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Introduction 
The key objective of this thesis, which forms a part of the large European project M4CO2 in 

collaboration with over 16 academic and industrial partners, is to develop Mixed Matrix 

Membranes (MMMs) based on highly engineered Metal Organic Frameworks (MOFs) for carbon 

capture. In this regard, the membrane technology for capturing CO2, along with the mechanisms 

of gas separation, will be introduced in this chapter. Finally, molecular transport in MOF-based 

MMMs, in which chemical compatibility, filler morphology and topology play key roles, will be 

discussed, and an outline of the chapters in this thesis are given. 

  



 

 
 



 

 
 

3 Introduction to MOFs & MMMs 

1.1 General introduction  

The emergence of global warming as a significant environmental problem is likely to change 

the way the world produces and uses energy during the coming decades.[1, 2] Electrical power 

plants are responsible for 35-40% of global CO2 emissions. There are approximately 5000 power 

plants around the world. The amount of CO2 emitted by a given plant depends on the plant size 

and fuel feed; however, on average, a 500 megawatt electrical (MWe) power plant emits 

approximately 10,000 tons of CO2 per day. Separating the CO2 from these emissions, 

compressing the captured gas at high pressure (80-100 bar), and injecting it deep underground 

would go a long way towards mitigating the global warming problem.[1] Thus, according to the 

SET-Plan (European Strategic Energy Technology Plan) and the CCS (Carbon Capture and 

Sequestering) Technology Roadmap, the EU has agreed to deploy CCS after 2020 with the 

objective of 90% CO2 capture at a cost of less than 23.5 euros per ton of CO2 (25 euros per 

MWh), considering a coal power plants.[3-6] Conventional technologies such as cryogenic 

distillation, adsorption, condensation, and amine absorption require a gas-liquid phase change. 

This phase change adds a significant energy cost to the overall separation cost. In contrast, 

membrane gas separation offers a multitude of benefits over other separation technologies. [3, 7] 

1. Membrane separation does not involve a phase change.  

2. Membrane plants are smaller than amine stripping plants, and therefore have relatively 

smaller (physical) footprints.  

3. Membrane separation processes are straightforward and allow continuous operation. 

The increasing global demand for energy-efficient separations in carbon capture has 

prompted international action from governments and industries to establish collaborative 

programs to stimulate the search for novel, high-performance separation membranes.[8a] 

Membranes can be defined as engineered barriers that selectively control the passage of 

components from the feed to the permeate. This characteristic strongly depends on the use of 

materials with optimized structures to enhance the separation performance and reduce the 

energy cost required.[1, 9-11] 

The primary difference between filtration and molecular separation is that a mechanical 

pressure gradient drives the fluid in the former, while in the latter a chemical potential gradient 

drives the flux through the membrane. Therefore, thermodynamic partitioning (sorption 

coefficient) and kinetic mobility (diffusion coefficient) are the key parameters controlling the 

molecular separation. Consequently, there is a clear need in materials science to engineer the 

chemical nature and structure of the membranes to tailor their sorption and diffusion properties 

and develop membrane-based processes that outperform current separation technologies.[9, 10, 12-

14] 
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Figure 1.1. Milestones in the development of gas separation technologies up to 2010. Reproduced from ref [1] 

 

1.2 Gas separation membranes and gas transport mechanism 

Gas separation has become a major application for membrane technology over the past 30 

years. However, the study of gas permeation has a long history which was started with Thomas 

Graham, who measured the permeation rates of several gases through different permeable 

diaphragms over a period of 20 years, and finally introduced the solution-diffusion model of gas 

permeation for the first time.[1] Figure 1.1 provides a summary of the development of gas 

separation technologies from 1850 to 2010. 

The most important property of a membrane is its ability to selectively control the permeation 

of different components. Two models are used to describe permeation mechanisms: pore flow 

and solution-diffusion. In the pore flow model, the permeants are transported by pressure-driven 

convective flow through the pores of the membrane, while in the solution-diffusion model, the 

permeants are first dissolved in the membrane, and then diffuse through it due to the 

concentration gradient. In membranes for which molecular transport is best described by the 

solution-diffusion model, the free volume provided by the nanoscale spaces between polymer 

chains plays a key role. These spaces are created by the thermal motion of the polymer chains, 

and frequently form and collapse due to the movement of the permeants through the membranes. 

Figure 1.2 shows the results of a molecular dynamics simulation for a small-volume element of a 

polymer. [1] 
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Figure 1.2. Motion of a carbon dioxide molecule in a 6FDA-4PDA polymer matrix. Reproduced from ref [15]  

 

During gas separation, a gas mixture at a specific pressure (po) is applied to the feed side of 

the membrane, and the permeate at a lower pressure (pℓ) is removed from the downstream side 

of the membrane. The pressure difference within the membrane is negligible, and the chemical 

potential gradient is often expressed (simplified) as the gradient in concentration/pressure of the 

feed and permeate side of the membrane. As the pressure on the feed side of the membrane is 

increased, the concentration at the feed-membrane interface increases, achieving a maximum 

value when the vapour pressure of component i (pi,o) reaches the saturation vapor pressure (pi, 

sat). Similarly, the concentration at the membrane-permeate interface decreases with decreasing 

permeate pressure, reaching zero if a hard vacuum is applied on the permeate side of the 

membrane.[1] 

, ,0 ,i sat i i lp p p          (1) 

Permeability is an intrinsic property of the membrane material, and can be expressed in an 

approximation as the product of diffusivity and solubility, as shown in Equation (2): 

i i iP D S             (2) 

2 / 6i i iD f           (3) 

where Pi represents the permeability of the component i. Di is the diffusivity, and is roughly 

correlated to λi and ƒi, which are defined as the random jump   length and frequency of 

component i molecules, respectively (Equation 3). Si is the sorption coefficient, and is equal to the 
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sorption concentration in the membrane relative to the partial pressure of component i in the 

feed.[9] The permeability unit is commonly expressed in the much used Barrer unit (1 Barrer = 

1×10−10 cm3 (STP) cm/(cm2·s·cmHg)). Another relation defining the permeability of component i is 

based on experimental data: 

/i i iP l N p           (4) 

Where L is the membrane thickness (cm) and Ni refers to the flux of component i through the 

membrane (cm3/s). Another parameter that is important for practical applications is the membrane 

permeance, which is expressed as: 

/ /i i i iJ P l N p           (5) 

The permeance unit of the membrane is commonly given in GPU (Gas permeation unit), 

which is mainly used for thin layer membranes (1 GPU=1×10−6 cm3 (STP)/(cm2·s·cmHg)). The 

ideal selectivity of a membrane, which is the ratio of the permeability or permeance of the 

individual gases, can be defined as: [1, 9] 

, / / ( ) / ( ) / /i j i j i j j i i j i j i jP P J J p N p N S S D D                     (6) 

The sorption selectivity is determined by the intrinsic chemical and structural properties of the 

penetrants and the penetrant-polymer interaction. These properties determine the solubility of the 

desired penetrant in the membrane, and therefore, the solubility selectivity can be adjusted by 

proper selection of the polymeric material. Instability of the functional groups that provide 

solubility selectivity is a problem that must be overcome for long-term operation. Penetrants sorb 

in the membrane matrix and diffuse in a size-dependant manner via jumps (λi) between the 

micropores and the polymer chains. These jumps are controlled by the enthalpy (∆HD) needed for 

the creation of transient gaps that enable the jump to occur. Smaller penetrants require less 

energy, and therefore their diffusion is faster. For similarly sized penetrants, differences in 

vibrational and rotational movements result in different entropic factors (∆SD), and subsequently 

different diffusion selectivities. The transition state theory of diffusion explains the importance of 

the relative dimensions of the i and j components. This theory confirms that diffusion selectivity is 

correlated to the ratios of the jump lengths of the respective components (size-dependence) and 

the exponential function of the difference in the free energies of activation, ∆GD(i,j) (equation 7). [16, 

17] 



      

        
      

2
( , ) ( , )

2
exp expD i j D i jA i

B j

S HD

D R RT
     (7) 
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1.3 Molecular transport in flexible and semi-rigid polymers 

Flexible polymers: Rubbery polymers are classified as flexible polymers. In these polymers, 

the formation of penetrant-scale gaps occurs frequently due to the movement of the penetrants 

and the segmental motion of the polymer chains (Figure 1.3a, type III). The difference in the 

activation energies (enthalpies; ∆HD(i,j)) of the penetrants is responsible for the difference in the 

jump frequencies ƒi and ƒj (Equation 3) of the smaller molecule (i) versus the larger molecule (j), 

thereby providing diffusion selectivity. The flexible chains of the polymer lead to an insignificant 

difference between the entropic factors of the penetrants, as they do not inhibit their rotational 

and vibrational movements. As discussed in Section 1.2, the solubility selectivity of these 

polymers strongly depends on the interaction of the penetrants and the functional groups of the 

polymer. An additional limitation of flexible polymers is plasticization, which can be defined as the 

increase in the segmental motion of the polymer chains in the presence of a high concentration of 

the sorbed component, leading to a decrease in selectivity. One remedy to this phenomenon is 

crosslinking of the polymer chains, which limits their segmental motion. [18] 

Semi-rigid (glassy) polymers: Semi-rigid polymers (Fig 1.3a, type II), such as polymers 

with intrinsic microporosity (PIM-1) and thermally rearranged (TR) polymers, have intermediate 

properties among those of flexible polymers and rigid molecular sieves.[19-21] The smaller scale of 

the gaps along the semi-rigid polymer chains may lead to the greater differences in the entropic 

factors of the permeants in comparison to the flexible polymers (equation (7)). Although the 

diffusion selectivity for dissimilarly sized penetrants is much greater than in flexible polymers, it is 

lower in comparison to rigid structures. In terms of solubility selectivity, the role of the functional 

groups of the polymer in adsorbing the desired penetrant is important. However, depending on 

the heat of adsorption, a higher desorption energy (activation energy) may be required for the 

penetrant to jump along the polymer backbone.  

1.3.1 Overcoming the trade-off limit 

As discussed previously, there are many applications in which the use of membranes is 

favored over other separation processes due to their lower energy consumption, simplicity, and 

smaller footprint. However, membranes are subject to a trade-off between permeability and 

selectivity, which is a hurdle to their application in industry.[8a] During the 1980s, permeability data 

for six common gases (He, H2, O2, N2, CO2, and CH4) were used to quantify the trade-off 

relationship between permeability and selectivity. This trade-off relationship is related to an upper 

bound relationship where log of separation factor versus log of permeability of gas in the 

polymeric membranes yielded a limit called Robeson upper bound (Figure 1.3b). [8b] 
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Figure 1.3. Molecular sieves with a rigid ultramicropore and micropore morphology (type I), Semi-rigid 

polymers with a distribution of connected pores created by segmental packing (type II), Flexible polymers 

with a transient gap distribution created by segmental packing and motion (type III) (a). Reproduced from 

ref [9], Upper bound correlation for CO2/N2 separation (b). Reproduced from ref [8b] 

The upper-bound was acquired by adding the trend line to the experimental permeation 

performance data of the membranes that have the highest selectivity for a given permeability, 

following equation (8) and (9).[8c] 

,

, .
i j

i j i j iP
               (8) 

2

, 1j

i j

i

d

d


 
  
 

         (9) 

In these equations,  depends on the diameters of the gas pair, while dj and di are the kinetic 

diameters of the larger and smaller gas molecules, respectively. The parameter  is mainly 

correlated with the gas solubility and the polymer chain distance and stiffness.[8d] The Robeson 
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upper bound was revised in 2008 for more permeable and selective membranes, but only a 

modest shift was observed for most gas pairs. The shift in the upper-bound limit was mainly 

attributed to variation in , while the slope of the upper-bound ( ) remained constant. Two 

classes of highly permeable polymers, PIMs (polymers of intrinsic microporosity) and thermally 

rearranged polymers, surpassed the upper-bound.[19, 8e] Examining the roles of glassy versus 

rubbery polymers, it is noteworthy that glassy polymers show higher gas solubility due to their 

higher free volume in comparison with rubbery polymers. The higher free volume results in 

additional sorption of the gases. Thus, glassy polymers dominated the upper-bound, mainly due 

to their higher gas solubility.[21, 8f] The upper bound will not indefinitely extended as the 

permeability of the gases increases. In fact the mechanism of permeability will change from 

solution-diffusion to molecular sieving in case of ladder-type polymer structures (PIMs) and then 

shift to Knudsen diffusion as the pore size of the membrane increases. The example of the latter 

is PTMSP with pore diameter in the range of 0.9-1.2 nm which offer the end permeability data of 

CO2/N2 2008 upper bound. The upper bound relationship (equation (8)) is mainly diffusion-

dominated as diffusion selectivity varies with permeability while solubility selectivity is invariant 

( . The transition from solution-diffusion to Knudsen diffusion is where diffusion selectivity of 

the membrane is equal to Knudsen diffusion selectivity. The Knudsen diffusion selectivity is equal 

to the square root of the molecular weight of the permeants (√(MN2/MCO2)).
[8b] 

The exploration of efficient approaches to surpass the upper-bound are urgently required. One 

method to overcome the challenges associated with obtaining membrane performance well above 

the Robson upper-bound is to disperse molecular sieving fillers in polymers to prepare MMMs.[1]  

1.4 Molecular transport in molecular sieves 

The molecular sieve structure is presented in Figure 1.3a (Type I). Molecular sieves can be 

divided into two categories: crystalline and amorphous molecular sieves. Zeolites and metal 

organic frameworks (MOFs) are crystalline subgroups, and carbon molecular sieves belong to the 

amorphous category. These materials do not suffer from the plasticization issues that are 

observed for polymers. In most molecular sieves, the jump lengths of the penetrants in equation 

(7) are almost equal due to the rigidity of the structure. However, differences in their enthalpies 

and entropies both contribute to diffusion selectivity. Rigid molecular sieve structures are 

promising materials for the separation of many gas pairs.[22] In this case, the motion of the larger 

molecule is more hindered compared to the smaller one, leading to higher diffusion selectivity. 

Moreover, the relative condensability and partial pressure of the components in the feed are the 

important parameters for adjusting the separation selectivity of CO2 and N2 pairs. However, the 

strong sorption and greater condensability of one species (i.e., a hydrocarbon or CO2) can 
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dramatically hinder the permeation of a smaller penetrant such as H2 in H2/hydrocarbon 

separation, which is unfavorable.[23, 24] 

MOFs: MOFs are an important class of crystalline molecular sieves that consist of networks 

of metal ions/clusters and organic linkers.[25] The extraordinary structural variety of MOFs makes 

them unique among porous structures, and they are considered to be among the most 

sophisticated nanostructured material.[26] In addition to their high surface area and pore volume, 

their chemical nature can be engineered by independently selecting a suitable metal ion/cluster 

and organic linker to obtain an appropriate building block for the selective separation of gases.[3] 

Moreover, the porosity of MOFs is much higher than that of their inorganic counterpart (zeolites) 

and their facile functionalization makes them unique. In some cases, MOFs undergo structural 

changes upon the adsorption of certain species (breathing), confirming the potential advantages 

of framework design in creating dynamic porous materials.[27-29] Although MOFs can be 

structurally engineered to achieve high sorption selectivity, preserving the sorption selectivity at 

increased pressure is challenging due to saturation of the adsorptive sites. Therefore, to take 

advantage of the entropic factor differences in Equation (7), MOFs with smaller aperture sizes 

(<4-5 Å) are required to achieve size selective separations.[30-32] As reported by Zhang et al., 

zeolitic imidazolate framework-8 (ZIF-8) (aperture size of ~4.0 Å) is an attractive MOF for the 

separation of important gas pairs (for example, O2/N2, CO2/N2, H2/CH4, and CO2/CH4).
[33] As 

reported by Rui et al, the strong CO2 sorption of MOF-5 membranes at elevated pressures can 

enhance the CO2/CH4 selectivity of the membrane tremendously (up to 324) due to the blockage 

of the diffusion paths for the less-condensable CH4 molecules.[34] These sieving characteristics 

open the way towards the fabrication of membranes with performances exceeding even those of 

crosslinked flexible or glassy polymers for gas separation. Thus, enhancement of diffusion 

selectivity by tuning the MOF aperture size and simultaneously improving the sorption selectivity 

by tuning the MOF chemistry is certainly a very attractive approach for MOF membrane 

development, although it must be mentioned that the larger structural flexibility of MOFs result in 

lower selectivities than for zeolites The main challenge in fabricating pure MOF membranes is to 

prepare defect-free membranes.[24] 

CO2-philic site decorated MOFs: By imparting open metal sites or ligands containing 

functional groups to a MOF (in most cases, MOFs with larger pores), CO2 molecules can be 

selectively captured from dilute gas streams.[35-39] Jiang et al. reported the introduction of azide 

groups inside the pores of a Zr-MOF, which provided a new approach to introduce diverse 

functional groups into the pores of MOF.[40] Additionally, amine functional groups have been 

extensively studied, and represent a successful approach to enhance the CO2-philicity of MOFs. 

Vaidhyanathan et al. systematically studied CO2 sorption on amine groups in functionalized 

MOFs. They reported that a higher degree of amine functionalization did not enhance CO2 
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sorption, since this can hinder CO2 interaction to the amine groups.[41] Another approach to 

enhance the CO2-philicity of a MOF is to add N-containing functional groups and O-containing 

hydroxyl groups. Cui et al. discussed the use of CO2-philic multi-sites in the zeolite-like 

microporous tetrazole-based MOF framework. The multiple sites that were attractive for CO2 

molecules, including the π-electrons of aromatic tetrazole rings, nitrogen atoms of tetrazole rings, 

and the C-H bonds in the O-(CH2CH2-)2 moiety, played a key role in enhancing the CO2 capture 

and achieving excellent CO2/CH4 selectivity.[42] In general, MOFs that have a small pore aperture 

in the range of the kinetic diameter of the target molecules and a relatively high CO2 adsorption 

capacity are the best candidates for membrane separation.[43] 

 1.5 Molecular transport in hybrid materials (MMMs) 

Combining rigid and highly selective structures (type I) and a processable polymer matrix 

(type II or III) is advantageous for fabricating a membrane with considerable separation 

performance (Fig 1.4a). It is of primary importance to choose selective rigid structures with a 

separation performance well above the upper bound of the polymer. Secondly, the selected sieve 

structure should show good compatibility and matching with the continuous phase (polymer) to 

achieve the desired separation performance. By simply using Equation (10), the Maxwell 

relation[44] applied to mixed matrix membranes, and knowing the permeability of component i in 

the MMM (Pimm) and polymer (Pic) and the dispersed sieve phase volume fraction (φd), it is 

possible to back-calculate the permeability of the dispersed sieve phase (Pid).
[45] By using this 

equation, one can depict the variation of selectivity versus permeability for a specific sieve filler 

with various polymers to gain insight in to the influence of the permeation of each phase on the 

overall permeability of the hybrid membranes. According to the results shown in Figure 1.4b, the 

optimal selectivity versus permeability for the gas pair C3H6/C3H8 is achieved when the 

permeability ratio of the polymer to the sieve (in this case ZIF-8) is approximately 0.15. In this 

case, the selectivity of the hybrid membrane reaches its highest value.[9, 46, 47] It is worth 

emphasizing that the match between the sieve and the polymer and the proper permeability ratio 

of the components in the hybrid material are the key parameters for obtaining optimum 

performance. 

 
 

2 2

2
id ic d ic id

imm ic

id ic d ic id

P P P P
P P

P P P P




   
     

                      (10)  

1.5.1 MOF-based MMMs  

Although pure MOF membranes show enhanced selectivity, the main hurdle to achieving 

satisfactory permeation performance is the trade-off between permeability and selectivity. 
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Moreover, the fabrication of pure MOF membranes may result in a defective structure, which can 

dramatically influence the separation performance. One strategy to address these issues is to 

combine MOFs and polymers to create MOF-based mixed matrix membranes. Membranes 

produced by this strategy can outperform current pure polymeric and MOF membranes due to the 

combination of the intrinsic properties of polymers and MOFs (Figure 1.5). The first MOF-based 

MMM was reported by Yehia et al. in 2004, and comprised Cu-BPDC and poly(3-

acetoxyethylthiophene) for CO2/CH4 separation. Subsequently, a great deal of research was 

conducted in this area.[48] The use of MOFs as the dispersed phase of the hybrid membranes 

might result in better compatibility between the MOFs and the polymers due to linker-polymer 

interactions, and may eventually avoid the formation of the so-called sieve in cage morphology in 

mixed matrix membranes.[28, 49, 50] Moreover, the adjustable size, shape, and functionality of the 

cavities can be tuned by choosing different ligands in order to obtain the desired structure.[51]  

In addition, the densities of MOFs are commonly lower than that of zeolites due to their larger 

pore volume; therefore, their effect by weight percentage is more significant than that of zeolites. 

