apparently defect-free showing higher selectivity and permeance
than the PAN supported membrane. The thin MMMs coated on ZrO2-alumina showed a
simultaneous improvement in permeance and in selectivity, whereas the relevant PAN supported
thin MMMs (without PDMS gutter layer) only showed improvement in selectivity and decrease in
permeance. The thin MMMs coated on PAN, however, showed a higher selectivity using the same
formulation, which might be attributed to the influence of support resistance on selectivity by
Knudsen diffusion as reported by Kattula et al. for polymeric membranes [1, 53] and by Kapteijn et al.
for zeolite membranes [54]. Decreasing the polymer concentration from 5 to 3 wt.% in the ZrO2alumina supported thin MMMs resulted in a further increase in permeance to ~40 GPU while
selectivity hardly changed (65) (Figure 6b; purple symbol). Considering the thickness, the FE-SEM
images (Figure S2) showed a 50-60% reduction in the thickness of the thin membranes. The same
dilution for the PAN supported membranes resulted in an improvement of permeance from 25 to 40
GPU and selectivity from 72 to 77. This higher selectivity is attributed to the lower resistance of the
PAN support compared to the small pore size ZrO2-alumina support [1, 55]. Finally, 3 wt.% was found
the lower limit for diluting the polymer concentration using dip-coating; at lower concentrations no
defect-free thin film was obtained.
To utilize the morphological advantages of high aspect ratio nanosheets more efficiently in thin film
formation, thin PAN-supported dual layer membranes (DLMs) were prepared by drop-casting (Figure
2). Their permeation properties are indicated in Figure 6c. The higher permeance of the thin DLMs
than MMMs confirms that the polymer chains packing and the orientation of the nanosheets were
13

not influenced. However, the selectivity of the dip-coated thin MMMs was higher than the thin
DLMs, which signifies the role of spatial distribution of nanosheets and the polymer chains distance
on the selectivity in thin MMMs [56]. A PDMS gutter layer had a more pronounced influence on the
permeation performance of thin dual layer membranes. The permeance with a PDMS gutter layer
was 66% higher than without PDMS while the selectivity did not change significantly (Figure 6c; blue
& green arrows). Decreasing the PolyactiveTM concentration in the drop-casting solution from 0.5 to
0.25 wt.% further improved the permeance (2.5 times) of the thin membranes while selectivity was
slightly decreased (16%). As a result, it can be concluded that preparing thin dual layer membranes
via drop-casting is promising in terms of permeance. However, the spatial distribution of nanosheets,
like in MMMs, is an essential parameter to effectively improve the selectivity of the thin membranes.
Table 1. Permeation performance of the free-standing MMMs comprising Cu-BDC nanosheets and PolyactiveTM at 2 bar and
25 ⁰C.
Membrane
CO2 Permeance
N2 Permeance
αCO2/N2

(GPU)
(GPU)
(µm)
Neat PA

3.9 ± 0.2

0.07 ± 0.00

56 ± 2

28 ± 1

4 wt.% ns/PA

2.6 ± 0.1

0.04 ± 0.00

59 ± 1

37 ± 1

8 wt.% ns/PA

2.5 ± 0.2

0.04 ± 0.00

62 ± 0

35 ± 1

16 wt.% ns/PA

3.3 ± 0.2

0.05 ± 0.00

66 ± 2

20 ± 1
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Figure 6. CO2 and N2 separation performance of dip-coated thin MMMs on (a) PAN, and (b) ZrO2-alumina support, (c) thin
dual layer membranes drop-casted on PAN support at 298 K and 2 bar absolute feed pressure (mixed gases). In the sample
identification x represents the weight percent of nanosheets based on polymer and y refers to the polymer concentration in
the coating solution.

Figure 7. Effective Robeson limit of CO2 / N2 separation performance of PAN supported thin membranes (blue line,
calculation in SI) and the comparison of thin supported MMMs (purple circles) and dual layer membranes (green circles) at
298 K and 2 bar absolute feed pressure (CO2/N2 mixed gases 15/85 by volume). Experimental and literature data of MOFbased thin supported and asymmetric MMMs are shown for comparison and listed in Table 2 (open symbols) and Table S1
(closed symbols).
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Comparison with reported MOF based thin supported and asymmetric MMMs, the thin membranes
in this study showed a superior CO2/N2 separation performance when utilizing high aspect ratio
nanosheets, even in combination with a selective polymer (Table 2). The selectivity of the studied
membranes exceeded most of the reported values of MOF based thin MMMs. Although different
types of MOF fillers were incorporated in the glassy and rubbery polymer matrix, the results show
that by using small pore size ZIFs and high aspect ratio nanosheets in rubbery polymers the
selectivity can be enhanced. This is attributed to the defect covering properties of the nanosheets
and their perpendicular orientation towards gas permeation when homogeneously dispersed in the
MMM. For the other extreme, the fully segregated polymer and nanosheet layers in the dual layer
membrane, their permeance was promising in comparison with most reported thin MOF-based
MMMs, although the selectivity was lower than for the homogeneous MMM.
Table 2. Separation performance of MOF based thin supported and asymmetric MMMs reported in literature and the
comparison with this study.
CO2
Feed conditions
Feed gas
αCO2/N2
Data
Thin MMMs
Permeance
Ref
p(bar), T(⁰C)
CO2/N2 ratio
no.3
(GPU)
2, 25
Single gas
[57]
Cu-MOF/POZ (1500 nm)
6
30
12
5, 35
35/65
[58]
Cu-BTC/Matrimid (asymmetric)
19
23
13
2, 25
Single gas
[59]
Cu-MOF/Pebax (1500 nm)
14
47
14
5, 35
35/65
[58]
MIL-53/Matrimid (asymmetric)
21
24
15
5,
35
35/65
[58]
ZIF-8/Matrimid (asymmetric)
20
20
16
5, 25
Single gas
[60]
S-MIL-53/Ultem(asymmetric)
24
41
17
3.5, 25
Single gas
[61]
ZIF-7/ Pebax (500 nm)
291
67
19
1
2
,
25
15/85
This
study
Dual layer Cu-BDC/Polyactive (600 nm)
129
35
11
2
2 , 25
15/85
This study
MMM Cu-BDC/Polyactive (700 nm)
40
77
7
1 With PDMS as gutter layer on PAN support (ns-0.25PA-PDMS)
2 Without PDMS as gutter layer on PAN support (8ns-3PA)
3 Data number refers to Figure 7.

4. Conclusions
In summary, utilizing Cu-BDC nanosheets prepared in a scaled-up synthesis and the selective
PolyactiveTM polymer to fabricate supported thin MMMs and DLMs was demonstrated to results in
membranes with improved separation performance. The main role of nanosheets was found to cover
the defects during the thin membrane formation, making a gutter layer superfluous, and improving
the CO2/N2 selectivity of the thin membranes up to 77.
Mixed matrix and dual-layer thin membranes of Cu-BDC nanosheets and polymer, prepared via dipcoating and drop-casting, were compared as two extreme systems with homogeneously mixed or
completely segregated components for their separation performance. Using Cu-BDC nanosheets well
dispersed in thin supported mixed matrix membranes significantly improved the selectivity, even
higher than identical free-standing membranes (77 vs. 60), and the CO2 permeance to 40 GPU.

16

Comparison of PAN and ZrO2-alumina as supports shows that pore size, porosity and thickness affect
the obtained separation layer thickness and their resistance can negatively affect the CO2/N2
selectivity. The findings in this study are relevant in development of optimized preparation methods
of defect-free thin supported MMMs.
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