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ABSTRACT: A pair of related metal-organic framework (Zn3 and Zn2Cd) developed in our group were incorporated into 
Pebax® 30R51 and PVDF Kynar® 761 polymers to fabricate mixed matrix membranes (MMMs). These MOFs were chosen 
due to the carbon dioxide molecular sieving ability of Zn3, and the slightly larger pore aperture of Zn2Cd that allows carbon 
dioxide and larger gases to enter the pores. For Pebax-based MMMs, this work demonstrated an over two-fold and four-and-
a-half-fold increase in carbon dioxide permeability for Zn3- (15 wt%) and Zn2Cd-containing (10 wt%) MMMs over the pris-
tine polymer. Separation selectivity (CO2:N2) of 4.21 and 7.33 were observed for Zn3 and Zn2Cd (10 wt%). For PVDF-based 
MMMs, the incorporation of Zn3 and Zn2Cd (10 wt%) increased the carbon dioxide permeability approximately two- and 
three-fold. The CO2/N2 selectivity of the PVDF membranes increased 73% (1.01 to 1.86) and 68% (1.01 to 1.68) when 15 
wt% Zn3 and Zn2Cd were incorporated into PVDF. The improved performance of Pebax over PVDF based MMMs is attribut-
ed to matching the permeability of the polymer bulk phase (Pebax over PVDF) and the dispersed phase (Zn3 and Zn2Cd). 
The lower permeability allows the MOF, which has slow kinetics associated with molecular sieving, to participate in the 
permeation process better. With regards to Zn3 vs. Zn2Cd, while Zn3 acts as a molecular sieve and Zn2Cd does not, we hy-
pothesize that the faster diffusion of carbon dioxide gas in Zn2Cd can out-compete the lower nitrogen gas permeability and 
molecular sieving properties of Zn3. However, we expect that further increasing the pore aperture would increase the per-
meabilities of nitrogen gas such that differences in diffusion kinetics due to molecular size would be unimportant. 

Introduction 
In order to slow down and ideally reverse climate 

change, while improving air quality, it is crucial that 
greenhouse gas emissions (i.e., carbon dioxide, methane, 
nitrous oxide, and water vapour) are reduced.1 Ideally, 
society would transition to a net-zero emission economy in 
which emission sources are phased out, or otherwise cap-
tured or utilized to form value-added products.2-4 One of 
the leading anthropogenic greenhouse gases is carbon di-
oxide.2 In this regard, carbon capture technologies (either 
direct air capture (DAC), or direct capture from emission 
sources such as flue gas) play an important role in society 
as we transition into a net-zero economy.5-9  

Carbon capture can be accomplished by utilizing materi-
als/systems that excel at separating carbon dioxide from a 
complex mixture, storing carbon dioxide, or simultaneous-
ly separating and storing carbon dioxide from a complex 
mixture.5, 9-12 Materials that focus solely on separating car-
bon dioxide (i.e., kinetic-based separations) require that 
carbon dioxide – which has the smallest kinetic diameter 
between nitrogen, oxygen, and carbon dioxide – traverses 
a material faster than the other gases in a matrix.13-15 Ki-
netic separations have several advantages. For DAC, the 

partial pressure of carbon dioxide is low (ca. 400 ppm). 
Adsorptive materials would require high adsorption en-
thalpies, and thus energetically demanding desorption, to 
operate at these partial pressures.8 Conversely, kinetic 
separations can operate at low partial pressures as long as 
the kinetics of gas separation are faster for carbon dioxide; 
this would allow for pre-concentration prior to adsorp-
tion/utilization.4-5 For exhaust emissions, kinetic separa-
tion improves with temperature and requires less material 
than adsorption; this is beneficial in offshore applications 
where space is at a premium. 