Although the incorporation of MOFs in polymers may considerably enhance the separation 

performance compared to the pure material in terms of selectivity and permeability, significant 

challenges still remain to obtain satisfactory results based on industrial standards. The strategies 

to overcome these challenges in mixed matrix membranes include post-treatment of the 

membrane, post-synthetic modifications, and improving the interfacial adhesion between the MOF 

and the polymer to reach industrial standards. However, defect formation in high loading of MOFs 

is still a major challenge in the preparation of MMMs that must be overcome. [43, 52, 53] 
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Figure 1.4. (a) Schematic and scanning electron microscope (SEM) images of MMMs, (b) Polymer–sieve 

matching for hybrid MMMs. The dotted lines represent the properties of mixtures of ZIF-8 with different 

polymers as the continuous phase that showed better performance than the polymer upper bound for 

C3H6/C3H8 separation. The ratio of polymer to sieve permeability is shown in range of 0.003-3.0 and the 

optimal ratio is around 0.15. Reproduced from ref [9] 

Polymer-MOF compatibility: Obtaining optimum MMM separation performance strongly 

depends on the properties of the polymer and MOFs. The chemical structure, surface chemistry, 

particle size distribution, and aspect ratio are the parameters with the greatest influence in MOFs. 

To quantify the true effect of the filler in MMMs, a high loading of well-dispersed MOF is required. 

However, the fabrication of high-loading MMMs is quite challenging due to the weak interaction of 

the polymer chains around the agglomerated particles, creating non-selective voids. [54, 55] 

 



  

 
 

  14  Chapter 1 

 

 

 

Figure 1.5. CO2 and N2 selectivity versus CO2 permeability of pure polymeric, mixed-matrix, and pure MOF 

membranes versus Robeson upper bound. Reproduced from ref [43] 

 

Thus, the interface of the filler and the polymer should first be assessed using known 

characterization techniques such as FIB-SEM tomography and IR characterizations or by 

available rigorous mathematical models that can predict the interfacial interactions between fillers 

and polymers in advance.[28, 56] Among various MOFs used in the preparation of MMMs and 

known polymers, ZIFs and MOFs containing amine groups show the best interactions for gas 

separation. In the case of ZIFs incorporated in polymers such as PBI, the similar ligand and 

polymer functional groups facilitate interaction between the polymer and the filler. As reported by 

Yao et al., incorporating up to 16 wt.% ZIF-11 in PBI improved both the permeability and 

selectivity of the MMMs for H2/CO2 separation.[57]  

The same approach was followed by Zornoza et al., who used NH2-MIL-53(Al) with amine 

functional groups as a filler to enhance the permeation performance of polysulfone membranes. 

Their results demonstrated an excellent adhesion of MOF with polysulfone Udel polymer due to 

the hydrogen bonding interaction.[27]  
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Figure 1.6. Robeson upper-bound data for CO2/N2 separation (a) and its translation into selectivity versus 

permeance, based on different support permeance (b). The star represents the permeability/selectivity of a 

hypothetical material with separation performance above the upper bound (a) and the 

permeance/selectivity of hypothetical thin-film composite membranes, using different supports (b), shaded 

region represents the post-combustion CO2 capture target area. Reproduced from ref [8a]. 

MOF morphology: The morphology of the MOF can be easily tuned by specific modification 

of the synthesis procedure without changing the chemical properties of the MOF, and can 

extensively alter the MMM performance. Several studies have focused on loading nanoparticles 

in the membrane matrix for increased surface area, which allows a better interaction with the 

polymer chains.[46, 58] However, the appropriate dispersion of nanoparticles in a polymer is 

challenging due to the strong inter-particle interactions, which can lead to agglomerated 

nanoparticles or defect formation between the polymer and the dispersed phase.[3] In this regard, 

one strategy is to use high aspect ratio ultra-thin sheets that can efficiently enhance the 

performance of the MMMs. Anisotropically (e.g., sheet-like) shaped materials enhance the 

permeation performance of the MMMs compared to isotropically shaped materials. 
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Figure 1.7. Schematic of thin film composite membranes: (a) with no PDMS gutter layer and (b) with PDMS 

gutter layer. Reproduced from ref [62] 

Therefore, the incorporation of even a small amount of nanosheets (2-8 wt.%) in the 

membrane matrix could greatly enhance the separation performance of the membranes.[59, 60] 

When such high-aspect-ratio nanomaterials are incorporated in the polymer matrix, the resulting 

MMMs show enhanced separation performance due to the elimination of non-selective voids and 

effective molecular filtering of the gas transport in the membrane matrix. 

1.6 Thin supported membranes  

Although many studies have focused on improving the separation performance, the ultimate 

goal is to produce a membrane with a large flux (or permeance) together with good selective 

separation of the desired component for practical use. Therefore, a membrane with a thin 

separation layer coated on a low resistance porous support is needed to meet the criteria for 

large-scale application.  

The influence of support resistance on the permeance of some composite membranes with 

upper-bound performances is shown in Figure 1.6b (the 2008 upper-bound for CO2/N2 separation 

has been translated to selectivity versus permeance for thin composite membranes). Supports 

can be categorized as slow (103 GPU), medium (104 GPU), or fast (105 GPU); these 

classifications are correlated to the resistance of the porous support to the permeation of gas 

molecules. The separation performances of supported thin layer membranes can be shifted 

towards the industrially desirable region (blue shaded area) by using a fast support.[61] Although 

the role of the support in mass transfer through the composite is considered negligible in some 

cases, this assumption becomes less valid as the thickness of the thin layer decreases and as the 

membrane becomes more permeable.[8a] The resistance of the support not only influences the 

permeance of the thin layer, but can also reduce the selectivity far below the intrinsic selectivity of 

the material. [62-64] The thickness of the thin membranes can be as little as 100 nm. Therefore, the 

support should be mechanically robust and inexpensive so that it can be utilized in the scaled-up 

production of composite membranes in industry. As it is illustrated in figure 1.7, a gutter layer with 

almost negligible mass transfer resistance can channel the flow and mitigate the geometric 
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restrictions of porous support. Moreover, as the thickness of the thin layer is very low (below ~100 

nm), the distance that the penetrants must travel to reach the support pores is greater than the 

thickness of the thin layer, and the thin membrane cannot achieve its expected real flux. Thus, 

coating a highly permeable and thin gutter layer made of PDMS or PTMST between the support 

and thin layer is a simple solution to facilitate the molecular permeation pathway in the composite. 

Thus, designing new membranes without considering the influence of the support can lead to 

worse performance than self-standing membranes.[65] 

1.7 Thesis outline 

The main challenge that will be addressed in this thesis is the engineering of MOF-based 

MMMs to enhance their separation performance with the aim of CO2 capture. To meet this 

objective, the MOF morphology, MOF pore structure (topology), polymer free volume and rigidity 

will play a key role. The above-mentioned study led to four research chapters, which are 

categorized into microscopic and macroscopic studies of MOFs and polymers as the main 

components of MOF-based MMMs. Finally, an approach towards industrial application is 

evaluated by fabricating thin composite MMMs using MOF nanosheets which will be thoroughly 

discussed. A brief overview of the following chapters is given below. 

Chapter 2 quantifies the role of the microscopic properties of MOFs, such as pore size, 

structure, and topology, on the MMM performance. Additionally, the solubility and diffusivity of 

CO2 in the membrane matrix were investigated through adsorption studies and using the 

theoretical solution-diffusion model. 

Chapter 3 deals with the influence of the macroscopic properties of MOFs (size and 

morphology) on MMMs CO2 separation performance. Three different morphologies of NH2-MIL-

53(Al), namely nanoparticles, microneedles, and nanorods, were synthesized and incorporated in 

low (Matrimid) and high (6FDA-DAM) free-volume membranes, which were tested under different 

feed pressures. This study highlights the importance of the crystal engineering of MOFs in the 

field of mixed matrix membranes. 

Chapter 4 focuses on the polymeric phase of the MMMs by doping glassy Matrimid® chains 

in to an ultra-high free volume PIM-1 matrix along with the addition of MOF fillers (NH2-MIL-53(Al) 

and ZIF-94). Doping of the ultra-high and low free volume polymeric matrices resulted in a 

substantial enhancement of CO2 permeability and CO2/N2 selectivity, and interestingly, reduced 

the initial aging of PIM-1. The obtained membrane performance exceeds the 2008 Robeson 

upper bound limit and reaches the economic target region for post-combustion CO2 capture, even 

after 17 months of aging. 

Chapter 5 illustrates two different approaches in fabricating the supported thin layer MMMs 

comprising Cu-BDC nanosheets and the highly selective block co-polymer (PolyactiveTM). This 
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study presents the role of nanosheets in healing the defects of the thin membranes due to 

covering the lateral surface of the thin layer. Finally, the thin film composite TFC membranes 

performance was compared with theoretical models.  

All chapters have been written as individual publications and can be read independently. 

Therefore, some overlap may be present. 
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Influence of Filler Pore Structure and Polymer 
on the Performance of MOF-based Mixed 
Matrix Membranes for CO2 Capture 
 
Abstract: In order to gain insight into the influence of metal-organic framework (MOF) filler and 

polymer on membrane performance, eight different composites are studied by combining four 

MOFs and two polymers. MOF materials (NH2-MIL-53(Al), MIL-69(Al), MIL-96(Al) and ZIF-94) 

with various chemical functionalities, topologies, and dimensionalities of porosity were employed 

as fillers, while two typical polymers with different permeability-selectivity properties (6FDA-DAM 

and Pebax 1657) were deliberately selected as matrices. The best performing MOF-polymer 

composites were prepared by loading 25 wt.% of MIL-96(Al) as filler which improved the 

permeability and selectivity of 6FDA-DAM up to 32% and 10%, while for Pebax this enhancement 

was 25% and 18%, respectively. The observed differences in membrane performance in the 

separation of CO2 from N2 are explained on the basis of gas solubility, diffusivity properties and 

compatibility between the filler and polymer phases.  

  



 

The image represents the structure of MOF ZIF‐94. 
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2.1 Introduction 

In recent times, the sharply rising atmospheric CO2 concentration has generated widespread 

environmental concerns. [1-3] It is clear that the earth temperature has a direct dependence on the 

CO2 concentration, and the climate will be significantly affected with a rise of a few degrees 

Celsius. [1] The excessive CO2 emission stems predominantly from the increasing combustion of 

fossil fuels due to growing industrialisation. [1-3] Currently, the most frequent method for CO2 

capture from a post-combustion flue gas is chemical absorption. However, this process 

consumes considerable energy and poses additional environmental concerns.[4] 

In contrast, membrane gas separation units are gaining increasing attention not only in terms 

of a relatively low energy consumption and ease of operation,[5, 6] but also because of 

environmental aspects. To date, polymeric membranes dominate the membrane market for 

industrial gas separation due to their easy processing and mechanical strength.[7] Nevertheless, 

the limited chemical and thermal stability of existing polymeric membrane materials limits their 

application range. Another drawback of polymeric membranes is the known Robeson upper 

bound limit. [8-10] Improvement in selectivity is always sacrificing permeability, and vice versa. 

Compared with polymeric materials, inorganic membrane materials (e.g., carbon, [11] zeolites [12, 

13] and metal-organic frameworks [12, 13]) always provide superior performance and stability for gas 

separation. However, more research effort has to be devoted to inorganic membranes to 

overcome their inherent obstacles, such as high cost, brittleness and lack of reproducibility. 

Mixed matrix membranes (MMMs), consisting of composites of inorganic or organic 

fillers dispersed in a polymer phase, are proposed as alternative materials delivering both 

the promising performance benefits from embedded fillers and the economical processing 

features of polymers. [4, 14, 15] Metal-organic frameworks (MOFs) have emerged as a family 

of outstanding porous crystalline materials. [16-19] Their rich chemistry and topological 

variety render MOFs as superior fillers to construct MMMs. [20-42] However, in spite of a 

clear explosion in the number of publications dealing with MOF based mixed matrix 

membranes, clear structural property relationships for these composites and the influence 

of MOF structure on pore dimensionality and accessibility have not yet been established. 
[41, 42] More comparative studies using diverse MOF fillers and polymers are required to 

determine the optimal combinations and ruling variables to facilitate the development of 

such structure/performance correlations. 

In this study, four types of MOF materials (NH2-MIL-53(Al), MIL-69(Al), MIL-96(Al) and ZIF-94) 

with different chemical functionalities and topologies were studied as fillers. Two typical polymers 

(polyimide 6FDA-DAM and poly(ether- block-amide) Pebax) were deliberately selected as 

matrices because of their outstanding separation performance (Figure 2,1). The morphology, CO2 

adsorption properties, crystalline structures of the MOF fillers and MOF-MMMs were 
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characterized, followed by gas permeation studies. The resulting membranes exhibit different 

performances in the separation of CO2 / N2 that can be rationalized on the basis of gas solubility 

and diffusivity in the MOF-MMMs, the interaction between both components of the composite and 

pore dimensionality.  

NH2-MIL-53(Al),[43] with a formula Al(OH)[O2C–C6H3NH2–CO2], is isoreticular to the well-known 

MIL-53. [44] This material is a microporous framework with diamond-shaped 1D channels (Figure 

2.2a), which presents excellent properties for the selective adsorption of CO2. 
[45] In this 

framework, dispersion forces control the flexibility of the structure: its narrow pore (np, window 

size ~3.4×16.0 Å2) form is preferred at low CO2 pressures, while the framework expands to its 

large pore (lp, window size ~8.5×12.0 Å2) form at high CO2 partial pressures. 46 NH2-MIL-53 has 

been reported to display outstanding selectivity in the separation of CO2 from natural gas or flue 

gas. [4,35]  

For comparative studies, another MOF material with similar topology was selected, i.e. MIL-

69(Al) (formulated Al(OH)[O2C–C10H6–CO2]). 
[47] This also is a microporous network with 

diamond-shaped 1D tunnels and a window size around 2.7×13.6 Å2 in its narrow pore form upon 

hydrothermal synthesis, and 8.5x8.5 Å2 in its anhydrous form (open square-like pore) which is 

called DUT-4 (Figure 2.2b). [48] In contrast to the breathing phenomenon encountered in the MIL-

53 series, MIL-69(Al) displays a very limited flexibility upon adsorbate uptake and removal. [48]  

Apart from MOFs with 1D channels, another type of MOF named as MIL-96(Al) was chosed 

(Al12O(OH)16(H2O)5[btc]6•29H2O, btc = 1,3,5-benzene-tricarboxylate). [49] This MOF is a trimesate 

microporous and its structure has been recently been refined and exhibits a 2D pore network. 

The MOF structure has three types of cavities. Of these cavities, only the B- and C-types are 

accessible, creating a “zigzag” 2D pore network with shared windows (4.5×3.6 Å2) (Figure 2.2c). 
[49] After thermal activation, some water molecules, located on the µ3-oxo Al trimer, are removed, 

which may increase the window diameter by approximately 2 Å.[51] MIL-96/Matrimid MMMs were 

developed showing higher H2 and CO2 permeabilities with slightly reduced H2/CO2 selectivities in 

comparison with the neat Matrimid membranes.[26]  

ZIF-94 [52] (also termed as SIM-1 [53] and ZIF-8-MCIM [54]), with a formula Zn[mcim]2 (mcim = 4-

methylimidazolate-5-carbaldehyde), is an analogue of the extensively-studied ZIF-8.[55] It has a 

SOD topology with a 3D pore network and a window diameter of circa 2.6 Å (Figure 2.2d). ZIF-94 

was selected against other ZIF materials due to its high CO2 uptake at low pressure. [52] As it was 

reported by Aguado et al. [56] and Cacho-Bailo et al., [57] the ZIF-94 polycrystalline membranes 

exhibited good CO2 selectivity over N2 and CH4. 
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Figure 2.1 Chemical structures of polymers 6FDA-DAM (a) and Pebax 1657 (b). 

 

Figure 2.2 Crystalline structures of NH2-MIL-53(Al) (a, narrow and large pore forms),MIL-69(Al)/ 

DUT-4 (b, narrow and open pore forms), MIL-96(Al) (c) and ZIF-94 (d). 
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Figure 2.3 The XRD and simulated patterns of NH2-MIL-53(Al) (a), MIL-69(Al) (b), MIL-96(Al) (c) and ZIF-

94(Zn) (d). 

 

Table 2.1. CCDC codes of MOFs used in this study. 

MOF CCDC or DOI Ref. 

NH2-MIL-53(Al) lp: 847255, np: 847256 [59] 

MIL-69(Al) np (MIL-69(Al)): 1228352, lp (DUT-4): 691978 [47,48] 

MIL-96(Al) 622598 [50] 

ZIF-94(Zn) DOI: 10.1002/cctc.201000386 [52] 
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Figure 2.4 TEM images of a) NH2-MIL-53(Al), b) MIL-69(Al), c) MIL-96(Al) and d) ZIF-94. 

 

Polyimide 6FDA-DAM is a representative glassy polymer (Figure 2.2a). 6FDA-DAM 

based membranes usually deliver a high CO2 permeability and moderate CO2 / N2 

selectivity. Pebax 1657 is a benchmark block copolymer, consisting of polyether blocks 

(flexible segments) and polyamide backbones (rigid segments) (Figure 2.2b). This 

polymer displays higher CO2 / N2 selectivity and a lower CO2 permeability than 6FDA-

DAM. [4] 

2.2 Experimental Section 

2.2.1 Synthesis of MOF crystals 

NH2-MIL-53(Al) sub-micrometer particles were synthesized according to a protocol reported 

earlier.[55] 1.5 g 2-amino-terepththalic acid (8.28 mmol, Sigma Aldrich, 99 %) and 1.97 g 

AlCl3·6H2O (8.43 mmol, Sigma Aldrich, ≥ 99.0 %) were dissolved in a solution containing 18 mL 

deionized water and 2 mL N,N-dimethylformamide (DMF, Sigma Aldrich, >99.9%). Afterwards, 
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the solution was transferred to a Teflon-lined autoclave and heated at 423 K for 5 h in an oven 

under static conditions. After cooling, the resulting yellow powders were filtered under vacuum 

and washed with acetone. Subsequently, the powders were thoroughly activated in DMF at 423 K 

and methanol at 443 K for 15 h. Then, the powders were washed with acetone and dried at 393 

K. 

MIL-69(Al) submicrometer particles were synthesized under reflux for 5 h. 0.43 g 2,6-

Naphthalenedicarboxylic acid (2 mmol, Alfa Aesar), 0.19 g NaOH (4.75 mmol, Acros organic, 

extra pur) and 1.50 g Al(NO3)3·9H2O (4 mmol, Carlo Erba, 99+%) were dissolved in a 10 mL DMF 

(Carlo Erba, pur) and 10 mL H2O. The reaction mixture was stirred under reflux for 5 h. The 

resulting product was filtered and washed with 30 mL DMF at 323 K under stirring for 5-6 h. 

To synthesize MIL-96(Al), aluminium nitrate nonahydrate (4.5 g, 12 mmol) and trimesic acid 

(2.52 g, 12 mmol) were dissolved in 300 mL of a H2O/DMF (50/50, vol./vol. ) mixture. Acetic acid 

(1.68 mL, 30 mmol) was added and the mixture was heated to reflux for 16 h. The resulting white 

mixture was centrifuged at 14500 rpm for 15 min, and then washed once with deionized water 

(100 ml), one more time with a H2O/EtOH (50/50, vol./vol.) mixture (100 mL) and finally with EtOH 

(100 mL). The white powder was dried at room temperature and pure MIL-96(Al) particles were 

obtained. 

Synthesis of ZIF-94 involved dissolving 0.4392 g Zn(CH3COO)2·2H2O (2 mmol) in 20 ml 

methanol and 0.4404 g 4-methyl-5-imidazolecarboxaldehyde (mcim, 4 mmol) in 50 ml THF. After 

the solids were completely dissolved, Zn(CH3COO)2·2H2O-methanol solution was poured slowly 

into the mcim-THF solution. The mixture was continuously stirred for 60 min at room temperature. 

The product was collected by centrifugation and washed with methanol three times before drying 

at room temperature. 

2.2.2 Preparation of mixed-matrix membranes (MMMs) 

Preparation of 6FDA-DAM based MMMs, is based on a previously reported method.[35] 6FDA-

DAM (Mw ~272,000 Da, supplied by Akron) was degassed overnight at 453 K under vacuum. 

0.40 g dried polymer was dissolved in 3.0 mL tetrahydrofuran (THF, Sigma Aldrich, ≥ 99.99 %). 

Then, 0.13 g of MOF crystals were suspended in 1.5 mL THF by ultrasonication and stirring. To 

attain better MOF and polymer interaction, firstly, a 10 % of the dissolved polymer was added to 

the MOF solution and the suspension was further stirred for 2 h (priming). Subsequently, the 

remaining amount of polymer solution was added to the MOF suspension and stirred overnight. 

The solution was poured on a glass plate and casted by Doctor Blade with a gap of 80 µm. Then, 

the membrane was covered with a top-drilled box and dried overnight under THF-saturated 

atmosphere at ambient temperature. Finally, the dried membranes were peeled off and treated 

under vacuum at 433 K for 24 h. 
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For the preparation of Pebax based MMMs, 0.18 g Pebax 1657 (supplied by Arkema) was 

dissolved in 3.0 ml water/ethanol (30/70 wt./wt.) mixture at 80 oC under reflux (2h) to achieve a 

polymeric solution. Then, 0.06 g MOF was added to 1.5 ml water/ethanol (30/70 wt./wt.), 

ultrasonicated and stirred. A similar procedure as described above was used for the casting of 

the membranes. Finally, the membranes were dried overnight in a top-drilled box in solvent 

saturated atmosphere, and then, treated under vacuum at 353 K for 24 h. 

The MOF content in the above MMMs (WMOF/(WMOF+Wpolymer)) was 25 wt. % in all cases. As a 

reference, membranes based on the neat polymers were also prepared following an identical 

procedure. The thickness of all the membranes is around 30-40 μm, according to the 

measurements performed with a digital micrometer (Mitutoyo) at different locations within each 

membrane and then averaged. 

2.3 Characterization 

XRD patterns of MOF powders and the membranes were acquired in a Bruker-D8 Advance 

diffractometer using Co-Kα radiation (λ = 1.78897Å, 40 KV, 30 mA). The 2θ range (5-60°) was 

scanned using a step size of 0.02° and a scan speed of 0.2 s per step in a continuous scanning 

mode. 

N2 and CO2 adsorption isotherms of MOFs and membranes were recorded in a Tristar II 3020 

(Micromeritics) setup at 77 K and 295 K, respectively. Prior to the measurements, at least 100 mg 

of each sample (powder or membrane) were degassed at 423 K under vacuum for 16 h and used 

for adsorption measurements. The adsorption capacity of the MOF and membranes were 

acquired based on relative pressure and converted to absolute pressure (bar). 

Scanning electron microscopy (SEM) experiments were performed in a Dual Beam Strata 235 

(FEI) and AURIGA Compact (Zeiss) microscopes with a secondary electron detector operated at 

5 kV. The membrane specimens were prepared by freeze-fracturing after immersion in liquid N2 

and coated with gold. 

The TEM samples were prepared by applying a few drops of MOF dispersed in ethanol on a 

carbon-coated copper grid. TEM analysis was carried out in JEOL JEM-2010 microscope 

operated at 200 kV. An X-ray OXFORD detector, INCA energy TEM 100 model for microanalysis 

(EDS) and a bottom-mounted GATAN ORIUS SC600 imaging camera are equipped in the 

machine. Micrograph acquisition was performed with GATAN Digital Micrograph 1.80.70 

software. By using TEM images, around 50 particles were selected and measured by Image J 

software to calculate the average particle size. 
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2.3.1 Gas permeation experiments 

The CO2/N2 separation measurements were carried out in a home-made setup described 

elsewhere.[20] The membranes, with constant area (3.14 cm2), were cut from the casted films 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. All the evaluated membranes were in their fresh 

stage without aging. The permeation module was placed inside an oven, where the temperature 

was set to 298 K. A flow mixture (133 ml·min-1, STP) of CO2 (15 mol.%) and N2 (85 mol.%) was 

applied as feed and helium (5 ml·min-1, STP) as a sweep gas. The feed pressure was adjusted to 

2 bar absolute using a back-pressure controller at the retentate side while the permeate side was 

kept at atmospheric pressure (1 bar) for all measurements. The permeation results of the 

membranes were recorded after stabilization overnight to ensure steady state permeation. 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. 

Single gas CO2 permeation tests were conducted at 295 K and 1 bar absolute feed pressure. Gas 

separation performance is defined by the selectivity (α) or separation factor, and the gas 

permeability (P) of the individual components. The permeability for the component i (Pi) was 

calculated as follows (Equation 1): 

i
i
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F
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p A



 

        (1) 

where Fi denotes the molar flow rate of compound i, δ is the thickness of the membrane, ∆pi is 

the partial pressure difference of i across the membrane, and A is the membrane area. Although 

the SI unit for the permeability is mol·s-1·m·m-2·Pa-1, gas permeabilities are reported in Barrer, 

where 1 Barrer = 3.35 x 10-16 mol·s -1·m·m-2·Pa-1. The mixed gas selectivity (α) of CO2 over N2 

was defined as the ratio of their permeabilities (Equation 2):  
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The solubility (SCO2) of CO2 in the membranes (at 1 bar) was quantified from gas sorption 

measurements up to 1.2 bar at 295 K. The mmol/g unit was conversed to cm3/cm3·cmHg by 

applying the densities of MOFs and polymers (Table. S2) to calculate the density of MMMs based 

on 25 wt. % of MOF loading. The diffusivity (DCO2) (at 1 bar) of CO2 is calculated from the 

permeability and solubility (Equation 3): 
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2.4 Results and Discussion 

2.4.1 MOF characterization 

To get comparable results, the size of all synthesized MOF particles is in the sub-

micrometer range (Figure 2.4). NH2-MIL-53(Al) displays diamond- and rod-shapes with 

average particle size of 500 ± 90 nm. MIL-69(Al) adopts the shape of platelets (450 ± 90 

nm), while MIL-96(Al) and ZIF-94 particles are of spherical shape (150 ± 90 and 300 ± 90 

nm, in size, respectively). XRD patterns demonstrate the absence of additional phases for 

all four samples (Figure 2.3 & Table 2.1). The surface area and porosity of the MOF materials 

were assessed by measuring the N2 adsorption isotherms at 77 K (Figure 2.5). The adsorption 

isotherms for the MOFs can be categorized as Type I, which confirms their permanent micro-

porosity. According to the IUPAC classification, N2 adsorption isotherms of all MOFs (except NH2-

MIL-53(Al)) are based on type I which is representative of microporous solid having mainly 

narrow micropores (pore width ≤ 1 nm). The steep uptake at very low pressure is due to strong 

adsorbent-adsorptive interaction which resulted in micropores filling at low pressure (micropores 

of molecular dimension). In case of the NH2-MIL-53(Al), the isotherm is following the type III of 

IUPAC classification which is related to very weak adsorbent-adsorptive interaction and therefore, 

no significant monolayer formation. In this case the adsorbed molecules transform to cluster 

around the most favourable site of the solid. The BET analysis depicts that MIL-96(Al) has the 

highest surface area (Table 2.2), followed by ZIF-94 and MIL-69(Al). The BET areas of MIL-

96(Al) and ZIF-94 are in line with previous studies. [51, 52] As previously reported, NH2-MIL-53(Al) 

displays hardly any uptake of N2 at 77 K in its np configuration. [59] The pores of NH2-MIL-53(Al) 

start to open when P reaches a value of approximately 0.3 bar. Moreover, the N2 desorption 

branch shows a pronounced hysteresis. Therefore, no BET area is given for this MOF. 

Adsorption properties are usually critical in determining membrane performance. For this 

reason, we measured CO2 adsorption isotherms on all MOF samples, which display a 

large CO2 capacity at moderate pressures (Figure 2.6 and Table 2.2). 

2.4.2 MMM characterization 

In order to benefit from the incorporation of MOF crystals in the polymeric matrix, membranes 

with a relatively high filler loading (25 wt. %) were prepared in this work. The SEM images in 

Figure 2.7 illustrate a good dispersion of the fillers independently of the MOF used. Differences in 

morphology can be appreciated when comparing 6FDA-DAM (Figure 2.7a, c, e and g), and 

Pebax membranes (Figure 2.7b, d, f and h), although this effect could be attributed to the more 

rigid nature of 6FDA-DAM, the formation of such cavities during cryo-fracturing of these 

membranes cannot be discarded.   
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Table 2.2 BET area, pore volume, CO2 uptake (@ 295 K, 1.0 bar), shape and size of the MOFs 

studied. 

MOF 
SBET 

(m2/g) 
Vmicro 

 (cm3/g) 

CO2 uptake

(mmol / g) 
Shape 

Particle size
    (nm) 

NH2-MIL-53(Al) - - 1.6 Diamond 500 ± 90 

MIL-69(Al) 275 0.09 1.5 Platelet 450 ± 90 

MIL-96(Al) 670 0.24 3.5 Sphere 150 ± 90 

ZIF-94 545 0.20 2.3 Sphere 300 ± 90 
 

 

Figure 2.5 N2 (77 K) adsorption (solid symbols) and desorption isotherms (open symbols) for the MOF 

materials. The absolute pressure was transferred from the relative pressure. 

 

Figure 2.6 CO2 (295K) adsorption (solid symbols) and desorption isotherms (open symbols) for the MOF 

materials. 
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As already anticipated above, XRD patterns of the pure MOFs (Figure. 2.3), demonstrate the 

absence of other phases and are in good agreement with the simulated diffraction patterns for 

each MOF. [47, 50, 52, 60] The as-synthesized sub-micrometre NH2-MIL-53(Al) powders display the 

expected narrow pore configuration (Figure 2.8a and Figure 2.8a).[58] In MIL-69(Al) the narrow 

and large pore configuration seem to co-exist (Figure 2.3). 6FDA-DAM is fully amorphous with a 

broad diffraction peak between 12-23 o (Figure 2.8), while Pebax shows a certain degree of 

crystallinity, as previously reported (Figure 2.9).[61] XRD patterns of the composites demonstrate 

that the crystalline structure of the MOFs was well retained upon MMM preparation.  

It should be noted that pore expansion of NH2-MIL-53(Al) occurs in the presence of Pebax 

(Figure 2.9a), suggesting polymer penetration in the MOF porosity.[34] 

Figure 2.10 shows the CO2 adsorption and desorption isotherms of MMMs with 6FDA-DAM as 

the continuous phase. All adsorption isotherms can be described as a linear combination (taking 

into account the ratio in the MMM) of the isotherms of their components (MOF and polymer), 

demonstrating that neither the MOF porosity nor the one related to the polymer are compromised 

upon membrane preparation.  

The low free volume of Pebax is clearly exemplified in its corresponding CO2 adsorption 

(Figure 2.11).[61] In this case, the calculated adsorption isotherms for the MMMs based on Pebax 

do not correspond with the experimentally measured data, except for MIL-69(Al) MMM. A similar 

effect was earlier observed for MOF containing silicone rubber based MMMs [41] and can be 

attributed to the partial blocking of the MOF fillers by polymer penetration, except for MIL-69(Al) 

in view of its narrower window size. [47] The increased contribution of the larger pore size in the 

MMM may be due to a solvent effect. 

2.4 Gas permeation 

The CO2/N2 (15/85, mol/mol) mixed gas permeation results of the neat polymeric membranes 

and MMMs were evaluated at 2 bar absolute and 298 K, and compared with the pure gas CO2 

permeation at 1 bar absolute displayed in Figure 2.12.  
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Figure 2.7 Cross sectional SEM images of MOF-6FDA-DAM (left column) and MOF-Pebax membranes 

(right column), both with 25 wt. % filler loadings. The embedded MOF particles in these MMMs are NH2-

MIL-53(Al) (a, b), MIL-69(Al) (c, d), MIL-96(Al) (e, f) and ZIF-94 (g, h). The membrane specimens were 

prepared by cryo-fracturing after immersion in liquid N2 and coated with gold. 
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The CO2 permeabilities of the 6FDA-DAM membranes for the mixed gas are higher than for 

the pure gas feed experiments. The CO2 pressure in the latter is higher, approaching a more 

saturated membrane and a lower apparent permeability, while the molar permeation flow through 

the membrane is higher. In the case of Pebax, this difference between the mixed gas and pure 

gas permeability is nearly absent, apart from MIL-69, so the diffusivity in the polymer phase will 

be the major controlling variable for these membranes. Although the relationship of Eq. (3) is 

therefore approximate, it helps interpreting the observations. The CO2 solubility and diffusivity 

values are calculated in single gas (1.0 bar, Figure 2.12b and 2.12d) and mixed gas experiments 

(0.3 bar CO2 partial pressure, Figure 2.13). Comparing these two cases, both the CO2 solubility 

and diffusivity follow the same trend upon implanting various MOF fillers. 

The CO2 permeability of the bare 6FDA-DAM membranes was ca. 780 Barrer with a CO2/N2 

mixture selectivity of 24 (Figure 2.12a). After addition of NH2-MIL-53(Al), MIL-96(Al) and ZIF-94, 

the CO2 permeability was enhanced (~35%, ~32% and ~42%, respectively) (Figure 2.12a) in 

virtue of the improved CO2 solubility (Figure 2.12b and Figure 2.14a). The CO2 diffusivity had 

hardly changed, with ZIF-94 as exception due to its 3D pore structure. The CO2/N2 selectivity is 

slightly increased, the most for MIL-69(Al). Although this MOF possesses similar diamond-

shaped 1D channels as NH2-MIL-53(Al), they are smaller in size,[47] explaining the higher 

selectivity, but lower permeability. 

In comparison with neat 6FDA-DAM membranes, the bare Pebax membranes exhibit a higher 

CO2/N2 selectivity (~57) and lower CO2 permeability (~44 Barrer) (Figure 2.13a). Due to the 

increased CO2 solubility (Figure 2.13b and Figure 2.14b), the CO2 permeability of MIL-96(Al) and 

ZIF-94 based MMMs was improved (around 25% and 33%, respectively) together with a slight 

improvement in selectivity (Figure 2.13a). Interpreting the results in terms of Eq. (3) suggests that 

the CO2 diffusivity dropped sharply upon incorporation of MOF fillers (Figure 2.13b and Figure 

2.14b). This effect can be attributed to the partial blocking of the fillers or even penetration of the 

flexible Pebax chains (polyether segments) into the MOF pores. Also, the interaction between 

filler and polymer matrix may disturb the packing and rotation mobility of the polymeric chains, 

thus influencing its overall diffusion properties. No obvious performance enhancement in terms of 

CO2 permeability was observed for the addition of MIL-69(Al) although its CO2 solubility was 

boosted. This did result in an increase in selectivity attributed to the narrow pores of this MOF. 

Furthermore, the reduced CO2 permeability of the NH2-MIL-53(Al)-Pebax membranes is a clear 

effect of polymer penetration. 
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Figure 2.8 The XRD patterns of the MOF fillers, neat 6FDA-DAM membranes and MMMs.The simulated XRD 

patterns of NH2-MIL-53(Al) (lp and np forms) are shown for reference. 

 

Figure 2.9 The XRD patterns of the MOF fillers, neat Pebax membranes and MMMs. The simulated XRD 

patterns of NH2-MIL-53(Al) (lp and np forms) are shown for reference. 
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Figure 2.10 Experimental CO2 adsorption (solid symbols) and desorption (open symbols) isotherms of 

MOF fillers, neat 6FDA-DAM membrane and MMMs with filler loadings of 25 wt. % at 295 K. The calculated 

adsorption isotherms of MMMs are shown for comparison. 

 

Figure 2.11 Experimental CO2 adsorption (solid symbols) and desorption (open symbols) isotherms of 

MOF fillers, neat Pebax membrane and MMMs with filler loadings of 25 wt. % at 295 K. The calculated 

adsorption isotherms of MMMs are shown for comparison. 
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Figure 2.12 CO2 / N2 mixed gas separation performance of 6FDA-DAM based membranes at 298 K and 2 

bar absolute feed pressure (a). Single gas CO2 permeability, solubility and diffusivity of 6FDA-DAM based 

membranes at 295 K and 1 bar absolute feed pressure (b). Error bars correspond to standard deviation of 

duplicate membranes. 
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Figure 2.13 CO2 / N2 mixed gas separation performance of Pebax 1657 based membranes at 298 K and 2 

bar absolute feed pressure (a). Single gas CO2 permeability, solubility and diffusivity of Pebax 1657 based 

membranes at 295 K and 1 bar absolute feed pressure (b). Error bars correspond to standard deviation of 

duplicate membranes. 
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Figure 2.14. Single gas CO2 permeability, solubility and diffusivity of 6FDA-DAM (a) and Pebax 1657 (b) 

based membranes at 295 K and 0.3 bar absolute feed pressure.  

In order to benchmark and to give a more general overview of membrane performance, the 

most relevant permeation data are plotted in Figure 2.14 along with the Robeson upper bound 

(CO2/N2, 2008).[9] Addition of the nonflexible, small pore 1D MOF MIL-69 results for both 

polymers in a slight increase in selectivity at almost constant permeability. In case of NH2-MIL-53, 
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with a similar topology but a flexible structure, interaction with the polymer results either in a 

decrease in permeability (Pebax) attributed to polymer penetration into the MOF structure or in an 

increase in permeability (6FDA-DAM) with hardly any improvement in selectivity, most likely 

related to a partial opening of the structure by the solvent upon membrane preparation.[60] 

Addition of the narrow pore, rigid, 2D-porous MIL-96 increases both permeability and selectivity 

for the two polymers. Finally, the 3D-porous ZIF-94 filler displays the largest increase in 

permeability for both polymers with a slight increase in selectivity only when Pebax is used as 

continuous phase. These results suggest that the MOF topology, dimensionality of porosity and 

interaction with the continuous polymer phase play key roles in determining membrane 

performance. The improved selectivity along with permeability (except for NH2-MIL-53(Al)-Pebax) 

moves the MMM performance closer to the upper bound limit. 

2.5 Conclusions 

Mixed matrix membranes (MMMs) composed of diverse MOF fillers (NH2-MIL-53(Al), MIL-

69(Al), MIL-96(Al) and ZIF-94, 25 wt.% loading) and typical polymers (6FDA-DAM and Pebax) 

were developed for CO2/N2 separation. The large adsorption capacity of MOF fillers under 

moderate pressure and high porosity endows the 6FDA-DAM based MMMs with enhanced gas 

solubility and, consequently, an improved CO2 permeability (~ 35%, 32% and 42% for NH2-MIL-

53(Al), MIL-96(Al) and ZIF-94, respectively, relative to ~780 Barrer for neat 6FDA-DAM) was 

observed together with a slightly increased selectivity. In the case of Pebax based MMMs, the 

CO2 permeability of MIL-96(Al) and ZIF-94 based MMMs was boosted (~ 25% and 33%, 

respectively; ~44 Barrer for neat Pebax) along with a slight enhancement of selectivity because of 

the improved CO2 solubility. The MMM performance are very close to the Robeson upper bound 

limit (2008, CO2/N2). The different topology of the MOF fillers, especially regarding their pore 

dimensionality, is responsible for the various performance modifications, although MOF-polymer 

interactions play another key role. 
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Figure 2.14. Robeson plot of CO2 / N2 separation performance of MOF-MMMs and neat 6FDA-DAM and 

Pebax membranes at 298 K and 2 bar absolute feed pressure (mixed gases). The insets are the enlarged 

views of thecorresponding membrane performance beneath. The Robeson upper bound (2008) is shown 

for reference. The loading of MOFs in all the MMMs is 25 wt. %. 
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Application of Engineered MOF Crystals to 
Mixed-Matrix Membranes: Impact of the Filler 
Morphology on the Gas Separation Performance 

 

Abstract: Mixed-matrix membranes (MMMs) comprising NH2-MIL-53(Al) and Matrimid® or 6FDA-

DAM have been investigated. NH2-MIL-53(Al) with three different morphologies: nanoparticles, 

nanorods and microneedles have been dispersed in Matrimid®. The synthesized membranes have 

been tested in the separation of CO2 from CH4 in an equimolar mixture. At 3 bar and 298 K for 8 

wt% MOF loading, incorporation of NH2-MIL-53(Al) nanoparticles, leading to the largest 

improvement compared to nanorods and microneedles. The incorporation of the best performing 

filler, i.e. NH2-MIL-53(Al) nanoparticles, to the highly permeable 6FDA-DAM has a larger effect, 

leading to a performance very close to the Robeson limit of 2008. Furthermore, a new non-

destructive technique based on Raman spectroscopy mapping is introduced to assess the 

homogeneity of the filler dispersion in the polymer matrix. The MOF contribution can be calculated 

by modelling the spectra. The determined homogeneity of the MOF filler distribution in the polymer 

 is confirmed by FIB-SEM analysis.