Given the importance of carbon capture technology and 
the benefits of kinetic-based separations, the design of 
materials capable of kinetically separating carbon dioxide 
from a complex mixture is of great interest. With that in 
mind we have been working on porous materials, specifi-
cally metal-organic frameworks (MOFs), whose pore aper-
tures are designed for kinetic separations.13 MOFs consist 
of metal ions interconnected by organic linkers. With judi-
cious choice of the node and linker(s), the size and shape of 
the pore and pore aperture as well as the functional group 
that decorate the pore can be tuned towards a specific ap-
plication.16-18 Coupled with their high thermal and mechan-



 

ical stability, MOFs have been used in variety of applica-
tions.19-23 

For efficient kinetic separations, MOFs require pore aper-
tures that are smaller than the kinetic diameter of nitrogen 
gas (3.64 Å) but larger than carbon dioxide (3.30 Å).24 Un-
der these conditions, the MOF behaves as a molecular 
sieve. We have recently reported a new family of MOFs 
(Figure 1) having the formula Zn2M(NH2BDC)3(DABCO) 
(M = Zn, Cd).13 From the vantage point of a gas molecule 
entering the porous structure, this family of MOFs consists 
of a donut-shaped pore formed via a hexagonal outer edge 
and a DABCO-shaped inner edge core (Figure 1). The size 
of the pore aperture when M = Zn (Zn3) has been computa-
tionally and experimentally measured to be between the 
kinetic diameter of carbon dioxide and nitrogen gas. This 
suggests that Zn3 is a molecular sieve for carbon dioxide. 
When the pore aperture was enlarged slightly (M = Cd, 
Zn2Cd), we observed that both gases are able to enter the 
pores of the MOF. However, the kinetics for carbon dioxide 
gas transport are likely faster than for nitrogen gas 
transport. These new MOFs offer an opportunity to study 
molecular sieving and the importance of sub-angstrom 
changes in pore apertures of the size of the kinetic diame-
ter of gases.  

 
Figure 1: Crystal structure of Zn3 viewed down the c-axis. 
Each hexagon represents the shape of one pore. Through the 
centre of each hexagonal shaped pore passes a DABCO unit 
(circle). From a gas molecules perspective, the pores appear 
as hexagons with the center blocked. Thus, each pore aperture 
(3.3 Å; arrows) can be viewed as a donut shaped pore (4.8 Å 
wide) consisting of a hexagonal outer edge. Three hexagon 
layers (illustrated by the three hexagons in the figure) stack to 
form the triangular appearing structure. The network topolo-
gy of Zn3 and Zn2Cd is bcu. Hydrogens and solvent molecules 
are omitted for clarity.  

As stated above, kinetic separations require less material 
because the material acts as a gate for carbon dioxide to 
travel through.9, 12, 25-26 Given MOFs are crystalline pow-
ders, making a perfect gate requires the incorporation of 
MOFs into a matrix such as a polymeric membrane (i.e., 
mixed-matrix membranes; MMMs). Polymeric membranes 
are modular, easy to scale-up, and the low capital and op-
erating costs, low energy requirements, and ease of opera-
tion are among the advantages of membrane separation 
processes27 

The synthesis and applications of MOF-containing MMMs 
is an emerging area of MOF chemistry.14, 25, 28-31 For exam-
ple, an allyl-substituted derivative of the MOF UiO-6629 
was covalently grafted with polydimethylsiloxane (PDMS) 
to form a thin, flexible, defect-free MMM. It was demon-
strated that the MMMs prepared from PDMS-coated MOF 
particles resulted in membranes with high carbon dioxide 
permeability (4573 ± 727 Barrer) without a loss in CO2/N2 
selectivity (CO2/N2 selectivity of 10.0 ± 1.0) compared to 
PDMS-only membranes. Venna and co-workers examined 
MMMs of UiO-66-NH2 in a Matrimid® glassy polymer.29, 32 
An increase in the carbon dioxide permeability (as much as 
3 times) and CO2/N2 ideal selectivity (approximately, 1.2 
times) was observed upon incorporation of 23 wt% UiO-
66-NH2.32 At higher MOF loading (40 wt%), the ideal selec-
tivity decreased. This was attributed to the formation of 
agglomerated clusters which act as non-selective diffusion 
pathways. 