SEM cross-section image of MMM comprising rod-shape NH2-MIL-53(Al) 
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3.1 Introduction 

CO2 is one of the most abundant contaminants in fuel gases such as natural gas and biogas. 

Its removal by gas upgrading is often necessary, not only to avoid releasing CO2 to the 

atmosphere but also to increase fuels heating value and to prevent pipe corrosion.[1] Nowadays, 

liquid-phase absorption is the most applied technology for CO2 capture.[2] In particular, the 

majority of the commercial large-scale absorption processes employ amine-based solutions, such 

as mono- and triethanolamine or Selexol® (a glycol-based solvent) and Rectisol® (refrigerated 

methanol) in case of high concentrations of CO2. .
[3] However, this technology presents a large 

energy penalty, since the need to heat and cool the recirculating fluids requires careful, well-

monitored, expensive operating procedures. Furthermore, the degradation of the amine 

absorbent leads to corrosive mixtures. In this sense, alternative technologies such as selective 

adsorption or membrane separation may become more attractive.[4] 

Membrane technology for gas separation is a promising method in both economic and energy 

saving terms.[5] In contrast to conventional technologies, such as cryogenic distillation or 

absorption processes, gas separation membranes do not involve a phase transition, thus being 

more energy efficient. Furthermore, gas separation membrane units lack of mechanical 

complexity, are safer and environmentally friendly and have, in general, smaller footprints than 

other types of plants like amine stripping.[6] 

While ceramic or inorganic membranes may have applications in special cases due to their 

good permselectivity and high thermal and chemical stabilities, the vast majority of commercial 

gas separation membrane systems are based on polymers because of their easy processability 

and low cost.[7] However, for different gas pairs, polymeric membranes are known to have a well-

established empirical trade-off between permeability and selectivity, which was quantified by 

Robeson initially in 1991 and then updated in 2008.[8, 9] Therefore, during the last few decades, 

several approaches have been followed to boost the performance of polymeric membranes. One 

promising approach is fabricating the so-called mixed matrix membranes (MMMs), which consists 

of a composite comprising two phases: a polymer matrix and a dispersed phase.[10, 11] The first 

MMMs were prepared using conventional fillers such as zeolites, carbon molecular sieves and 

silicas. However, over the last few years new materials have been incorporated, such as carbon 

nanotubes, clay-type layered silicates, metal organic frameworks (MOFs) or graphene.[11, 12] 

Metal-organic frameworks (MOFs) are porous crystalline coordination compounds, extending 

in one, two or three dimensions, composed of metal atoms or clusters linked by organic 

ligands.[13] Next to a high surface area and pore volume,[14] their chemical functionality can be 

fine-tuned by different pre- and post-synthetic approaches; thus, enabling to specifically tailor 

MOF properties according to the different applications.[15] These properties, together with the 

flexibility of some structures upon external stimuli,[16] make MOFs ideal for their application in 
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different fields, from gas separation and storage to molecular sensing, catalysis and medical 

applications.[17, 18] When it comes to MMMs, MOFs have important advantages compared to other 

fillers.[18, 19] One of the main problems of zeolite-based MMMs is that they commonly suffer from 

poor polymer-filler compatibility, leading to the formation of defective membranes with non-

selective voids at the polymer-filler interface.[20] In this sense, the use of MOFs as fillers might 

result in a breakthrough in the MMM field, since their partially organic nature provides an 

enhanced polymer-filler adhesion, preventing the resulting membranes to underperform.[21, 22] 

Although MOF-based MMMs have experienced an exponential growth during the last years, 

few studies have been devoted to the study of the effect of the particle size and morphology on 

the membrane separation performance. Ge et al. compared the performance of MMMs 

comprising CuBTC with different sizes and poly(2,6-dimethyl-1,4-phenylene oxide) as polymer 

matrix. Smaller crystals (6 µm) were obtained by post-synthetic ultrasonic treatment and showed 

a better dispersion and interaction with the polymer than large CuBTC crystals (50 µm), giving 

rise to an improved separation performance.[23] Furthermore, Nordin et al. synthesized MMMs via 

phase inversion by dispersing ZIF-8 particles of different sizes (100, 300 and 500 nm) in 

polysulfone. Although the majority of the MMMs showed a decrease in selectivity compared to 

the bare polysulfone, the incorporation of ZIF-8 with the smallest size led to a 47 % improvement 

in the CO2/CH4 selectivity.[24] However, even though the incorporation of MOF nanoparticles into 

different polymers has led to outstanding results in the separation of different gas mixtures such 

as H2/CO2,
[25] CO2/CH4

[22, 26] and CO2/N2,
[27] they are often difficult to disperse, complicating their 

incorporation within a polymer matrix.[28] In this spirit, we have recently reported the first study on 

the effect of the particle morphology on the MMMs’ microstructure and performance. While bulk 

CuBDC crystals led to defective membranes with selectivities lower than those of the bare 

polymer, the dispersion of CuBDC nanosheets in the polymer gave rise to an enhancement of the 

CO2/CH4 selectivity from 60 for the neat polymer to 80 for 8 wt% MOF loading.[29] This behavior 

was attributed to the superior occupation and more uniform distribution of the filler in the 

membrane cross-section if nanosheets are used, showing that in the preparation of MMMs the 

particle morphology plays a key role. 

 NH2-MIL-53(Al) is one of the most studied fillers in the preparation of MMMs together with 

ZIF-8, HKUST-1 and MIL-53 and it has been dispersed in different polymers, such as PSF,[30-33] 

6FDA-based polyimides,[34-36] Matrimid®,[31, 32] poly(4 methyl-1-pentyne)[37] and poly(vinylidene 

fluoride). This MOF has been reported to display outstanding selectivities in the separation of 

CO2 from equimolar mixtures of CO2 and CH4, being a good candidate for the preparation of 

MMMs.[38] Furthermore, MOFs functionalized with amino groups lead in general to good 

interaction with different polymer matrices, preventing the formation of voids at the filler-polymer 

interface, and thus, the fabrication of defective membranes.[35, 38] Herein, we study the effect of 

the NH2-MIL-53(Al) crystal morphology on the MMMs microstructure and gas separation 
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performance for the first time. To this end, NH2-MIL-53(Al) with three different crystal 

morphologies have been synthesized (nanoparticles, nanorods and microneedles) and used as 

fillers in the polyimide Matrimid®. The resulting membranes have been tested for CO2/CH4 

separation and the influence of the MOF loading, crystal morphology and trans-membrane 

pressure difference on the membrane permeability and selectivity has been assessed. 

Furthermore, the best performing filler, i.e. NH2-MIL-53(Al) nanoparticles, was also used as 

dispersed phase in a second polymer matrix, the highly permeable polyimide 6FDA-DAM. With 

this approach, membranes surpassing the Robeson limit of 1991, and being close to that of 2008, 

could be obtained upon 20 wt% MOF nanoparticles loading. 

3.2 Experimental Section 

3.2.1 Synthesis of NH2-MIL-53(Al) nanoparticles  

NH2-MIL-53(Al) nanoparticles were synthesized under reflux conditions. In a typical synthesis, 

1.902 g 2-aminoterephthalic acid (10.50 mmol, Sigma Aldrich, 99 %) was dissolved in 10.5 ml 2 

M NaOH aqueous solution at room temperature. Then, 3.935 g AlCl3·6H2O (16.30 mmol, Sigma 

Aldrich, ≥ 99.0 %) was added to a separated vial and both volumes were increased to a total of 

7.5 ml by addition of distilled water. The reactants were mixed and treated at reflux temperature 

for 3 days without stirring. The resulting yellow powders were filtered under vacuum and activated 

to remove organic species trapped within the pores with N,N-dimethylformamide (DMF, Sigma 

Aldrich, > 99.8 %) at 403 K, and subsequently with methanol under reflux, overnight. Finally, the 

powder was thoroughly washed twice with ethanol and dried at 373 K under vacuum. 

3.2.2 Synthesis of NH2-MIL-53(Al) nanorods 

NH2-MIL-53(Al) nanorods were synthesized according to the method reported by Chin et al.[39] 

Two different solutions were prepared separately in 15.6 ml deionized water: 0.589 g 2-

aminoterephthalic acid (3.25 mmol, Sigma Aldrich, 99 %) together with 0.898 g sodium acetate 

(10.95 mmol, Sigma Aldrich, 99 %), giving rise to a pale yellow solution, and 0.821 g 

Al(NO3)3·9H2O (2.20 mmol, Fluka, 98 %). Both solutions were mixed in a Teflon®-lined autoclave 

and the synthesis solution was treated at 393 K for 3 days in an oven under static conditions. The 

resulting powder was washed with acetone and centrifuged at 6000 rpm for 10 min. To efficiently 

eliminate the remaining linker occluded in the pores of the MOF, the solid was consecutively re-

suspended in 30 ml N,N-dimethylformamide (DMF) and 30 ml methanol and treated at 403 K and 

363 K overnight, respectively. Finally, the powder was centrifuged at 6000 rpm for 10 min, 

thoroughly washed twice with ethanol and dried at 353 K under vacuum. 

 



 

 

58  Chapter 3 

3.2.3 Synthesis of NH2-MIL-53(Al) microneedles 

To synthesize NH2-MIL-53(Al) microneedles the method reported by Chin et al.[39] was 

followed. Two different solutions were prepared in 15 ml DMF: 0.565 g 2-aminoterephthalic acid 

(3.12 mmol, Sigma Aldrich, 99 %) together with 3.783 g acetic acid (63 mmol, Sigma Aldrich, 

99 %), giving rise to a pale yellow solution, and 0.788 g Al(NO3)3·9H2O. Both solutions were 

mixed in a Teflon®-lined autoclave. The synthesis solution was then treated at 393 K for 3 days in 

an oven under static conditions. The washing and drying procedure was the same as for the 

nanorods. 

3.2.4 6FDA-DAM polyimide synthesis 

The monomers used for the polyimide synthesis –4,4’-(hexafluoroisopropylidene) diphthalic 

anhydride (6FDA, Sigma Aldrich, 99 %) and 2,4,6-trimethyl-m-phenylenediamine (DAM, Sigma 

Aldrich, 96 %) were purified by sublimation prior to their use. Besides, dimethylacetamide (DMAc, 

Acros Organics, 99.5 %), acetic anhydride and triethylamine (TEA, Sigma Aldrich, > 99 %) were 

used as received. 

To synthesize the polyimide, a two-step procedure was followed. In the first step the diamine 

(1.5022 g, 10 mmol) was dissolved in DMAc (8 mL) in a moisture free flask under Ar atmosphere 

and 6FDA (4.4424 g, 10 mmol) was added in small portions together with another 8 mL of DMAc. 

Then, the mixture was stirred overnight and polyamic acid (PAA) was formed. In the second step 

PAA was chemically imidized using an equimolar, three-fold excess (based on the total amount of 

diamine monomers) of triethylamine/acetic anhydride mixture, and the mixture was heated up to 

393 K for 30 min. After cooling, the polymer was precipitated in a 1:1 volume mixture of ethanol 

and distilled water, milled and washed with ethanol. The molecular weight of the synthesized 

polymer, as measured by gel permeation chromatography, was Mw = 123000 g/mol and Mn = 

68000 g/mol. 

3.2.5 Preparation of mixed-matrix membranes (MMMs) 

Two different polyimides were used as polymeric matrices in the MMMs: Matrimid® 5218 

(supplied by Huntsman Advanced Materials, Mw ≈ 80000 g/mol and Mn ≈ 11000 g/mol) and 

6FDA-DAM (vide supra). Prior to the membranes synthesis, the polymers were degassed 

overnight at 453 K under vacuum in order to remove the adsorbed moisture. To prepare the 

MMMs, 0.4 g dried polymer was dissolved in 2.5 ml tetrahydrofuran (THF) and, in the case of 

6FDA-DAM-based MMMs, the polymer solution was filtered through a syringe filter (PTFE 

membrane, 0.45 µm pore size). Then, MOF crystals were suspended in 1.55 ml THF under 

ultrasonication for 60 min. To this suspension, 10 % of the dissolved polymer amount was added 
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and the suspension further stirred for 4 h (priming). After that, the rest of the polymer solution was 

added to the MOF suspension and stirred overnight. The solvent/filler-polymer weight ratio was of 

90/10 in all cases. The MOF content in this synthesis suspension was adjusted to achieve final 

desired MOF loadings in the resulting membranes. For comparison, membranes based on the 

neat polymers were also prepared following an identical procedure, but without MOF 

incorporation. The casting suspension was poured on the glass slide of a Doctor Blade setup to 

cast the membrane with 75 µm thickness. After casting, the membranes were covered with a top-

drilled box (30.5 cm length x 15.5 cm height x 23.0 cm width) and dried overnight under THF-

saturated atmosphere at room temperature (RT) by natural convective evaporation. Finally, 

membranes were treated under vacuum at 453 K during 24 h. 

3.2.6 Characterization methods 

XRD patterns of the prepared MOF powder and the membranes were recorded in a Bruker-

D8 Advance diffractometer using Co-Kα radiation (λ = 1.78897Å). The 2θ range of 5–50° was 

scanned using a step size of 0.02° and a scan speed of 0.2 s per step in a continuous scanning 

mode. 

High-pressure adsorption isotherms of CO2 were measured for MOF powder samples with 

different types of morphologies. The CO2 isotherms were determined using the volumetric 

technique with an apparatus from BEL Japan (Belsorp HP) at 273 K. Around 0.2 g NH2-MIL-

53(Al) nanoparticles was placed in the sample container. Before the measurement, the 

adsorbent was pretreated by increasing the temperature to 423 K at a rate of 10 K/min under N2 

flow and maintaining the temperature for 2 h. Furthermore, CO2 isotherms were acquired for 

neat and mixed-matrix membranes. The different samples were first degassed under vacuum at 

200 °C for 16 h and then analyze with a Tristar II 3020 (Micromeritics) apparatus using high 

purity CO2 (Linde, 99.995 %). 

For the TEM analysis the MOF powder samples were prepared by applying a few drops of 

MOF suspensions in ethanol on a carbon coated copper grid and dried. TEM analyses were 

carried out in JEOL JEM-2010 microscope operated at 200 keV. This microscope has an X-ray 

OXFORD detector, INCA energy TEM 100 model for microanalysis (EDS) and a bottom-mounted 

GATAN ORIUS SC600 imaging camera. Micrograph acquisition was performed with GATAN 

DigitalMicrograph 1.80.70 software. As for the MMMs, a portion of the membrane was embedded 

in an EpofixTM cold-setting embedding resin (in volume proportion, 15 parts of embedding resin 

and 2 parts of hardener) and cured for 24 h at room temperature. Afterwards, slices of 100 nm 

thickness were cut using a Leica EMUC7 ultramicrotome and placed on carbon copper. 

Membrane cross-sectional images were taken by transmission electron microscopy (TEM), with a 

Tecnai T20 operating at 200 kV. 
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Prior to the FIB-SEM analyses, the membranes were prepared by freeze-fracturing after 

immersion in liquid N2 and coated with platinum. A trench was milled in the specimen by 

accelerating concentrated gallium ions (30 kV, 0.75 nA) using a Dual Beam 3 Nova 200 FIB. 

Several cross-sections of 15 x 10 µm2 were exposed by FIB milling and individual SEM images of 

the exposed surfaces were recorded. 

DSC measurements were performed using Perkin Elmer DSC 7 equipment to estimate glass 

transition temperature of the neat and MMMs. The scanning range was 25 – 425 °C at a heating 

rate of 10 °C/min under nitrogen atmosphere. Two consecutive runs were performed. A first DSC 

cycle was carried out to remove thermal history and adsorbed water from the samples. After 

cooling, a second cycle was performed following the same procedure. The glass transition 

temperature (Tg) value was taken from the middle point of the slope transition in the DSC curve. 

Membrane thickness (μm), l, was determined using a digital micrometer Mitutoyo, with an 

accuracy of 1 μm. The measurement was performed at least at 10 different locations within each 

membrane and then averaged. 

Raman experiments were conducted on the membranes in a Jobin Yvon Labram 300 confocal 

microscope equipped with a laser at 633 nm and a 1800 lines/mm grating. Alternatively, the 

spectrometer was also used to monitor the interferences of the laser light when passing through 

the membranes. From Equation 1, and by comparison with the measured membrane thickness 

(vide supra), either the membrane thickness or the refractive index of the material was calculated. 

 2 12 A

m

n  



  

          (1) 

Where ∆m is the number of periods between the wavenumbers σ1 and σ2, and nA is the 

refractive index of the material. 

The homogeneity of the membranes for the dispersion of the filler in the polymer was 

estimated from the Raman intensities in the membrane compared to the spectra of the pure 

components. For this, at least 15 measurements were done at several spots (ca. 1 µm2) on both 

sides of the membrane surface. All the spectra of the MMMs were then modeled by combining 

the same reference spectra of the pure MOF and polymer. The spectroscopic contribution of the 

MOF filler in the membrane was calculated using the spectrometer’s software LabSpec 5. The 

numerical value of the calculated ratio was found to vary if different reference spectra were used 

for the modeling. However, for each set of common reference spectra, a similar evolution of the 

average ratios was obtained with the MOF loading. 
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3.2.7 Gas permeation experiments 

Round membrane sheets with an area of 4.15 cm2 were cut from the casted films placed on a 

macro-porous support 316L with 20 µm nominal pore size and mounted in a flange between 

Viton® O-rings. This flange fit in a permeation module was placed inside an oven using the 

permeation setup described elsewhere.[30] The CO2/CH4 separation measurements were carried 

out in a home-made setup employing a 1:1 flow mixture of CO2 and CH4 (50 ml·min-1 of CO2 and 

50 ml·min-1 of CH4) as feed. Helium (3.3 ml·min-1) was used as sweep gas for the permeate 

stream (atmospheric), while the trans-membrane pressure was adjusted in the range of 3-9 bar 

using a back-pressure controller at the retentate side. All the reported gas separation results 

were determined after at least 10 h of operation once the steady performance had been reached 

at each set of experimental conditions during the gas permeation experiments.[21] The 

temperature in the permeation module was 298 K. An on-line gas chromatograph (Interscience 

Compact GC) equipped with a packed Carboxen 1010 PLOT (30 m x 0.32 mm) column and TCD 

and FID detectors was used to periodically analyze the permeate stream. Each membrane was 

fabricated and measured at least two times to ensure the reproducibility of the results. In all 

cases, gas separation performance was evaluated after ensuring steady operation. 

Gas separation performance was defined by the separation factor (α) and the gas permeability 

(P) of the individual components. The permeability for the component i (Pi) was calculated as 

follows (Equation 2): 

i
i

i

F
P

p A



 

         (2) 

Where Fi denotes the molar flow rate of i-compound, l is the thickness of the membrane, ∆pi is 

the partial pressure difference of i across the membrane and A is the membrane area. The SI unit 

for the permeability is mol·s-1·m·m-2·Pa-1. However, gas permeabilities are reported in the widely 

used non-SI unit Barrer, where 1 Barrer = 3.35 x 10-16 mol·s-1·m·m-2·Pa-1. The separation factor or 

mixed gas selectivity (α) was calculated as the ratio of the permeability of the more permeable 

compound, CO2, to the permeability of the less permeable compound, CH4 (Equation 3). 
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3.3 Results and Discussion 

3.3.1 Characterization of NH2-MIL-53(Al) 

NH2-MIL-53(Al) crystals with three different morphologies ('nanoparticles' (NP), 'nanorods' 

(NR) and 'microneedles' (MN)) have been synthesized according to the method reported by Chin 

et al.[39] For comparison purposes, conventional MOF crystals in the submicrometer size range, 

hereafter referred to as submicron crystals, were also synthesized.[40] In order to examine the size 

and shape of the different MOFs crystals, TEM images were acquired. The nanoparticles and the 

nanorods possess the same width (ca. 15 nm) but differ in crystal length (Table 3.1 and Figure 

3.1). While the average length of the nanoparticles is 46 ± 6 nm, the nanorods are 50 % longer 

with lengths of 67 ± 14 nm. As for the microneedles, the measured aspect ratio was one order of 

magnitude higher than for the other morphologies with lengths up to 4 ± 1 µm and widths of 80 ± 

10 nm. 

Figure 3.2 shows the XRD diffraction patterns obtained for the activated particles with different 

morphologies. The simulated XRD patterns for the large pore (lp) and narrow pore (np) NH2-MIL-

53(Al) configurations have also been included for comparison.[41] After activation, the reflections 

of the nanoparticles, nanorods and microneedles are consistent with a mixture of the np and lp 

forms in contrast to the NH2-MIL-53(Al) submicron crystals, whose XRD pattern matches with the 

np form. These results are in agreement with previous findings on flexible MOFs, in which the 

open dried phase is stabilized by crystal downsizing.[42] Indeed, when it comes to high-pressure 

CO2 adsorption, the shape of the isotherm is strongly affected by the particle morphology (see 

Figure 3.3) and just in the case of the microneedles a pronounced step could be observed.[39] 

This step has been commonly attributed to flexible MOFs exhibiting ‘breathing behavior’ or ‘gate 

opening’ upon external stimuli. Particularly, in the case of NH2-MIL-53(Al) this step, taking place 

at ca. 7 bar at 273 K for MOF submicrometer crystals, is related to the breathing of the MOF, 

which changes from the narrow to the large pore configuration.[43] In the case of NH2-MIL-53(Al) 

nanorods and nanoparticles the pressure at which the lp configuration starts forming is shifted 

towards higher pressures compared to the microneedles, the structural transformation taking 

place over a broader pressure range.[42] 

3.3.2 Characterization and permeation results of NH2-MIL-53(Al)-based MMMs 

3.3.2.1 NH2-MIL-53(Al)@Matrimid® MMMs 

Characterization: NH2-MIL-53(Al)@Matrimid® MMMs with two different MOF loadings (8 and 

16 wt%) have been prepared with 3 different crystal morphologies (vide supra) in order to assess 

the influence of the filler morphology and its loading on membrane structure and performance.  
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Figure 3.1 TEM micrographs of a) NH2-MIL-53(Al) nanoparticles, b) NH2-MIL-53(Al) nanorods and c) NH2-

MIL-53(Al) microneedles. The dimensions of the particles can be found in Table 1. 

 
Table 3.1 Dimensions of NH2-MIL-53(Al) nanoparticles, nanorods and microneedles. 

Particles Length Width Aspect ratio 

Nanoparticles 46 ± 6 nm 15 ± 1 nm 3 ± 1 

Nanorods 67 ± 14 nm 15 ± 3 nm 5 ± 1 

Microneedles 4 ± 1 µm 80 ± 10 nm 12 

 

 
 

Figure 3.2 Simulated XRD diffraction patterns for the a) large pore configuration and b) narrow pore 

configuration of NH2-MIL-53(Al), and XRD diffraction patterns of the different NH2-MIL-53(Al) crystals: c) 

submicron crystals synthesized according to the method reported by Ahnfeldt et al.,[40] d) nanoparticles, e) 

nanorods and f) microneedles. 
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The membrane preparation procedure does not affect the crystallinity of the MOF particles in 

the MMM. Moreover, the intensity of the reflections corresponding to the large pore configuration 

is higher for the MMM when compared with the activated MOF powder, in line with the results 

reported by Rodenas et al.[32] This behavior has been ascribed to the partial penetration of the 

polymer chains in the MOF pores during the different steps followed to disperse the filler in the 

polymer solution in order to prepare a homogeneous casting solution.[32] 

In order to assess the filler dispersion on the cross section of the membrane and to evaluate 

the interaction between the continuous and the dispersed phase, SEM and TEM micrographs 

were acquired. Figure 3.5 shows that the distribution of the MOF crystals is homogeneous for the 

8 wt% loading MMMs regardless the particle morphology. Furthermore, the TEM micrographs 

suggest a good interaction between the polymer and the MOF, in agreement with a good affinity 

between the filler and the polymer not only for the nanoparticles, which exhibit the highest surface 

to volume ratio, but also for the nanorods. 

Gas permeation performance: Figure 3.6a depicts the CO2 permeability and the CO2/CH4 

separation factor of the membranes comprising NH2-MIL-53(Al) crystals with different 

morphologies and Matrimid® as a function of the filler loading. The performance of the bare 

polymer has also been included for comparison. The gas separation performance of the MMMs is 

influenced by the morphology of the filler. While the CO2 permeability of the NP-NH2-MIL-

53(Al)@Matrimid® MMMs increases upon 8 wt% loading, it decreases for both NR-NH2-MIL-53 

and MN-NH2-MIL-53 (see Figure 3.6a). We speculate this behavior might be related to a better 

disruption of the polymer chains by the nanoparticles compared to the nanorods and the 

microneedles, providing more free volume in the polymeric matrix. As for the selectivity, at 3 bar 

pressure difference, it remains constant at 8 wt% MOF loading no matter the morphology used, in 

line with the work of Rodenas et al., who tested NH2-MIL-53(Al)@Matrimid® MMMs in the 

separation of CO2 from an equimolar CO2/CH4 at 35 ºC and ∆p = 3 bar and observed that the 

selectivity remained unchanged for MOF loadings up to 15 wt%.[32] 
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Figure 3.3 CO2 adsorption isotherms acquired at 273 K for NH2-MIL-53(Al) MOF crystals with three 

different morphologies, i.e. nanoparticles, nanorods and microneedles. 

 

 
 

Figure 3.4 Simulated XRD diffraction patterns of the a) narrow pore configuration and b) large pore 

configuration of NH2-MIL-53(Al), and powder XRD of c) NH2-MIL-53(Al) nanoparticles and d) of a NP-NH2-

MIL-53(Al)@Matrimid® MMM with 16 wt% MOF loading. 
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Figure 3.5 SEM images of 8 wt% NH2-MIL-53(Al)@Matrimid® MMMs synthesized using the three different 

crystal morphologies: a, b) nanoparticles (NP), c, d) nanorods (NR) and e, f) microneedles (MN). Inset: 

TEM micrographs of a particle embedded in Matrimid® acquired for the b) 8 wt% NP-NH2-MIL-

53(Al)@Matrimid® and d) 8 wt% NR-NH2-MIL-53(Al)@Matrimid® MMMs. 
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Figure 3.6. a) Permeation properties for the CO2/CH4 mixture (1:1) separation at 298 K and ∆p = 3 bar for 

MMMs comprising Matrimid® and NH2-MIL-53(Al) MOF crystals with different morphologies (nanoparticles 

(NP), nanorods (NR) and microneedles (MN)) as a function of the filler loading. Effect of the trans-

membrane pressure different on the b) CO2 permeability and c) CO2/CH4 separation factor of the 16 wt% 

NH2-MIL-53(Al)@Matrimid® MMMs prepared with different filler morphologies. The data are average values 

of at least two membranes and error bars correspond to standard deviation. ▲ Nanorods, ● nanoparticles, 

◊ microneedles and     Matrimid®. 
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Table 3.2 Glass transition temperature (Tg) of different NH2-MIL-53(Al)@ Matrimid® MMMs. 
 

Membrane Tg (°C) 

Bare Matrimid® 324 

8 wt% NP-NH2-MIL-53(Al)@Matrimid® 325 

16 wt% NP-NH2-MIL-53(Al)@Matrimid® 327 

8 wt % NR-NH2-MIL-53(Al)@Matrimid® 324 

 
 
This is in agreement with the general trend in MOF-based MMMs, in which the selectivities 

hardly change upon MOF addition, and with the previous observations of Bae et al. for 

membranes comprising low permeable polymers and highly permeable fillers. Indeed, there is a 

very large difference between CO2 permeabilities reported for pure NH2-MIL-53(Al) membranes 

(ca. 4400 Barrer) and that of the Matrimid® polymer.[22, 38, 44] 

When the MOF loading is increased from 8 up to 16 wt%, the permeability decreases at 

constant or higher separation factors in agreement with reported results on MMMs containing 

NH2-MIL-53(Al) as filler and Matrimid® as continuous phase.[32] This behavior is commonly 

attributed to rigidification of the polymer chains around the filler particles or to the partial blockage 

of the filler pores.[10] Considering the one-dimensional nature of the pores of the MIL-53 topology 

both effects would result in lower permeabilities.[45] However, given the fact that low MOF 

loadings result in higher permeabilities, pore blocking due to polymer penetration into the MOF 

porosity seems to be rather unlikely. On the other hand, the extent of polymer rigidification 

increases with increasing MOF loading, with an increase in the Tg from 324 °C for pure Matrimid® 

to 327 °C for MMMs containing 16 wt% MOF loading  (see Table 3.2), leading to the observed 

lower permeabilities at higher filler content. Interestingly, the extent of this rigidification depends 

on NH2-MIL-53(Al) crystal morphology, being smaller for nanorods than for nanoparticles (see 

Table 3.2). These results further confirm the better contact between nanoparticles and polymer. 

Finally, the influence of the trans-membrane pressure difference (∆p) on the gas separation 

performance was studied for 16 wt% NH2-MIL-53(Al)@Matrimid® MMMs synthesized with the 

three different crystal morphologies. The studied ∆p range lies below the onset of plasticization, 

which for Matrimid® takes place above 12 bar of CO2 at 25 ºC.[46] The decrease in CO2 

permeability of bare Matrimid® (Figure 3.6b) with pressure stems from the decreasing solubility of 

the polymer (gradual saturation of microvoids), following the predicted behaviour of the dual-

mode sorption model.[47, 48] 

In contrast, the NH2-MIL-53-based MMMs show an almost constant permeability at higher 

pressures, as previously observed in literature and usually attributed to the restricted mobility of 

the polymer chains in the presence of a filler.[49] Furthermore, the separation factor remains 

almost constant regardless of the MOF particle morphology. 
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Table 3.3 Physical features of NH2-MIL-53(Al)@6FDA-DAM MMMs. 

Loading 
[wt%] 

Average thickness 
[µm] 

Refractive index, nA
 c

 

[-] 

Micrometer a Raman b

0 36.8 37.5 1.6 

5 35.0 29.3 1.3 

10 39.0 31.8 1.3 

15 41.0 35.3 1.3 

a Membrane thickness determined using a micrometer; 

b Membrane thickness measured using a Raman spectra; 

c nA = 1.544 for the pure 6FDA-DAM polymer.[50] 

 

3.3.2.2 NH2-MIL-53(Al)@6FDA-DAM MMMs 

Characterization: Since a good match between the permeabilities of the continuous and 

dispersed phase has been reported to be of utmost importance in the preparation of MOF-based 

MMMs,[22] another polymer matrix, 6FDA-DAM, with higher CO2 permeability was used with the 

best performing filler, i.e. NH2-MIL-53(Al) nanoparticles. In particular, NP-NH2-MIL-53(Al)@6FDA-

DAM MMMs with four different MOF loadings (5, 10, 15 and 20 wt%) have been prepared. 

The NP-NH2-MIL-53(Al)@6FDA-DAM membranes were ca. 30 µm thick (see Table 4.3) 

according to the measurements performed with a micrometer device, showing no differences at 

several spots. In order to confirm the thickness of these membranes, laser interference 

measurements were performed using a Raman spectrometer. Assuming a constant refractive 

index (nA = 1.544),[50] the thicknesses determined by both methods for the pure 6FDA-DAM 

polymer are consistent. By contrast, the values determined for the MMMs were slightly lower than 

those measured by the micrometer (Table 3.3). This is likely due to a lowering of the refractive 

index in the MMM due to the presence of a porous phase.[50] Based on this the refractive indices 

of the composite membranes can thus be estimated, which turned out to be constant for the 

investigated NP-NH2-MIL-53(Al) loadings, and approximately equal to 1.3. 

Furthermore, the homogeneity of the filler dispersion in the polymer matrix was evaluated by 

the Raman spectra of the membranes. Spectra of the individual components and mixed matrix 

membranes NH2-MIL-53(Al)@6FDA-DAM are shown in Figure 3.7. The MMMs did not show any 

additional absorbance compared to the pure components and the positions of the maxima were 

not significantly perturbed. Therefore, spectra of the MMMs could be modeled by combining the 

spectra of the pure components so that the (spectroscopic) contribution of the MOF filler in the 

membrane could be calculated. In this way comparison of the contributions obtained at different 

spots on the surface (ca. 1 µm2) yields insight in the homogeneity of the membrane (Figure 3.8).  
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Figure 3.7 Raman spectra of bare 6FDA-DAM (labelled as “0 %”), NH2-MIL-53(Al) nanoparticles (labelled 

as “pure MOF”) and NP-NH2-MIL-53(Al)@6FDA-DAM MMMs with different loadings. 

 

The analyses carried out at various positions on the NP-NH2-MIL-53(Al)@6FDA-DAM 

membranes with different MOF loadings showed a rather good compositional homogeneity. 

Despite the small size of the spots analyzed, all three membranes showed only a limited variation 

in the calculated composition. In addition, separate measurements performed on each side of the 

membranes yielded similar results (Figure 3.8). The average values correlated with the nominal 

MOF loading, which confirms that the preparation of these membranes yielded a good dispersion 

of the MOF filler in the polymer. In order to corroborate these results, FIB-SEM (see Figure 3.9) 

micrographs were acquired for the cross sections of NP-NH2-MIL-53@6FDA-DAM MMMs with 5 

and 15 wt% MOF loading before and after FIB milling. In a previous publication we demonstrated 

the potential of this technique for the in depth characterization of complex composites such as 

mixed matrix membranes.[21] The images reveal a good spatial (homogeneous) distribution of the 

filler within the polymer matrix of the 6FDA-DAM-based membranes. Furthermore, the interaction 

between the continuous and dispersed phase is good and no defects could be observed at the 

interface. These results are comparable to those reported by Rodenas et al.,[21] who calculated 

void fractions as small as 0.11 % for 25 wt% MMMs comprising NH2-MIL-53(Al) submicrometer 

crystals in Matrimid®. 
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Figure 3.8 Filler dispersion in the NH2-MIL-53(Al)@6FDA-DAM MMMs evaluated by Raman spectroscopy. 

a) Contribution of NH2-MIL-53(Al) in the modelled spectra at different locations on the membrane surface; 

b) comparison between the calculated spectroscopic ratio of NH2-MIL-53(Al) and the nominal content in the 

membrane. In Figure a), full and empty symbols represent measurements on each side of the membrane; 

dotted lines show the average value for all measurements on each MMM. 

 

 
 

Figure 3.9 SEM micrographs of MMMs comprising NH2-MIL-53(Al) nanoparticles and 6FDA-DAM showing 

a, c) cross section of the membranes prepared by freeze fracturing without FIB milling for 5 and 15 wt% 

MOF loadings; and b, d) cross section of the composite membrane exposed via FIB milling for 5 and 15 

wt% MOF loadings. 
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Figure 3.10 CO2 adsorption isotherms acquired at 273 K, ◊ bare 6FDA-DAM, ○ 8 wt% NP-NH2-MIL-

53(Al)@6FDA-DAM, □ bare Matrimid® and 8 wt% NH2-MIL-53(Al)@ Matrimid® with +NP, ∆NR and MN. 

 
Figure 3.10 shows the gas sorption measurements of CO2 acquired at 273 K for bare 6FDA-

DAM and Matrimid®, 8 wt% NP-NH2-MIL-53(Al)@6FDA-DAM and 8 wt% NH2-MIL-

53(Al)@Matrimid® MMMs. The gas adsorption data confirm that the adsorption in Matrimid® is 

lower than in 6FDA-DAM, further verifying the high free volume and higher adsorption capacity of 

the latter.  Interestingly, the amount of CO2 uptake of both Matrimid® and 6FDA-DAM improved 

upon incorporation of NH2-MIL-53(Al) with different morphologies, pointing to a higher solubility of 

CO2 in the composite membranes. 

Gas permeation performance: Figure 3.11 depicts the influence of the nanoparticle loading 

(wt%) in NP-NH2-MIL-53(Al)@6FDA-DAM MMMs on both the permeability and separation factor. 

Upon increasing the MOF loading from 0 to 20 wt%, the CO2 permeability increased from 360 up 

to 660 Barrer. As mentioned above, the nanoparticles might lead to some disruption of the 

polymer chains. The enhancement of the free volume, when compared to the bare polyimide, 

together with the MOF’s porosity account for the increased flux through the composite. The 

enhanced CO2 permeability can be partly attributed to the higher diffusivity of CO2 through the 

MOF particles.[51] The separation factor remains unchanged for MOF loadings between 0 and 10 

wt% and slightly decreases with further increase in loading, what could indicate that at such 

loadings voids are formed at the interface between polymer and MOF.  

This differs from the constant selectivity reported for NH2-MIL-53(Al)-based MMMs when 

PSF,[30] Matrimid®[32] and 6FDA-ODA[34, 36] are used as continuous matrix, but is similar to the 

published results when other 6FDA-based copolyimides are used instead.[35] Seoane et al. 

showed that depending on the flexibility of the polymers and their functional groups, the affinity 

between the dispersed and the continuous phase can be modified.[35] In this work, the use of the 
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relatively less flexible monomer DAM might account for defects formed at 15 wt% MOF 

loading.[52]  

Moreover, the gas separation performance of the 20 wt% NP-NH2-MIL-53(Al)@6FDA-DAM 

MMM was also determined for the separation of CO2 from N2 in a 15:85 mixture at 298 K and ∆p 

= 1 bar. Under these conditions both the CO2/N2 separation factor and the CO2 permeability were 

slightly increased, from 25 and 715 Barrer for the neat polymer to 26.3 and 737 Barrer upon 20 

wt% MOF loading. As we have previously shown, CO2 adsorbs preferentially over CH4 on NH2-

MIL-53(Al). This is due to the interaction between the amino and the hydroxyl groups within the 

NH2-MIL-53(Al) framework, which stabilizes its narrow pore configuration, further hampering the 

diffusion of CH4 through the MOF channels.[53] 

Figures 3.11b and 3.11c show the performance of bare 6FDA-DAM and NP-NH2-MIL-

53(Al)@6FDA-DAM MMMs at different ∆p. The permeability of the pure 6FDA-DAM and the 

MMMs decreased gradually with increasing ∆p, what can be attributed to the saturation of 

Langmuir sites. Specifically, when the pressure is increased from 3 to 9 bar, the CO2 permeability 

drops by 20 % for both the neat 6FDA-DAM membrane and the NP-NH2-MIL-53(Al)@6FDA-DAM 

MMM with 20 wt% MOF loading, respectively. In contrast, the CH4 permeability remained 

relatively constant, leading to a decrease in selectivity with pressure. Shahid et al.[48] reported that 

as the pressure is increased the permeability of CO2 decreases more than that of CH4 due to the 

saturation of the favorable Langmuir adsorption sites for CO2. CH4 being less affinitive to the neat 

polymer and MOF suffers relatively less change in its permeability. This behavior is similar as for 

zeolite membranes for mixtures of weakly and strongly adsorbing components.[54, 55] 
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Figure 3.11 a) CO2 and CH4 permeation properties measured for a 1:1 CO2/CH4 mixture at 298 K and ∆p = 

3 bar of MMMs comprising 6FDA-DAM and NH2-MIL-53(Al) MOF nanoparticles as a function of the filler 

loading, influence of the trans-membrane pressure difference (∆p = 3, 6 and 9 bar), b) on the CO2 

permeability and c) on the selectivity of the NH2-MIL-53(Al)@6FDA-DAM MMMs as a function of filler 

loading. The data are average values of at least two membranes and error bars correspond to standard 

deviation.  bare 6FDA-DAM and ● 5 wt%, ▲ 10 wt%, ◊ 15 wt% and ■ 20 wt% NH2-MIL-53(Al)@6FDA-

DAM MMMs, respectively. 
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Figure 3.12 Robeson plot for the separation of CO2 from CH4 showing the gas separation performance of 

pure 6FDA-DAM and of the MMMs prepared with 10 and 20 wt% of NH2-MIL-53(Al) nanoparticles 

measured for a 1:1 CO2/CH4 mixture at 298 K and ∆p = 3 bar. Most relevant results reported in literature 

for MOF-based MMMs have also been included for comparison. 