In the previous examples, UiO-66 and UiO-66-NH2 have 
pore apertures that allow both nitrogen and carbon diox-
ide to enter the pores of the MOF. What remains to be ex-
plored is how MOFs that act as molecular sieves, where 
only one of the two gases can enter the pores, behave in 
MMM-based separations. To that end, with our ongoing 
interest in gas-phase applications of MOFs,13, 33-34 the pre-
sent work compares how molecular sieving in Zn3 and 
differences in diffusion kinetics in Zn2Cd affect the separa-
tion properties of MMMs. The identical structure but small, 
sub-angstrom, changes in pore aperture offer a unique 
opportunity to explore the role of molecular sieving in 
separations. For this work we examined two different pol-
ymer hosts: polyether block amide copolymers (PEBA), 
commercialized under the tradename Pebax, and polyvi-
nylidene fluoride (PVDF). 

Pebax contains glassy rigid polyamide blocks separated 
by rubbery flexible polyether segments.35-38 The former 
offers mechanical strength while the latter behaves as the 
permeable phase. Various polymeric membranes compris-
ing both glassy and rubbery polymers are used for gas 
separation.38-41 The separation performance of Pebax 
membranes is affected by the percentage and type of rigid 
and flexible segments in the block copolymer as well as the 
operating temperature.38 The strong interactions between 
carbon dioxide and the polar linkages in the Pebax materi-
als result in high carbon dioxide/nonpolar gas solubility 
selectivity in these polymers.35, 38, 42-44  

PVDF is a hydrophobic polymer. Given that humidity is a 
concern under real-world conditions,8 the use of a hydro-
phobic polymer may allow for improved separation effi-
ciency and protection of the MOF from water adsorption. 
Furthermore, it is one of the most processable polymers 
due to low surface energy, good physical and mechanical 
properties, oxidation resistance, and thermal stability up 
to 140 °C.45-47  
Experimental 
Materials 

Zinc nitrate hexahydrate (Zn(NO3)2∙6H2O), cadmium ni-
trate tetrahydrate (Cd(NO3)2∙4H2O), 2-aminoterephthalic 
acid (H2-NH2BDC), 4-diazabicyclo[2.2.2]octane (DABCO), 
dimethylsulfoxide (DMSO), methanol (MeOH), and 



 

N,N-dimethylformamide (DMF) were purchased from 
commercial sources and were used without further purifi-
cation. Pebax® 30R51, comprising 50 wt% polyamide 
(PA11) and 50 wt% polyethylene glycol (PEG) was donat-
ed from Arkema. Polyvinylidene fluoride (PVDF) was also 
provided from Arkema as a powder under the name 
Kynar® 761. 
Characterizations 

X-ray diffractograms were collected on a Rigaku miniflex 
equipped with a sealed-tube Cu target (λ = 1.54 Å) X-ray 
source operating at 40 kV and 15 mA and a D/teX Ultra 
detector.  

Gas adsorption was measured on a Micromeritics 3Flex 
instrument. Prior to gas adsorption measurements, sam-
ples were degassed under vacuum for 18 hours while heat-
ing at 40 °C using Micromeritics Smart VacPrep instru-
ment. 

Scanning electron microscope (SEM) data was collected 
on FEI 650FEG at 5 kV or a JEOL JSM 7100F Field Emission 
SEM. Samples were gold coated using a SPI-Module Sputter 
Coater prior to analysis. For sample thicknesses, films 
were broken in half and mounted edge on to determine the 
cross-sectional thickness. Several different films were 
measured to get an average film thickness. 
Gas separation performance measurement. 

  
Figure 2: Schematic diagram of gas permeation test set up. 

The pure carbon dioxide and nitrogen gas separation 
properties of MMMs was evaluated through an in-house 
custom-built gas separation apparatus using the constant 
pressure/variable volume method (Figure 2). The separa-
tion setup is equipped with mass flow meters, a membrane 
separation cell, particulate filters, a water trap, a carbon 
dioxide sensor, a pump, and an additional down-stream 
flow meter.  

The effective surface area of tested membranes was 
19.6 cm2. All gas permeation tests were carried out at 
room temperatures (19-21 °C). The pure gas permeability 
(Pi) and the ideal selectivity (αij) of the membranes for a 
given gas pair are calculated by the solution-diffusion 
mechanism as follows: 

𝑃𝑃𝑖𝑖 = 𝑄𝑄𝑖𝑖𝑙𝑙
∆𝑝𝑝𝑖𝑖𝐴𝐴

, 𝛼𝛼𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑖𝑖
𝑃𝑃𝑗𝑗

  (1) 

Pi is the permeability coefficient of component i in Barrer 
(In SI units, 1 Barrer = 10-10 cm3STP·cm·cm-2·s-1·cmHg-1; in 
CGS units, 1 Barrer = 3.35 ⨯ 10-16 mol·m·m-2·s·Pa). Perme-

ability is defined as a measure of the flux of the gas 
through the material (volume of gas at STP/area of the 
film/unit time) multiplied by the thickness of the film and 
divided by the pressure difference across the film. 

In the above equation, Qi is the volume flow rate of com-
ponent i on the permeate (post film) side (cm3·s-1, STP), l is 
the effective membrane thickness (cm), ∆pi is the pressure 
difference between the feed (pre film) and permeate side 
(cmHg), and A is the effective membrane area (cm2). 

The selectivity, αij of component i over j is the ratio of the 
permeability, and thus unit less. It is worth noting that 
while the permeability is subject to accurate film thickness 
and membrane area, the selectivity of a film requires only 
the volume flow rate and the pressure difference across 
the film. 
Synthesis and characterization of Zn3 and Zn2Cd 

Zn3 and Zn2Cd were synthesized and characterized ac-
cording to the literature procedures.13 
Fabrication and characterization of Zn3 and Zn2Cd mixed 
matrix membranes (MMMs). 

MMMs were prepared through solution casting method.37 
Prior to casting, Zn3 and Zn2Cd were thermally degassed 
(activated) using a Micromeritics Smart VacPrep instru-
ment. The samples were heated at 55 °C while a vacuum 
level below 1.00 mmHg was reached and then they were 
held under unrestricted vacuum for 18 hours. 
Table 1: mass of Zn3 and Zn2Cd used to form MMMs 
with various loadings. 

Polymer 
Weight 

% in 
MMM 

Mass of MOF 
used (mg) 

Zn3 Zn2Cd 

Pe
ba

x 

5 7.4 7.4 
10 15.5 15.5 

15 24.7 24.7 
20 35 35 

PV
D

F 

5 5.3 5.3 

10 11.1 11.1 
20 25 25 

30 42.8 42.8 
 
For Pebax-based MMMs, Pebax® 30R51 was selected 

due to the high solubility of Pebax® 30R51 in DMF at ele-
vated temperatures; other available Pebax codes were less 
soluble or required solvent systems whose compatibility 
with Zn3/Zn2Cd have not been rigorously tested. To form 
the mixed matrix membrane, 140 mg of Pebax was dis-
solved in 4.8 mL of DMF (3 wt%) and heated in a sealed 4 
Dram vial at 60 °C while stirring. Concurrently, Zn3 or 
Zn2Cd was stirred for one hour in 1 mL of DMF (Table 1). 
To ensure good dispersion of the MOF in the MMM, we 
used the priming technique. In this method, approximately 
10% of the polymer solution was added to the MOF sus-
pension to “prime” the MOF particles. The solution was 
stirred for 4 hours at 60 °C and after homogenization, the 
remaining amount of polymer was added to the solution 
and stirred for an additional 4 hours at 60 °C. The obtained 



 

solution was cast on a 7.6 cm wide, 2 mm deep Teflon 
mould. After solvent evaporation, at room temperature for 
48 hours, the membrane delaminated from the mould. The 
membrane was stored at room temperature before further 
experimentation. 