 

Putting the results obtained for the 6FDA-DAM MMMs containing NH2-MIL-53(Al) 

nanoparticles in perspective using the customary Robeson plot (see Figure 3.12), the best results 

reported in this work surpass the Robeson limit of 1991 and are close to the revisited Robeson 

limit of 2008.[9] Note that the Robeson plot is constructed for ideal separation factors (based on 

unary permeation data) at room temperature and that for mixtures these usually deviate in 

positive or negative direction. In comparison with the most relevant results found in literature for 

CO2/CH4 separation by MOF-based MMMs,[38] our membranes place themselves among the best 

performing. This is attributed to the good match between the continuous and the dispersed 

phase, not only in terms in terms of permeability but also in terms of interaction at the interface. A 

proper choice of the MOF functional groups and particle morphology and aspect ratio is needed 

to attain better separation performance. These results highlight the importance of crystal 

engineering of MOFs in the field of mixed matrix membranes and the necessity of synthetic 

methods able to deliver a high degree of control over MOF formation at all relevant length-scales, 

from the framework topology and composition to crystal shape and size.  

 
3.4 Conclusions 

 

Mixed-matrix membranes (MMMs) comprising NH2-MIL-53(Al) as filler and two different 

polymer matrices, the polyimides Matrimid® and 6FDA-DAM, have been investigated. For the 

Matrimid®-based MMMs, NH2-MIL-53(Al) particles with three different crystal morphologies: 

nanoparticles, nanorods and microneedles were dispersed in the polymer matrix. The best results 
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were obtained for the NH2-MIL-53(Al) nanoparticles, which led to an enhancement of the CO2 

permeability at constant selectivities in comparison with the bare Matrimid® membrane and the 

MMMs containing nanorods and microneedles. Our study reveals that the particle morphology 

has an impact on the permeation results. Moreover, by using the highly permeable polyimide 

6FDA-DAM instead of Matrimid®, the permeability was increased up to 85 % upon NH2-MIL-

53(Al) nanoparticles addition, giving rise to membranes with a performance very close to the 

2008 Robeson limit for CO2/CH4 separation. 

A new non-destructive technique for the characterization (thickness and composition) of the 

MMMs based on Raman spectroscopy has been introduced. By modeling the polymer and MOF 

contributions to the Raman spectra of the composite membranes, the filler dispersion in the 

polymer matrix can be evaluated at different locations. The analysis confirmed the good 

distribution of the MOF filler in the 6FDA-DAM polymer, in agreement with FIB-SEM analysis. 
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Table 3.4 Summary of the CO2/CH4 (1:1 mixture) separation performance at 298 K obtained for NH2-MIL-
53(Al)@Matrimid® and NH2-MIL-53(Al)@6FDA-DAM MMMs with different filler loadings under several 
operation pressure conditions. 

Matrimid® 
MOF loading 0 wt.%
Thicknessa 53 ± 1 µm

∆p [bar] 3 4.5 6 7.5 9 
PCO2 [Barrer] b 8.01 ± 0.05 7.13 ± 0.00 6.90 ± 0.00 5.41 ± 0.01 4.81 ± 0.06 
PCH4 [Barrer ]b 0.20 ± 0.01 0.18 ± 0.00 0.18 ± 0.00 0.14 ± 0.00 0.14 ± 0.00 
Selectivity [-] 37.3 ± 1.9 38.9 ± 0.3 37.7 ± 0.9 37.6 ± 0.2 35.4 ± 0.6 

 

NH2-MIL-53(Al) Nanoparticles @ Matrimid® 
MOF loading 8 wt.%
Thicknessa 50 ± 1 µm

∆p [bar] 3 4.5 6 7.5 9 3
PCO2 [Barrer] b 9.03 ± 0.10 8.40 ± 0.09 7.97 ± 0.03 7.22 ± 0.04 7.28 ± 0.04 9.35 ± 0.09 
PCH4 [Barrer ]b 0.25 ± 0.01 0.22 ± 0.00 0.21 ± 0.00 0.19 ± 0.00 0.19 ± 0.00 0.27 ± 0.00 
Selectivity [-] 36.5 ± 0.3 38.1 ± 0.4 38.5 ± 0.3 39.0 ± 0.4 37.8 ± 0.2 34.7 ± 0.4 

 

NH2-MIL-53(Al) Nanoparticles @ Matrimid® 
MOF loading 16 wt.%
Thicknessa 58 ± 1 µm

∆p [bar] 3 4.5 6 7.5 9 3
PCO2 [Barrer] b 7.39 ± 0.04 7.17 ± 0.03 6.71 ± 0.05 6.87 ± 0.01 6.68 ± 0.03 8.28 ±0.03 
PCH4 [Barrer ]b 0.18 ± 0.00 0.19 ± 0.00 0.19 ± 0.00 0.19 ± 0.00 0.19 ± 0.00 0.26 ± 0.00 
Selectivity [-] 41.8 ± 0.4 37.6 ± 0.3 36.3 ± 0.3 35.8 ± 0.3 35.4 ± 0.5 31.6 ± 0.5 

 

NH2-MIL-53(Al) Nanorods @ Matrimid® 
MOF loading 8 wt.%
Thicknessa 52 ± 1 µm  

∆p [bar] 3 4.5 6 7.5 9 3
PCO2 [Barrer] b 7.52 ± 0.03 6.73 ± 0.06 6.2 ± 0.02 5.65 ± 0.01 4.72 ± 0.1 8.5 ± 0.1 
PCH4 [Barrer ]b 0.2 ± 0.00 0.18 ± 0.00 0.16 ± 0.00 0.14 ± 0.00 0.11 ± 0.00 0.23 ± 0.00 
Selectivity [-] 37.5 ± 0.4 37.9 ± 0.3 39.1 ± 0.6 40.3 ± 0.5 41.5 ± 1.4 37.5 ± 1.4 

 

NH2-MIL-53(Al) Nanorods @ Matrimid® 
MOF loading 16 wt.%
Thicknessa 60 ± 1 µm

∆p [bar] 3 4.5 6 7.5 9 3
PCO2 [Barrer] b 7.18 ± 0.06 6.06 ± 0.03 5.56 ± 0.02 5.78 ± 0.04 5.48 ± 0.01 6.76 ± 0.05 
PCH4 [Barrer ]b 0.2 ± 0.00 0.17 ± 0.00 0.14 ± 0.00 0.15 ± 0.00 0.15 ± 0.00 0.19 ± 0.00 
Selectivity [-] 36.3 ± 0.2 35.4 ± 0.2 39.2 ± 0.3 38.7 ± 0.2 36.4 ± 0.3 35.2 ± 0.1 

 
NH2-MIL-53(Al) Microneedle @ Matrimid® 

MOF loading 8 wt.%
Thicknessa 40 ± 1 µm

∆p [bar] 3 4.5 6 7.5 9 3
PCO2 [Barrer] b 7.52 ± 0.06 7.02 ± 0.03 6.6 ± 0.03 6.48 ± 0.05 6.65 ± 0.04 8.14 ± 0.04 
PCH4 [Barrer ]b 0.21 ± 0.00 0.19 ± 0.00 0.18 ± 0.00 0.17 ± 0.00 0.18 ± 0.00 0.24 ± 0.00 
Selectivity [-] 36.5 ± 0.4 37.8 ± 0.3 37.5 ± 0.3 37.7 ± 0.2 36.7 ± 0.2 33.3 ± 0.2 

NH2-MIL-53(Al) Microneedle @ Matrimid® 
MOF loading 16 wt.%
Thicknessa 57 ± 1 µm

∆p [bar] 3 4.5 6 7.5 9 3
PCO2 [Barrer] b 5.77 ± 0.04 5.83 ± 0.05 5.56 ± 0.04 5.73 ± 0.02 6.12 ±0.02 6.68 ± 0.04 
PCH4 [Barrer ]b 0.15 ± 0.00 0.16 ± 0.00 0.15 ± 0.00 0.16 ± 0.00 0.17 ± 0.00 0.2 ± 0.00 
Selectivity [-] 38.3 ± 0.3 37.6 ± 0.2 37.5 ± 0.4 36.7 ± 0.2 36.7 ± 0.2 33.3 ± 0.2 
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6FDA-DAM 

MOF loading 0 wt.%

Thicknessa 35 ± 1 µm

∆p [bar] 3 6 9

PCO2 [Barrer] b 358.45 ± 0.08 313.42 ± 0.72 285.81 ± 0.21 

PCH4 [Barrer ]b 11.48 ± 0.00 10.64 ± 0.01 10.22 ± 0.01 

Selectivity [-] 31.22 ± 0.03 29.45 ± 0.05 27.95 ± 0.01 

  

6FDA-DAM 

MOF loading 5 wt.%

Thicknessa 38 ± 1 µm

∆p [bar] 3 6 9

PCO2 [Barrer] b 431.58 ± 0.80 360.74 ± 0.88 332.63 ± 1.58 

PCH4 [Barrer ]b 13.87 ± 0.23 12.32 ± 0.01 12.16 ± 0.11 

Selectivity [-] 31.14 ± 0.04 29.28 ± 0.05 27.37 ± 0.38 

 

6FDA-DAM 
MOF loading 10 wt.%

Thicknessa 48 ± 1 µm

∆p [bar] 3 6 9

PCO2 [Barrer] b 463.56 ± 0.43 402.72 ± 0.49 346.84 ± 0.98 

PCH4 [Barrer ]b 15.19 ± 0.00 14.39 ± 0.02 13.09 ± 0.01 

Selectivity [-] 30.53 ± 0.07 28.02 ± 0.00 26.50 ± 0.07 
 

 6FDA-DAM 
MOF loading 15 wt.%

Thicknessa 44 ± 1 µm

∆p [bar] 3 6 9

PCO2 [Barrer] b 581.78 ± 0.31 509.11 ± 1.28 405.25 ± 0.64 

PCH4 [Barrer ]b 20.46 ± 0.02 18.84 ± 0.00 15.03 ± 0.03 

Selectivity [-] 29.00 ± 0.03 27.05 ± 0.00 26.94 ± 0.03 
 

6FDA-DAM 
MOF loading 20 wt.%

Thicknessa 62 ± 1 µm

∆p [bar] 3 6 9

PCO2 [Barrer] b 659.73 ± 0.87 586.80 ± 0.60 529.60 ± 1.68 

PCH4 [Barrer ]b 23.62 ± 0.87 23.23 ± 0.02 21.34 ± 0.06 

Selectivity [-] 28.0 ± 0.87 25.26 ± 0.02 24.83 ± 0.03 

a Thickness value corresponds to the average of 10 different measurements at different 
locations within each membrane after casting and activation and error corresponds to 
standard deviation; 

b The permeability data are average values of at least two membranes and error 
corresponds to standard deviation. 
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Towards High Performance MOF–Microporous 
Polymer Mixed Matrix Membranes: Addressing 
Compatibility and Limiting Aging Issues via 
Polymer Doping 

 

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
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4.1 Introduction 

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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Figure 4.1. Scheme of doping Matrimid® and implanting MOFs into PIM-1 matrix. 

 

Table 4.1. Improvement in CO2/N2 separation performance of reported MOF-based mixed matrix 

membranes relative to the neat membrane and comparison with this study. 

MOF  POLYMER  Filler (wt.%) P (bar) T (°C)  PF (PCO2)
a SF (αCO2/N2)

b  Ref 

UiO‐66  PEBAX  2‐20  3  25  1.95  1.41  [45] 

NH2‐UiO‐66  PIM‐1  9.1  1  25  1.33  1.2  [46] 

NH2‐UiO‐66  Matrimid  23  1  RT  3  1.32  [47] 

ZIF‐7  PEBAX  34  3.75  25  1.54  2.85  [48] 

ZIF‐8  PVC‐g‐POEM  30  _  35  9.8  1.14  [49] 

ZIF‐8  [bmim][Tf2N]  6  20  25  2.51  3.43  [50] 

Co‐ZIF‐108  Psf  0.037  1  25  17  1.57  [51] 

MIL‐101(Cr)  SPEEK  40  1  25  2.84  4  [52] 

Cu(BTC)2  Matrimid  30  10  35  1.65  1.27  [53] 

SIFSIX‐3‐Zn  XLPEO  10  1  25  1.32  1.9  [54] 

HKUST‐1  6FDA‐Durene  10  2  25  1.41  1.17  [55] 

NH2‐MIL‐53(Al)  PIM/Matrimid  25  2  25  1.1  1.47  This work 

a PF is the permeability factor and is defined as MMM Permeability to the neat membrane permeability ratio. 
b  SF is the selectivity factor and is defined as MMM selectivity to the neat membrane selectivity ratio. 
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4.2 Experimental Section 

Synthesis of NH2-MIL-53(Al): Following to the protocol reported earlier,[29] 1.5 g 2-

aminoterepththalic acid (8.28 mmol, Sigma Aldrich, 99 %) and 1.97 g AlCl3·6H2O (8.43 mmol, 

Sigma Aldrich, ≥ 99.0 %) were dissolved in a mixture containing 18 mL deionized water and 2 mL 

N,N-dimethylformamide (DMF, Sigma Aldrich, >99.9%). The solution was transferred to a Teflon-

lined autoclave and heated at 423 K for 5 h. The resulting yellow solution were filtered under 

vacuum to recover the powder and washed with acetone 3 times. Subsequently, the powders 

were thoroughly activated in DMF at 423 K and methanol at 443 K for 15 h. The activated 

powders were washed with acetone and dried at 393 K. 

Synthesis of ZIF-94(Zn): A solution of 0.4392 g Zn(CH3COO)2·2H2O (2 mmol, Sigma Aldrich) 

in 20 ml methanol and one of 0.4404 g 4-methyl-5-imidazolecarboxaldehyde (aImeIm, 4 mmol, 

Maybridge) in 50 ml THF (Fisher Chemical) were prepared. After the reactant was completely 

dissolved in both mixtures, the first solution was poured slowly into the second solution. The final 

mixture was continuously stirred for 60 min at room temperature and the powder was collected by 

centrifugation and washed with methanol three times. The obtained product was dried at room 

temperature. 

Synthesis of PIM-1: In a two-necked round bottom flask the exact stoichiometric amounts of 

bis-catechol (3.4 g, Sigma Aldrich) and 2,3,5,6-tetrafluoroterephthalonitrile (2 g, Sigma Aldrich) 

were added under dry nitrogen atmosphere, then dry dimethylformamide (DMF, 20 ml per gram 

of bis-catechol) was added to mix with the reactants. The mixture was heated at 65 °C, until the 

two starting materials were completely dissolved, then dry potassium carbonate (11.05 g, Sigma 

Aldrich) was added and the mixture was kept under stirring for 96 h. The solution was quenched 

with water (150 ml per gram of catechol) and the resulting precipitate were collected by filtration 

and washed repeatedly with water and acetone. The solid was dissolved in CHCl3 or THF (15 ml 

per gram of solid), filtered through cotton wool and poured into a flask containing a mixture of 

acetone/methanol (2/1, vol./vol.), 40 ml per gram of polymer). The collected yellow solid was 

dried under vacuum overnight. Typically, the precipitation procedure is repeated twice. The 

molecular weight and polydispersity of synthesized PIM-1 is 300 kg/mol and 110 kg/mol, 

respectively. 

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  
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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. 

4.3 Characterization 

TEM analysis was carried out in JEOL JEM-2010 microscope operated at 200 keV. An X-ray 

OXFORD detector, INCA energy TEM 100 model for microanalysis (EDS) and a bottom-mounted 

GATAN ORIUS SC600 imaging camera are installed on the machine. Micrograph acquisition was 

performed with GATAN Digital Micrograph 1.80.70 software. To prepare the samples for imaging, 

a few drops of MOF dispersed in ethanol was applied on a carbon-coated copper grid and then it 

was placed on specimen. To calculate the average particle size using TEM images, around 50 

particles were selected and measured by Image J software. 

Focused Ion Beam-Scanning Electron Microscopy (FIB-SEM) was performed in the Dual 

Beam Strata 235 microscope (FEI) and an AURIGA Compact (Zeiss) microscope. A protective 

thin layer of Pt (0.3 μm thickness) was deposited on the surface of specimen using the gas 

injection system. The Ga ion beam (30 kV and 5000 pA), was used to mill surface with depth of 

ca. 3 μm. SEM micrographs of the milled cross-sections were recorded with a Secondary 

Electron Detector in the SEM operated at 5 kV. To get the cross section images of the 

membranes, some samples were immersed and fractured in liquid nitrogen and gold-coated prior 

to scanning and placed on the sample holder. 

Atomic force microscopy (AFM) was performed with a Veeco Multimode Nanoscope 3A 

microscope operating in tapping mode. Prior to recording the membrane samples were placed 

onto a mica wafer substrate. 

XRD patterns of MOF and the mixed matrix membranes were obtained in a Bruker-D8 

Advance diffractometer using Co-Kα radiation (λ = 1.78897Å, 40 kV, 30 mA). The 2θ range (5-

60°) was scanned using a step size of 0.02° and a scan speed of 0.2 s per step in a continuous 

scanning mode. 

CO2 and N2 adsorption isotherms of MOFs and membranes were recorded in a Tristar II 3020 

(Micromeritics) setup at 273 K and 77 K, respectively. Prior to the measurements, the samples 

were degassed at 423 K under vacuum overnight. 
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Mechanical stability of the membrane samples were tested on a TA-Instruments DMA Q800 

micro tensile tester. Samples of about 35x8x0.035 mm were tested in the tensile clamp setup 

with a constant speed of 100 μm/min. The recorded stresses and strains were used to calculate 

Young modulus, yield strength, tensile strength and ductility. The Young modulus was evaluated 

as the slope between 0.5 and 1% strain. Yield strength is defined as strength at which the sample 

start to deform plastically while tensile strength and ductility are the strength and strain at the 

point that sample was fractured. 

ATR-IR spectra of the MOFs powder and membrane samples were acquired by NICOLET 

IS50-FT-IR (smart-Itx). The samples were placed on TR ID7/ITX AR coated diamond crystal 

(Product code: 869-168800). The resolution of the machine was 0.5 cm-1 in the range of 4000-

400cm-1. 

Gas permeation experiments and the separation of CO2 and N2 mixtures at 298 K was 

conducted in a home-made setup described elsewhere [29]. The membrane samples (area: 3.14 

cm2) were cut from the casted films 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. To 

control the temperature, the permeation module was placed inside an oven. A flow mixture (133 

ml·min-1, STP) of CO2 (15 mol.%) and N2 (85 mol.%) was applied as feed and helium (5 ml·min-1, 

STP) 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. To reach the steady state, all the 

permeation results of the membranes were recorded after stabilization overnight. 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 terms: the separation factor (α, or selectivity) 

and the gas permeability (P). The permeability for the component i (Pi) was calculated as follows 

(Equation 1): 

i
i

i

F
P

p A



 

          (1) 

where Fi denotes the molar flow rate of compound i, δ is the thickness of the membrane, ∆pi is 

the partial pressure difference of i across the membrane, and A is the membrane area. Although 

the SI unit for the permeability is mol·s-1·m·m-2·Pa-1, gas permeabilities are reported in Barrer, 

where 1 Barrer = 3.35 x 10-16 mol·s -1·m·m-2·Pa-1.  