For PVDF-based MMMs, 100 mg of PVDF was dissolved 
in 953 μL of DMF (10 wt%) at room temperature while 
stirring. Concurrently, Zn3 or Zn2Cd was stirred for one 
hour in 1 mL of DMF (Table 1). Using the priming tech-
nique, approximately 10% of the polymer solution was 
added to the MOF suspension. The solution was stirred for 
4 hours at room temperature and after homogenization, 
the remaining amount of polymer was added to the solu-
tion and stirred for an additional 4 hours at room tempera-
ture. The obtained solution was cast on a 7.6 cm wide, 
2 mm deep Teflon mould. After solvent evaporation at 
70 °C overnight, the membrane delaminated from the 
mould. The membrane was stored at room temperature 
before further experimentation. 

The thickness of the dried membranes varied from 40 to 
65 μm. Increasing the MOF loading leads to an increase in 
the rigidity of the MMMs. At loadings in excess of 20 wt% 
MOF for Pebax-based MMMs and 40 wt% for PVDF-based 
MMMs, the membranes became too brittle to handle. 
Results and Discussion 
Synthesis and Characterization of MMMs 

Zn3 and Zn2Cd were synthesized according to the litera-
ture procedures with gas adsorption properties and pow-
der X-ray diffractograms consistent with those previously 
published.13 MMMs of Zn3 and Zn2Cd were made with ei-
ther Pebax (5-20 wt% MOF) or PVDF (5-30 wt% MOF) as 
the polymer substrate. The films were made using a prim-
ing technique in which a small amount (10%) of polymer 
solution is allowed to mix with the MOF/solvent suspen-
sion prior to polymer/MOF incorporation and casting. The 
MMMs were cast in Teflon moulds where they readily de-
laminated upon drying. 

 

Figure 3: Powder X-ray diffractograms of Pebax-containing 
MMMs with (a) Zn3, and (b) Zn2Cd. Gray traces represent the 
simulated diffractogram of the MOF. 

The powder X-ray diffractograms of Pebax and PVDF-
based MMMs of Zn3 and Zn2Cd are shown in Figure 3. Pris-
tine Pebax films exhibit a broad peak between 10° and 20° 
in 2θ, characteristic of the amorphous rubbery polyether 
phase and a distinct peak at 23° in 2θ representing the 
crystalline glassy polyamide phase. In both the Zn3 and 
Zn2Cd MMMs, the peaks associated with Pebax remain 
visible. This indicates that the crystallinity of the polymer 
matrix remains relatively unchanged upon MOF incorpora-
tion. Furthermore, the diffraction peaks associated with 
Zn3 and Zn2Cd match well with the diffraction data simu-
lated from the crystal structures of these MOFs. Some de-
gree of preferred orientation is observed in the PXRD 
plots, as demonstrated by the higher-than-expected inten-
sity for the peaks ca. 17 ° in 2θ; this is more pronounced in 
Zn2Cd due to the higher scattering factor for Cd vs. Zn. 

The powder X-ray diffractogram of PVDF (Figure 4) 
shows one strong Bragg diffraction peak at 18.2°; three 
weaker and slightly broader peaks at 20.5°, 27.0°, and 
33.5° and one broad peak consistent with amorphous be-
haviour ranging from 14-30° in 2θ are also observed. As 
Zn3 and Zn2Cd are incorporated in PVDF the crystalline 
diffraction peaks of the polymer disappear. The change in 
crystallinity for PVDF upon MOF incorporation indicates 
that the MOF is well-mixed with PVDF. The crystallinity of 
Zn3 and Zn2Cd were consistent with the simulated diffrac-
tograms of these materials. Zn3, especially at high (20 
wt%) loadings, indicated the presence of an additional 
phase; for the purpose of this work, this does not appear to 
affect the results and conclusions.  