The separation factor or mixed gas selectivity (α) of CO2 over N2 was defined as the ratio of 

their permeabilities and can be expressed as follows:  
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Table 4.2. CO2/N2 permeation performance of Matrimid® and PIM-1 blends at 2 bar feed pressure and 298 K. 

Membrane PCO2/Barrer PN2/Barrer αCO2/N2 

PIM-1 3784 199 19 

9.1 wt.% Matrimid in PIM-1 2220 90 25 

20 wt.% Matrimid in PIM-1 2751 113 20 

40 wt.% Matrimid in PIM-1 2412 168 14 

 

4.3 Results and discussion 

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 (Table 4.2) [6]. Indeed, 

when using higher amounts of Matrimid® (Figure 4.2b, weight ratio 40/60), much rougher surfaces 

are observed by AFM than at the optimal ratio (Figure 4.2a). Such rough surfaces have been 

interpreted as phase segregation.[6] 

NH2-MIL-53 and ZIF-94 [18] as the promising MOF material, have 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 spherical shape of NH2-MIL-53(Al) and ZIF-94 crystals with 

average particle size of 500-650 nm were prepared (Figure 4.3) to incorporate in MMM matrix. 

Surprisingly, the PIMAT composite is able to host high concentrations of MOF without 

compromising its structural properties. A relatively high filler content (25 wt.%, 

WMOF/(WMOF+WPIMAT)) was used. Indeed, such high loadings of filler in pure PIM-1 rendered brittle 

films with micro-cracks (Figure 4.4). The filler dispersion and morphology of the as-synthesized 

composite membrane was further studied by focused ion beam-scanning electronic microscopy 

(Figure 4.2 c,d) and (Figure 4.5). A homogeneous distribution of the MOF crystals in the PIMAT 

matrix illustrated a good adhesion between the filler and polymer phases. 
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Figure 4.2 Tapping-mode AFM topographical image of the surface of a) PIMAT (9.1 wt.%) and b) PIMAT 

(40 wt.%); The height profile (nm) is shown for reference. FIB-SEM images of 25 wt.% NH2-MIL-

53(Al)/PIMAT (9.1 wt.%) membrane: c) the trench created by FIB milling of the specimen and d) a 

representative cross-section of the membrane. 

 

Figure 4.3 TEM images and particle size distribution of NH2-MIL-53(Al) (a, b) and ZIF-94(Zn) (c, d). 
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Figure 4.4 Cross-section SEM images of PIM-1 (a), PIMAT (b), NH2-MIL-53(Al)/PIM-1 (c), ZIF-94(Zn)/PIM-

1 (d), NH2-MIL-53(Al)/PIMAT (e), and ZIF-94(Zn)/PIMAT (f). The samples were prepared via freeze-

fracturing of the membrane samples. 

 

Figure 4.5. Cross-section FIB-SEM images of ZIF-94(Zn)/PIM-1 (a), ZIF-94(Zn)/PIMAT (b), NH2-MIL-53(Al)/ 

PIM-1 (c), and NH2-MIL-53(Al)/PIMAT (d). 
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Figure 4.6 Experimental N2 adsorption (solid symbols) and desorption (open symbols) isotherms of PIM-1 

and PIMAT membranes at 77 K (a), Experimental CO2 adsorption (solid symbols) and desorption (open 

symbols) isotherms of NH2-MIL-53(Al) and membranes at 273 K (b), Experimental CO2 adsorption (solid 

symbols) and desorption (open symbols) isotherms of ZIF-94(Zn) and membranes at 273 K (c). 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. 

CO2 adsorption measurements on MOF materials and membranes were conducted at 273 K 

and up to 1.2 bar (Figure 4.6 b,c). 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 

4.6a). NH2-MIL-53(Al) materials exhibit considerable CO2 uptake even when its framework is in 

np configuration (Figure 4.6b).[19]  
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Figure 4.7 The 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 (a); The 

XRD patterns of the ZIF-94(Zn), neat PIMAT membrane and MMMs. The simulated XRD pattern of ZIF-

94(Zn) is shown for reference (b).[44] 

 

For comparison, the ideal adsorption isotherm of NH2-MIL-53(Al)/PIMAT and ZIF-94/PIMAT 

membranes were calculated from a linear combination of the isotherms of MOF 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. In case of ZIF-94/PIMAT membranes, there was no significant variation between 

calculated and experimental isotherms. 

The structures of the MOF powders and membranes were analyzed by XRD and the 

diffraction patterns are presented in Figure 4.7. 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 (Matrimid® in this case),[21] 

the partial penetration of Matrimid® into the MOF pores. The XRD patterns of ZIF-94 in PIM-1 and 

PIMAT membranes are compatible with the original pattern of ZIF-94 powder, showing that the 

crystallinity of the rigid ZIF-94 is preserved in the membrane. 

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 4.8). In case of NH2-MIL-53(Al) 

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

observed. 
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Figure 4.8 ATR-FTIR spectra of NH2-MIL-53(Al), PIM-1, PIMAT and MMMs between 600 and 1900 cm-1 (a) 

2200 and 4000 cm-1 (b), and ATR-FTIR spectra of ZIF-94, PIM-1, PIMAT and MMMs between 600 and 

1900 cm-1 (c). 

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.[22] Moreover, the peaks at 3500 and 3387 cm-1 are 

attributed to the asymmetric and symmetric amine stretching 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 4.8b).[23] Considering ZIF-94 MMMs (Figure 4.8c), 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. 
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Figure 4.9. Stress versus strain curve of PIM-1, PIMAT, NH2-MIL-53(Al)/PIMAT, ZIF-94/PIMAT and NH2-

MIL-53(Al)/PIM-1 membranes. 

Table 4.3. Mechanical properties of PIM-1, PIMAT neat and MMMs. 

Membranes Young modulus  

(GPa) 

Yield strength  

(MPa) 

Tensile strength  

(MPa) 

Ductility  

(%) 

PIM-1 1.28 18.78 51.62 9.50 

PIMAT 1.06 22.70 48.48 11.80 

NH2-MIL-53(Al)/PIMAT 1.69 15.85 24.51 2.00 

NH2-MIL-53(Al)/PIM-1 0.67 6.35 16.50 3.50 

ZIF-94/PIMAT 1.64 11.96 22.30 1.50 

 

The mechanical properties of the PIM-1 and PIMAT based membranes were assessed by 

tensile tests. The results are presented in Figure 4.9 and Table 4.3. 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 4.9), but also the strain in the 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] 
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Figure 4.10 CO2 and N2 gas separation performance of the fresh (grey symbols and bars) and 90 days 

aged membranes (blue symbols and bars) (CO2 and N2 (15/85 vol.%) mixture was used as feed at 298 K 

and 2 bar absolute). 

 
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 4.10 and Figure 4.11a. 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 4.11a, 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 

4.10. 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.  



 

 

102  Chapter 4 

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 4.6).[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 4.10 and 4.11a). 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.  

Further, we have tested the aged PIM and PIMAT neat and MMM samples after 17 months 

(Figure 4.11a). 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 4.11b). 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 4.11c). 

This confirms the influence of MOF loading in blended polymers and enhancing the CO2/N2 

separation performance relative to the upper bound. 
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Figure 4.11. (a) Robeson plot of CO2/N2 separation performance of the fresh (blue closed), aged 

membranes after 3 months (blue open) 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).[43] The Robeson upper bound (2008)[3] is shown for reference, as well as the target 

performance region for CO2 capture from flue gas from Merkel et al. [30] 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. 
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4.4 Conclusions 

In summary, by utilizing a second, less permeable polymer, in combination with a high 

performance PIM-1 microporous polymer, it was possible to manufacture MOF-based mixed 

matrix membranes showing enhanced phase compatibility, and consequently the improved 

membrane separation performance well above the Robeson upper bound. The permeation 

results indicated that NH2-MIL-53(Al) was a promising MOF filler in terms of enhancing polymer 

and filler interaction due to its amine functional groups. Therefore, the superior permeation 

performance of the PIMAT MMM using NH2-MIL-53(Al) as a filler led to surpassing CO2/N2 

Robeson upper bound even after 17 months of ageing and under humid conditions. The 

versatility of the developed method was evidenced by using different MOF fillers, which can 

potentially incorporate in other rigid microporous polymer membranes. 
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Thin mixed matrix and dual layer membranes 
containing metal-organic framework nanosheets 
and PolyactiveTM for CO2 capture 
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 µm, 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. 



 

SEM image of the thin membrane on PAN support 
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5.1 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. 

To improve the separation performance of thin polymeric membranes, a feasible approach is 

further the incorporation of fillers (e.g., micro- or nanoparticles) in the polymeric matrix to form 

mixed matrix membranes (MMMs).[13] However, thin MMMs potentially suffer from defect 

formation during the fabrication process due to a poor compatibility between filler and 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.[14-16] 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, 17-21] PolyactiveTM, 

composed of poly(ethylene oxide) (PEO) and poly(butylenes terephthalate) (PBT) segments, is  
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another promising block copolymer for CO2 separation which has been fabricated as thin 

membrane and used in pilot scale modules.[22] To fabricate defect-free thin membranes the use of 

high molecular weight polymer was needed.[23]  

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 which can interact with the polymer chains.[24, 25] 

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 [26], graphene [27], 2D 

zeolites [28] and MOF nanosheets [29]) as fillers.[30, 31] 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.[32, 33] Cu-BDC bulk and 

nanosheet morphologies were compared by Rodenas et al. [34] and even the preparation of non-

lamellar MOF nanosheets has recently been reported.[33] 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 which has some 

drawbacks such as crystal or morphological damage and re-aggregation of the exfoliated 

material.[35, 36]  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.[37-39] 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. [40] 

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.[33, 34, 40, 41] This confirms the role of lamellar morphology of the fillers with high aspect 

ratio that could facilitate a perpendicular pore orientation and shorter diffusion paths for desired 

components, while increasing that for undesired components making their permeation pathway 

more tortuous.[42] 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 PEO-PBT 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.   
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5.1 Experimental 

5.2.1 Synthesis 

Cu-BDC nanosheet scaled-up synthesis: Cu-BDC nanosheets were prepared following the 

bottom-up route introduced by Rodenas et al.[32] 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,N-dimethylformamide (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 Cu-BDC 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 with a top-drilled box (30.5 cm length x 15.5 cm height x 23.0 cm 

width) overnight under chloroform-saturated 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,  
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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 heat-treated 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. 

5.2.2 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.  

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  
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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. 

5.2.3 Gas permeation experiments 

The separation of CO2 and N2 mixtures at 298 K was conducted in a home-made setup 

described elsewhere.[43] 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): 

          (1) 

Where Fi denotes the molar flow rate of compound i, ∆pi 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:     

          (2) 

Where  and represent the permeance of CO2 and N2, respectively. 
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Figure 5.1. Cu-BDC nanosheet original and scaled-up synthesis (a), XRD patterns of original and scaled-

up synthesis using chloroform and THF (b). [34] 

 

5.2 Results and discussion 

5.3.1 Characterization scaled-up Cu-BDC nanosheets  

Scaled up synthesis of Cu-BDC nanosheet was successfully performed by using the layered 

route (Figure 5.1a) reported by our group.[39]  XRD results of the sample before and after washing 

with THF indicate no significant difference in crystallinity (Figure 5.1b).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 5.2a and 5.2b).[40]  
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Figure 5.2. TEM images and electron diffraction pattern of region shown in inset (a, b), AFM image 

showing the thickness of Cu-BDC nanosheets (c, d). 

 

Atomic force microscopy (AFM) images of the nanosheets presented in Figure 2c show the 

square platelet structures with lateral sizes of 1-5 µm and an approximate thickness of 15 nm 

(Figure 5.2d). CO2 and N2 adsorption of the scaled-up sample (Figure 5.3a, 5.3b) 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.[34] 

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 5.1a). 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 5.3. 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. 

 

5.3.2 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 5.4 & 5.5).  

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 6a & 6b. Cross-sectional FE-SEM images 

of this membrane coated on ZrO2-alumina and PAN supports (without PDMS gutter layer) are 

shown in Figure 5.6(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 5.5).[44] 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 5.6c & 5.6d). 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.  

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 5.7a & 

5.7b) and an adequate coverage of the nanosheets by the polymer layer (Figure 5.7c & 5.7d).  
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Figure 5.4. Scheme of thin supported dual layer (top) and mixed matrix (bottom) membranes prepared via 

dip-coating and drop-casting methods. 

 

Figure 5.5. Scheme of various driving forces in dip-coating process a) and drop casting procedure b). 
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XRD patterns of Cu-BDC nanosheets and free-standing membranes are compared in Figure 

8a. PolyactiveTM neat membrane shows a certain degree of crystallinity [45]. 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 5.8a). 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. [43, 46] 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 8c & 8d), 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, 47] In contrast, thin supported neat PolyactiveTM membranes and the 

relevant thin MMMs showed different patterns as indicated in Figure 8b. 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 5.6. 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 5.7. 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). 

 

Figure 5.8. XRD patterns of Cu-BDC nanosheets, free-standing membranes (using Co-Kα) (a) and thin 
membranes (using Cu-Kα-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). 
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5.3 Gas separation performance 

The free-standing membranes fabricated by solution casting were tested under identical 

condition as reported previously.[25] 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.[34, 40, 41] 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.[45]  

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 5.9a. 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 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, 48] 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 5.9a; 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 5.9b). 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  
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Table 5.1. Permeation performance of the free-standing MMMs comprising Cu-BDC nanosheets and 
PolyactiveTM at 2 bar and 25 ⁰C. 

Membrane CO2 Permeance  
(GPU) 

N2 Permeance  
(GPU) 

αCO2/N2 

- 
  

(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 

  

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, 48] and by Kapteijn et al. for zeolite membranes.[49] Decreasing the polymer 

concentration from 5 to 3 wt.% in the ZrO2-alumina supported thin MMMs resulted in a further 

increase in permeance to ~40 GPU while selectivity hardly changed (65) (Figure 9b; purple 

symbol). Considering the thickness, the FE-SEM images (Figure 5.10) 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, 50] 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 5.4).  Their permeation properties are indicated in Figure 5.9c. The higher permeance of 

the thin DLMs than MMMs confirms that the polymer chains packing and the orientation of the 

nanosheets were 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.[51] 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 9c; 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. 
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Figure 5.9. 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 5.10. Cross-sectional FE-SEM images of thin MMMs coated on ZrO2-alumina prepared by dip-

coating using mixture of 8 wt.% nanosheets dispersed in 3 wt.% a) and 5 wt.% b) of PolyactiveTM solution 

(the thickness of the thin MMMs are shown). 
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5.3.1 Comparison of thin membrane performance vs. Robeson upper bound 

Historical analysis indicates that there is a trade-off between permeability and selectivity of the 

free-standing membranes (Robeson upper bound) which shows the limits of separation 

performance quality. Park et al. reported the method of calculating an upper bound for thin 

supported membranes in which the contribution of the support in the overall permeation 

performance of the composite membranes were incorporated.[1] By taking the following 

assumptions and applying a series model (Eq. 3a, 3b) the upper bound limit for thin PAN 

supported membranes was calculated; (i) 1 μm thin layer on top of the support, (ii) Knudsen 

diffusion through the porous support (Eq. 4) and (iii) using the Robeson upper bound relation (Eq. 

5) where C
iP and S

iP are the permeance of species i in composite membrane and the support, 

respectively. Moreover, Mi and Aδ are the molecular weight of species i and the thickness of 

selective layer (F) . By applying Knudsen diffusion relation (Eq. 4), the CO2 permeance of the 

PAN support based on the experimental N2 permeance (PN2~ 45776 GPU at 1 bar and 25 °C) 

was calculated. Figure 5.11 shows the calculated upper-bound for 1 μm thin membranes on the 

PAN support. 
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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 5.2). 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.  
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Figure 5.11. 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 MOF-based thin supported and asymmetric MMMs 

are shown for comparison and listed in Table 2 (open symbols) and Table S1 (closed symbols). 

Table 5.2. Separation performance of MOF based thin supported and asymmetric MMMs reported in 

literature and the comparison with this study. 

Thin MOF based MMMs 
Feed 

conditions 
p(bar), T(⁰C)

Feed gas 
CO2/N2 
ratio 

CO2 
Permeance 

(GPU) 

αCO2/N2 

- 
Data 
no.3 

Ref 

Cu-MOF/POZ (1500 nm) 2, 25 Single gas 6 30 12 [52] 

Cu-BTC/Matrimid (asymmetric) 5, 35 35/65 19 23 13 [53] 

Cu-MOF/Pebax (1500 nm) 2, 25 Single gas 14 47 14 [54] 

MIL-53/Matrimid (asymmetric) 5, 35 35/65 21 24 15 [53] 

ZIF-8/Matrimid (asymmetric) 5, 35 35/65 20 20 16 [53] 

S-MIL-53/Ultem(asymmetric) 5, 25 Single gas 24 41 17 [55] 

ZIF-7/ Pebax (500 nm) 3.5, 25 Single gas 291 67 19 [56] 

Dual layer Cu-BDC/Polyactive (600 nm)1 2 , 25  15/85 129 35 11 This study 

MMM Cu-BDC/Polyactive (700 nm)2 2 , 25 15/85 40 77 7 This study 

 
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 5.11. 
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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. 

5.4 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 dip-coating 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.  

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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6.1 Summary 

Membrane separation is an energy efficient technology with a small physical footprint in which 

the membrane is the core of process. Membranes need to be further developed to be specifically 

applied in the field of gas separation. The most challenging target in designing membranes is to 

improve the permeation and selectivity, simultaneously. This goal cannot be achieved without 

acquiring the knowledge of material science to tune the membrane material properties. This PhD 

thesis focusses on designing mixed matrix membranes (MMMs) by using a new class of 

crystalline materials known as metal organic frameworks (MOFs) as filler. In combination with 

polymers as continuous phase it was expected to improve both the processability and separation 

performance of this composite material in comparison with the polymer only. This work has been 

performed in the framework of the FP7-EU project M4CO2 ('MOF-based Mixed Matrix Membranes 

for energy efficient CO2 capture', grant agreement n° 608490). Therefore the focus in this thesis 

was on, but not limited to, membranes for the separation of CO2 from N2, as a model for stack 

gases in coal combustion ('post-combustion separation').  

To this aim, the overall concept of this thesis is divided into three parts in which the most 

relevant aspects of design in mixed matrix membranes are carefully studied. Part I (Chapter 2) 

elucidated the influence of MOF pore structure and topology on the MMMs separation 

performance. In part II (Chapter 3 and 4) the effect of MOF morphology and polymer free volume 

is studied. Finally, part III (Chapter 5) reports a study on free-standing and thin supported MOF 

nanosheet based membranes by using industrially viable methods. The summary of each 

Chapter in this thesis is presented as follows. 

Chapter 1 presents a general introduction to membrane technology. The concept of MOF 

based MMMs is introduced and the role of chemical compatibility, filler morphology and topology 

on the CO2 separation performance were thoroughly discussed. Finally, challenges in fabricating 

thin MMMs and the solutions to overcome those challenges are presented based on studies 

published in literature.  

Chapter 2 focuses on the influence of MOF topology and pore structure. In this Chapter, eight 

different composites were studied by combining four types of MOFs and two polymers. NH2-MIL-

53(Al), MIL-69(Al), MIL-96(Al) and ZIF-94 with various chemical functionalities, topologies, and 

pore dimensionalities were employed as fillers, while two typical polymers with different 

permeability-selectivity properties (6FDA-DAM and Pebax 1657) were deliberately selected as 

matrices. The best performing MOF-polymer composites were prepared by loading 25 wt.% of 

MIL-96(Al) as filler in both 6FDA-DAM and Pebax polymers. The observed differences in 

membrane performance in the separation of CO2 from N2 were explained on the basis of gas 

solubility, diffusivity properties and compatibility between the filler and polymer phases.  
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The results suggest that the large adsorption capacity of MOF fillers under moderate 

pressure and high porosity endows the 6FDA-DAM based MMMs with enhanced gas 

solubility and, consequently, an improved CO2 permeability ánd selectivity. The different 

topology of the MOF fillers, especially regarding their pore dimensionality, was responsible 

for the various performance modifications. Addition of the nonflexible, small pore 1D MOF 

MIL-69 results for both polymers in a slight increase in selectivity at almost constant permeability. 