 
Figure 4: Powder X-ray diffractograms of PVDF-containing 
MMMs with (a) Zn3, and (b) Zn2Cd. Gray traces represent the 
simulated diffractogram of the MOF. 

To further investigate the MMMs, the scanning electron 
micrographs (SEMs) of the surface were measured (Figure 



 

5). Both pristine Pebax and PVDF show a smooth mor-
phology (Figure 5a and d). Independent of the MOF load-
ings, we see the same morphology changes for the MMMs 
(see supporting information, SI, for additional micro-
graphs; Figure S1-S18).  

For Pebax, when either 20 wt% Zn3 (Figure 5b) or Zn2Cd 
(Figure 5c) is incorporated, the morphology of the film 
does not change significantly. The MMMs appear to show a 

homogeneous structure, with some MOF particles ob-
served on the surface of the film. This illustrates that the 
MOF was well incorporated into the Pebax matrix and that 
the external surface area of the film is approximately the 
same as the observed geometric surface area (45 cm2). 

 
 

 
Figure 5: Scanning electron micrographs of (a) Pebax, (b) Pebax with 20 wt% Zn3, (c) Pebax with 20 wt% Zn2Cd, (d) PVDF, (e) 
PVDF with 30 wt% Zn3, and (f) PVDF with 30 wt% Zn2Cd.  

For the PVDF-based MMMs we see a different behaviour. 
Upon inclusion of MOF (Figures 5d vs. e and f), the mor-
phology of the MMM films changes significantly. The 
MMMs contain surface pores and an increased surface 
roughness. These surface pores, and thus the apparent 
external surface area, increases with MOF loading (See 
Figures S10 and S18 in the SI). Similar results have been 
observed in other studies.48 This data is consistent with the 
powder X-ray diffractograms of the PVDF-based MMMs, 
which showed a decrease in crystallinity of the PVDF as the 
MOF is incorporated. 
Gas Separation Performance of MMMs 

The gas separation performance of the Zn3- and Zn2Cd-
containing MMMs was measured on a custom-built in-
strumentation (Figure 2) equipped with upstream and 
downstream flow meters to measure flow rate and pres-
sure drops across the membrane. The system operated in a 
conventional (i.e., dead-end/perpendicular) mode in which 
gas is forced through the MMM rather than a crossflow 
separation in which feed stream flows tangentially across 
the surface of the membrane. Relative to existing data on 
Pebax, our permeability values are higher.49 We attribute 
this to the custom-built setup. However, the relative 
changes are meaningful and reflect the role of the MOF in 
the MMM. 

Figure 6 illustrates the permeability and ideal selectivity 
(i.e., ratio of pure gas permeabilities) of Pebax-containing 
MMMs with Zn3 (Figure 6a) or Zn2Cd (Figure 6b) as a func-
tion of MOF loading. The error in the permeability data 
was estimated to be between 8% and 10%. For the pristine 
Pebax film, the permeability to carbon dioxide gas is 1024 
± 100 Barrer and the permeability to nitrogen gas is 544 ± 
50 Barrer (Table S1 in the SI). This results in a selectivity 

of 1.88 carbon dioxide to nitrogen gas molecules. For both 
Zn3/Pebax MMMs and Zn2Cd/Pebax MMMs, the lack of any 
major loss in selectivity compared to the pristine Pebax is 
observed, confirming the absence of large MOF-polymer 
interfacial defects.19, 29, 42, 44, 50 

 
Figure 6: Permeability (CO2: blue/white alternating; N2: blue) 
and CO2/N2 selectivity (orange) of Pebax-based MMMs con-
taining (a) Zn3 and (b) Zn2Cd (see Table S1 of the SI for raw 
data). 

As Zn3 is incorporated into Pebax, the carbon dioxide 
permeability increases more than that of nitrogen gas. This 



 

leads to an increased selectivity. At 10 wt%, there is a max-
imum in the selectivity (4.21 CO2/N2). Interestingly, this 
increase seems to be due to a decrease in nitrogen gas 
permeability more than an increase in carbon dioxide 
permeability. Given the nominally flat films (Figure 5a-c), 
these results are reflective of the film properties and not 
changes in film morphology. Figure 6a illustrates that at 
these optimal loadings, nitrogen gas struggles to find a 
pathway through the MMM while carbon dioxide can uti-
lize the MOF, albeit at slower kinetics than at lower MOF 
loadings, to pass through the MMM. The enhanced physical 
selectivity is thus based on the solution-diffusion mecha-
nism which is improved upon incorporation of molecular 
sieve MOFs.42, 44 At higher MOF loadings (15 and 20 wt%), 
however, the selectivity begins to decrease slightly (4.21 –
 3.45 CO2/N2). Interestingly, the carbon dioxide gas perme-
ability still increases from 10 to 15 wt%, but the nitrogen 
gas permeability beings to increase faster. This suggests 
that interparticle pathways are more operable at higher 
loadings. At 20 wt% Zn3, the permeability begins to de-
crease for both nitrogen and carbon dioxide suggesting 
that the MOF is slowing down transport kinetics. Despite 
this, the selectivity of the MMMs remains above that of the 
pristine Pebax film, illustrating that the enhancement in 
the selectivity still dominates at these loadings. Higher 
MOF loadings produced films that were too brittle to work 
with. 

Turning our attention to Zn2Cd/Pebax MMMs, we once 
again see a change in selectivity and carbon dioxide per-
meability at 10 wt% (Figure 6b, Table S2 in the SI). The 
carbon dioxide permeability change between pristine 
Pebax and 10 wt% Zn2Cd loaded Pebax is nearly 6 times 
larger with nearly no change in the nitrogen permeability. 
This can be attributed to the enhanced solubility and diffu-
sivity towards carbon dioxide after Zn2Cd is incorporated. 
As with Zn3, higher Zn2Cd loadings began to decrease the 
selectivity; this appears to be due to a decrease in carbon 
dioxide permeability rather than changes in nitrogen gas 
permeability (Table S1 in the SI). 

 

Figure 7: Permeability (CO2: blue/white alternating; N2: blue) 
and CO2/N2 selectivity (orange) of PVDF-based MMMs con-
taining (a) Zn3 and (b) Zn2Cd. 

Turning our attention to PVDF-based MMMs (Figure 7), 
we note that the pristine PVDF film has a permeability of 
21575 ± 2000 Barrer and 21682 ± 2000 Barrer for nitro-
gen and carbon dioxide gas, leading to a selectivity of ap-
proximately 1. These permeabilities are 20-fold higher 
than what was observed in pristine Pebax. 

Incorporating Zn3 into PVDF resulted in a 2-fold or 
greater increased carbon dioxide permeability with at 
most a 50% increase in the nitrogen gas permeability. This 
led to a maximum selectivity of 1.86 CO2/N2. Incorporating 
Zn2Cd into PVDF resulted in a 3-fold increase in permea-
bility with a selectivity of 1.68. 

Comparing the results between Pebax-based MMMs and 
PVDF-based MMMs, we conclude that polymers that have 
lower permeabilities (e.g., Pebax) can be more readily en-
hanced by incorporating a molecular sieving MOF, than 
polymers that have high permeabilities (PVDF). With car-
bon dioxide being only slightly smaller than the pore aper-
ture of Zn3, the permeation kinetics are necessarily slow. 
Thus, if the permeation kinetics of the polymer are not 
matched to the MOF, then interparticle diffusion pathways 
dominate and the MOF is not being utilized efficiently by 
the gas. This explains why gas separation performance of 
Pebax-based MMMs are enhanced by Zn3 and Zn2Cd while 
PVDF-based MMMs show only a moderate enhancement.  

Comparing Zn3 to Zn2Cd MMMs with Pebax, we note that 
there are two different mechanisms in effect. Under opti-
mal loading conditions (10 wt%), Zn3 is able to slow down 
nitrogen gas diffusion due to the inability of nitrogen gas to 
enter the porous structure. This forces nitrogen gas to uti-
lize longer/slower interparticle pathways vs the direct 
path through the MOF used by carbon dioxide gas. For 
Zn2Cd-containing Pebax MMMs we see an enhancement of 
carbon dioxide permeability without considerable change 
to the nitrogen gas permeability; this ultimately leads to 
the highest calculated separation selectivity. We hypothe-
size that the diffusion rate of carbon dioxide into Zn2Cd is 
considerably faster than nitrogen gas. This is due to the 0.3 
Å narrower kinetic diameter of carbon dioxide over nitro-
gen gas and a pore aperture that is slightly larger (estimat-
ed 4 Å) than nitrogen gas. Thus, for Zn2Cd, both gas mole-
cules can utilize the MOF, but carbon dioxide gas has faster 
kinetics and enhanced permeability selectivity. 

For PVDF-based MMMs, comparing Zn3 to Zn2Cd is far 
more challenging. It has been mentioned that obtaining 
favorable gas separation performance for pristine PVDF 
membranes has been a challenge. This is due to the large 
intersegmental distance in PVDF, which makes PVDF a 
suitable material for membrane support and using addi-
tives such as MOFs can enhance the PVDF membrane sepa-
ration performance.51 However, while carbon dioxide per-
meability is enhanced when the molecular sieving MOFs 
are incorporated, it is more likely that the morphology 
changes of the films (Figure 5) are the dominant factor in 
the observed performance metrics. The increase in the 
MOF loading increases porosity, and surface area vs. geo-
metric surface area (Figure 5) of PVDF-based MMMs; 
Pebax-based MMMs appear to have near-identical surface 



 

features in comparison. For PVDF, this results in an in-
crease in the membrane flux. This suggests that for PVDF 
this is the dominant factor in improving the permeability 
changes with the MOF offering only modest enhancement 
from pore-based diffusion. 

To ascertain if PVDF and Pebax block the pore apertures 
from carbon dioxide adsorption, we turned our attention 
to static carbon dioxide gas adsorption properties of the 10 
wt% MMMs presented in this work (Figure S19-S20). For 
Pebax, the MOF incorporated MMMs show an increase in 
the gas adsorption properties. Zn2Cd shows a marked im-
provement over the pristine Pebax film while Zn3 is only 
marginally better. This is expected given the ca. 2-fold in-
crease in adsorption capacity of Zn2Cd vs. Zn3.13 For PVDF-
based MMMs, the two MOFs are able to increase the ad-
sorption capacity, but there is little difference in the ad-
sorption capacity between the MOFs. This suggests that the 
porosity of the PVDF may have increased (Figure 5) more 
than the MOF pores have enhanced the adsorption proper-
ties. 
Conclusion 

We examined the permeability and selectivity of two mi-
croporous MOFs that have very similar pore apertures 
whose sizes are approximately that of the kinetic diameter 
of nitrogen and carbon dioxide gas. From this work, we 
have demonstrated that matching the polymer-MOF prop-
erties to ensure the porous structure of the MOF is utilized 
is key to the successful utilization of microporous MOFs 
such as Zn3 and Zn2Cd. Furthermore, we demonstrate a 
change of mode of action between Zn3 and Zn2Cd. When a 
molecular sieve is used that has a pore aperture between 
the width of two gases, then enhancement seems to relate 
to the slowing down of the wider gas rather than the im-
provement of the narrower gas. However, when the mo-
lecular sieve has an aperture slightly larger than the two 
gases being explored, then we see enhancement due to 
improved kinetics of the thinner of the two gases. Looking 
forward, examining these polymers and other polymers 
under mixed gas conditions such as nitro-
gen/oxygen/carbon dioxide/water, and under direct-air-
capture applications, will allow us to determine selectivity 
under more complex and real-life scenarios. 
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