In case of NH2-MIL-53, with a similar topology but a flexible structure, interaction with the polymer 

results either in a decrease in permeability (Pebax) attributed to polymer penetration into the 

MOF structure or in an increase in permeability (6FDA-DAM) with hardly any improvement in 

selectivity, most likely related to a partial opening of the structure by the solvent upon membrane 

preparation. Addition of the narrow pore, rigid, 2D-porous MIL-96 increases both permeability and 

selectivity for the two polymers. Finally, the 3D-porous ZIF-94 filler displays the largest increase 

in permeability for both polymers with a slight increase in selectivity only when Pebax is used as 

continuous phase. These results suggest that the MOF topology, dimensionality of porosity and 

interaction with the continuous polymer phase play key roles in determining membrane 

performance. The improved selectivity along with permeability (except for NH2-MIL-53(Al)-Pebax) 

moves the MMM performance closer to the Robeson upper bound.  

Part II of the thesis (Chapters 3 and 4) focuses on the importance of polymer filler 

interactions at the micro-scale. In Chapter 3, different morphologies of NH2-MIL-53(Al) 

such as nanoparticles, nanorods and microneedles were synthesized by using various 

routes. To quantify the effect of different morphologies on the permeation performance of 

the membrane, two polymers with low (Matrimid®) and high (6FDA-DAM) free volume 

were selected as the continous matrix in MMMs. The synthesized membranes have been 

tested in the separation of CO2 from CH4 in an equimolar mixture. Incorporation of NH2-MIL-

53(Al) nanoparticles in Matrimid® led to the largest improvement compared to nanorods and 

microneedles morphologies. This study revealed that the particle morphology has an impact on 

the permeation results. The incorporation of the best performing filler, i.e. NH2-MIL-53(Al) 

nanoparticles, to the highly permeable 6FDA-DAM had a larger effect (85% increase in 

permeability), giving rise to the membranes with a performance very close to the 2008 Robeson 

limit for CO2/CH4 separation. Furthermore, a new non-destructive technique based on Raman 

spectroscopy mapping was introduced in this chapter to assess the homogeneity of the filler 

dispersion in the polymer matrix. The determined homogeneity of the MOF distribution in the 

polymer was confirmed by FIB-SEM analysis. 

Following the scope of part II of the thesis and assessing the micro-scale properties of MOF 

based MMMs, Chapter 4 focuses on the modification of the polymer matrix in MMMs to enhance 

the MMMs separation performance and to limit the ageing of ultra highly permeable membranes.  
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In this regard, doping a highly porous polymer of intrinsic microporosity (PIM-1) with small 

amounts of a glassy polymer (Matrimid®) shed light on the preparation of MOF-based MMMs 

with superior separation properties in dry and humidified conditions. This modification mainly 

contributed to the enhancement in the selectivity of the membranes, which interestingly pushed 

the permeation performance above Robeson upper bound. The results indicated NH2-MIL-53(Al) 

as a promising MOF filler in terms of enhancing polymer and filler interaction due to its amine 

functional groups. Therefore, the superior permeation performance of these MMMs with NH2-MIL-

53(Al) as filler, surpassing CO2/N2 Robeson upper bound, was maintained even after 17 months 

of ageing. The versatility of the developed method was evidenced by using different MOF fillers. 

In Chapter 5, fabrication of defect-free thin supported MMMs via conventional methods was 

investigated using MOF nanosheets with a large aspect ratio produced by a scaled-up synthesis. 

One of the challenging facets of thin membrane fabrication is producing a selective layer on a 

support without nanoscale defects. This is even more challenging when fillers are incorporated in 

the thin layer. The influence of utilizing Cu-BDC nanosheets in a highly selective PolyactiveTM 

polymer was studied for supported dual layer (drop-casting) and mixed matrix (dip-coating) thin 

composite MMMs,. The high aspect ratio filler potentially covered the defects of thin, neat 

PolyactiveTM membranes. Further, the separation performances of free-standing and thin 

supported MMMs were compared and evaluated for the CO2/N2 separation. The thin supported 

MMMs showed a superior separation performance in terms of CO2/N2 selectivity (up to 77) while 

the thin dual layer membranes demonstrated a significant improvement (doubling) in permeance.  

The above results confirm the promise that MOF based MMMs hold for CO2 separation. The 

work illustrates the elements that require further developments in this rapidly progressing field 

and emphasises the importance of parallel engineering of MOF and polymer matrix in order to 

attain industrially applicable gas separation membranes. 

6.2 General remarks and outlook 

Taking into account the role of MOF fillers in permeation performance of MMMs, there are 

several aspects that should be considered in using MMMs in gas separation. In order to benefit 

further from MOF properties in the MMMs, high loading of MOFs in the polymer matrix are 

desired. The highest possible loading of MOFs in the blended polymers (high and low free 

volume) was up to 25 wt.% without defect formation and becoming too brittle. These results in 

this thesis showed a promising strategy of blending polymers to obtain flexible sheets of the 

MMMs with high loading of MOFs. Further increase in MOF loading turned out to be possible by 

using rubbery polymers such as Pebax. This could further enhance the permeation properties of 

MMMs significantly.[2] Therefore, incorporating a porous structure in rubbery polymers at high 
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loading while avoiding defect formation and agglomeration as much as possible can result in 

large enhancement in permeation performance of MMMs.  

To get insight into the role of MOFs in improving the MMMs permeation performance, CO2 

adsorption experiments of the MMMs led us towards understanding of solubility and diffusivity 

properties of MMMs. These studies were evaluated based on single gas measurements. 

Although MOFs are the porous structures which potentially are expected to facilitate diffusion of 

the molecules, most of the studies showed that MOFs contributed mostly in enhancement of the 

CO2 solubility in the MMMs. This is due to the selective interaction of CO2 molecules with the 

CO2-philic sites of the MOFs. This interaction could influence the mobility of CO2 and 

consequently, reduce the CO2 permeation. On the other hand the increased concentration in the 

MOF can compensate for this, as has clearly been demonstrated for zeolite membranes, and the 

net result can be positive or negative, depending on the MOF. 

Ageing is one of the main obstacles to use the high performance membranes in the long term 

operation. Particularly, ultra high permeable PIM-1 membranes suffer from rapid ageing in a few 

weeks after preparation. Several strategies have been made to overcome this phenomenon and 

to limit the polymer chains relaxation over time. The most effective strategy is to incorporate a 

second polymer or filler to the PIM-1 matrix to limit the chains relaxation and decrease in free 

volume. Therefore, the best candidates could be a second polymer/filler which not only 

contributes in limiting the ageing, but also enhances the filler and polymer interactions by making 

a bridge between filler and PIM-1 matrix. Incorporating of those components together in highly 

permeable polymers would result in a sharp improvement in MMM separation performance (see 

Chapter 4). 

One of the most important facets of high performance MMMs is the homogeneous dispersion 

of the fillers in the polymer matrix. To assess this criterion, homogeneity and reproducibility of the 

MMM samples should be quantified. Homogeneity of the membranes could be analysed by 

performance testing and non-destructive characterization of different samples of the same sheet 

of the membrane.[1] Further, the reproducibility of the preparation method should be validated by 

testing and characterizing different batches of the fabricated membranes under the same 

conditions. In this PhD project, supported by a collaborative interlaboratory experiments known 

as Round Robin tests, we could perform several gas separation experiments independently on 

the samples prepared under the same conditions and using the same method.[1]  

Regarding gas permeation tests to evaluate the separation performance of the membranes, 

another aspect that should be taken into account is the validation of the gas separation setup and 

the gas flow concentrations. To this aim, not only the concentration of permeate but also the feed 

and retentate flow should be analysed.  
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In this regard, the experimental errors due to the accuracy of the MFC, BPC, GC, etc. 

measurement tools and the uncertainty in membrane thickness and area must be estimated and 

taken into account in reporting the membrane separation performance if they are significant.  

Apart from the experimental aspect of MMM preparation, characterization and testing, rigorous 

modelling of the filler and polymer, particularly at their interface, is essential.[3, 4] These models 

should facilitate understanding of filler and polymer interface at the nanoscale and shed light on 

the selection of compatible and appropriate fillers and polymers for making highly efficient MMMs 

for CO2 capture.  
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6.1 Samenvatting 

Membraanscheiding is een technologie die energie-efficiënt is met een kleine ecologische 

voetafdruk waarbij het membraan het hart van het proces is. Membranen moeten echter verder 

ontwikkeld worden zodat ze specifiek kunnen worden toegepast in het domein van de scheiding 

van gassen. De grootste uitdaging bij het ontwerpen van membranen is om tegelijkertijd zowel de 

flux door het membraan (permeatie) als de selectiviteit te verbeteren.  Deze verbeteringen in 

performance kan niet worden bereikt zonder materiaalkennis om de membraaneigenschappen 

aan te passen. Dit proefschrift focust op het ontwerpen van zogenoemde Mixed Matrix 

membranen (MMMs) waarbij een nieuwe klasse van kristallijne materialen, namelijk Metal 

Organic Frameworks (MOFs), wordt gebruikt als vulmiddel ('filler') ingebed in een continue matrix 

van een polymeer. Van deze combinatie werd verondersteld dat zowel de bewerkbaarheid als de 

scheidingsprestatie in vergelijking met het pure polymeermembraan verbeterde.  Dit werk is 

gedaan in de context van het FP7-EU project genaamd M4CO2 ('MOF-gebaseerde Mixed Matrix 

Membranes voor de energie-efficiënte afvang van CO2', projectnr. 608490). De nadruk van het 

onderzoek beschreven in dit proefschrift lag op de ontwikkeling van dit soort membranen geschikt 

voor de scheiding van CO2 van N2 als een modelsysteem van rookgas van steenkoolverbranding 

('post-combustion' scheiding).  

Dit proefschrift kan worden verdeeld in drie delen waarin de meest relevante aspecten van het 

ontwerpen van Mixed Matrix membranen zorgvuldig zijn bestudeerd. Deel I (Hoofdstuk 1 en 2) 

geeft inzicht in de invloed van de structuur en de porietopologie van de MOFs op de 

scheidingsprestatie van de MMMs. In deel II (Hoofdstuk 3 en 4) wordt het effect van de 

morfologie en het vrije volume van het polymeer bestudeerd. Ten slotte worden in deel III 

(Hoofdstuk 5) membranen bestudeerd gebaseerd op MOF nanosheets daarbij gebruik makend 

van industrieel toepasbare bereidingsmethodes. De samenvatting van elk Hoofdstuk in dit 

proefschrift volgt hieronder.  

Hoofdstuk 1 presenteert een algehele introductie van membraantechnologie. Het concept van 

MOF-gebaseerde MMMs wordt geïntroduceerd en de invloed van chemische compatibiliteit, filler 

morfologie en topologie op de CO2 scheidingsprestaties worden uitgebreid besproken. Tenslotte 

worden de uitdagingen van het maken van dunne MMMs en hoe deze aan te pakken 

gepresenteerd, gebaseerd op onderzoek dat is gepubliceerd in literatuur.  

Hoofdstuk 2 focust op de invloed van de MOF topologie en poriestructuur op de MMM 

performance. In dit hoofdstuk worden acht verschillende combinaties bestudeerd door vier MOF 

types te combineren met twee polymeren.  
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NH2-MIL-53(Al), MIL-69(Al), MIL-96(Al) en ZIF-94, met diverse chemische functionaliteiten, 

topologieën en poriedimensies, werden gebruikt als fillers, terwijl twee typische polymeren met 

verschillende permeabiliteit-selectiviteit eigenschappen (6FDA-DAM en Pebax 1657) zijn 

geselecteerd als matrix. De MOF-polymeer composieten met de beste performance zijn 

verkregen met 25 gewichtsprocent MIL-96(Al) in zowel 6FDA-DAM en Pebax polymeren. De 

waargenomen verschillen in de membraanprestaties voor het scheiden van CO2 en N2 zijn 

verklaard op basis van de oplosbaarheid- en diffusiviteits-eigenschappen van de gassen en de 

compatibiliteit van de polymeer en de filler. 

De resultaten suggereren dat de hoge adsorptiecapaciteit van de MOF fillers onder matige 

druk en hoge porositeit zorgt voor een hogere CO2 oplosbaarheid voor 6FDA-DAM-gebaseerde 

MMMs met een verbeterde CO2 permeabiliteit en selectiviteit tot gevolg. De verschillende 

topologieën van de MOF fillers, en in het bijzonder hun poriedimensionaliteit, waren 

verantwoordelijk voor de veranderingen in de membraanprestaties. Het toevoegen van de 

inflexibele MIL-96, met kleine poriën en een 1D poriestructuur, resulteert in een lichte toename in 

selectiviteit bij een nagenoeg constante permeabiliteit voor beide polymeren. In het geval van 

NH2-MIL-53, met een vergelijkbare topologie maar een flexibele structuur, resulteert de interactie 

met het polymeer in een verminderde permeabiliteit (Pebax), toegeschreven aan penetratie van 

het polymer in de MOF structuur, of in een toegenomen permeabiliteit (6FDA-DAM) met een 

geringe toename in selectiviteit, wat waarschijnlijk gerelateerd is aan een gedeeltelijke opening 

van de strucuur door het oplosmiddel tijdens de bereiding van het membraan. Het toevoegen van 

MIL-96, een rigide MOF met kleine poriën en een 2D poriestructuur, resulteert in een toename 

van zowel de permeabiliteit als de selectiviteit voor beide polymeren. Tot slot laat ZIF-96, met 

een 3D-poriestructuur, de grootste toename in permeabiliteit zien voor beide polymeren met een 

geringe toename in de selectiviteit in het geval dat Pebax wordt gebruikt als de continue fase. 

Deze resultaten suggereren dat zowel de topologie, poriedimensionaliteit en de porositeit van de 

MOF alsook de interactie met de continue polymeerfase een sleutelrol hebben in het bepalen van 

de membraanprestaties. De simultane toename van selectiviteit en permeabiliteit (behalve in het 

geval van NH2-MIL-53(Al)-Pebax) zorgt ervoor dat de prestatie van de MMM meer richting de 

zogenaamde Robeson bovengrens gaat.  

Deel II van het proefschrift (hoofdstuk 3 en 4) focust op het belang van de interactie van de 

polymeer filler op een micro-schaal. In hoofdstuk 3 zijn verschillende morfologieën, zoals 

nanodeeltjes, nanostaafjes en micronaalden van NH2-MIL-53(Al) gesynthetiseerd via 

verschillende routes.  
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Om het effect van de verschillende morfologieën op de permeatieprestaties van het 

membraan te kwantificeren, zijn twee polymeren geselecteerd als de continue matrix in de 

MMMs, met een klein (Matrimid®) of een groot vrij volume (6FDA-DAM). De gesynthetiseerde 

membranen zijn getest voor de scheiding van CO2 van CH4 in een equimolair mengsel. Het 

inbedden van de NH2-MIL-53(Al) nanodeeltjes in Matrimid® gaf de beste resultaten in vergelijking 

met de andere twee morfologieën. Dit laat duidelijk zien dat deeltjesmorfologie invloed heeft op 

de scheidingseigenschappen. Het toevoegen van de best presterende filler, NH2-MIL-53(Al) 

nanodeeltjes, aan het zeer permeabele 6FDA-DAM had zelfs een groter effect (85 % toename in 

permeabiliteit), wat membranen opleverde met een prestatie die erg dicht tegen de 2008 

Robeson bovengrens aan ligt voor CO2/CH4 scheiding. Bovendien is er een nieuwe niet-

destructieve techniek geïntroduceerd in dit hoofdstuk, gebaseerd op mapping met Raman 

spectroscopie, om de homogeniteit van de dispersie van de filler in de polymeermatrix te 

beoordelen. De bepaalde homogeniteit van de MOF distributie in het polymeer werd bevestigd 

door FIB-SEM analyse. 

Als vervolg op de scope van deel II van het proefschrift in combinatie met het beoordelen van 

eigenschappen van MOF-gebaseerde MMMs op microschaal, is hoofdstuk 4 gericht op het 

modificeren van de polymeermatrix in MMMs om de scheidingsprestatie te verbeteren en om de 

veroudering van membranen die een zeer hoge permeabiliteit hebben tegen te gaan.  

In dit verband resulteerde het toevoegen van kleine hoeveelheden van een glasachtige 

polymeer (Matrimid®) aan een zeer poreus polymeer met intrinsieke microporositeit (PIM-1) in 

MOF-gebaseerde MMMs met superieure scheidingseigenschappen zowel onder droge als 

vochtige condities. De modificatie droeg voornamelijk bij aan de verbetering van de selectiviteit 

van de membranen, wat leidde tot een permeatieprestatie boven de Robeson bovengrens. De 

resultaten wezen NH2-MIL-53(Al) aan als een veelbelovende MOF filler wat betreft het verbeteren 

van de polymeer-filler interactie vanwege de functionele amine groepen. Daarom was de 

superieure permeatieprestatie van de MMM met NH2-MIL-53(Al) als filler die de Robeson 

bovengrens overschreed, zelfs na 17 maanden veroudering behouden gebleven. De 

veelzijdigheid van deze ontwikkelde methode is verder bewezen door het gebruik van 

verschillende MOF fillers.In hoofdstuk 5 is de bereiding via conventionele methodes van 

defectvrije, dunne gedragen MMMs onderzocht, gebruik makend van MOF nanosheets met een 

grote lengte-dikte verhouding die gemaakt zijn via een opgeschaalde synthese.  
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Eén van de uitdagingen van het maken van dunne membranen is het produceren van een 

selectieve laag op een ondersteunende laag zonder nano-defecten. Dit is nog uitdagender 

wanneer fillers zijn opgenomen in de dunne laag.  

De invoed van het gebruik van Cu-BDC nanosheets in een zeer selectief polymeer 

(Polyactive™) is bestudeerd voor gedragen dubbellaagse (verkregen via drop-casting) en mixed 

matrix (verkregen via dip-coating) dunne composiet MMMs. De fillers met hun grote lengte-dikte 

verhouding bedekten mogelijk de defecten die aanwezig waren in pure PolyactiveTM membranen. 

Verder werden de scheidingsprestaties van vrijstaande en dunne gedragen MMMs vergeleken en 

geëvalueerd voor CO2/N2 scheiding. De dunne gedragen MMM vertoonde een superieure 

scheidingsprestatie op het gebied van CO2/N2 selectiviteit (tot 77) terwijl de dunne dubbellaagse 

membranen een significante verbetering (verdubbeling) lieten zien van de permeance.  

Bovengenoemde resultaten bevestigen dat MOF-gebaseerde MMMs veelbelovend zijn voor 

CO2 scheiding. Dit werk geeft de elementen aan die verdere ontwikkeling nodig hebben in dit zich 

snel ontwikkelende veld, en het benadrukt het belang van tegelijkertijd zowel de MOF als de 

polymeer matrix te ontwerpen om tot industrieel toepasbare membranen voor de scheiding van 

gassen te komen.  

6.2 Algemene opmerkingen en vooruitblik 

Wat betreft de rol van MOF fillers op de permeatieprestatie van MMMs zijn er verschillende 

aspecten die beschouwd moeten worden bij het gebruik van MMMs voor gasscheiding. Om nog 

meer te profiteren van de MOF eigenschappen in MMMs, is een hoge belading van de MOF in de 

polymeer matrix gewenst. De hoogst mogelijke fractie van MOFs in de gemengde polymeren 

(groot en klein vrij volume) was 25% zonder dat defecten werden gevormd of dat ze te broos 

werden. Dit proefschrift presenteert een veelbelovende strategie waarbij polymeren worden 

gemengd om zo flexibele MMM sheets te krijgen met een hoge fractie MOFs. Een verdere 

verhoging van de MOF-belading bleek mogelijk door het gebruik van rubberachtige polymeren 

zoals Pebax. Dit zou kunnen resulteren in een significante verdere verbetering van de permeatie-

eigenschappen van de MMMs [2]. Daarom kan bij een hoge belading de combinatie van een 

poreuze structuur met rubberachtig polymeer, zodat de vorming van defecten en agglomeraten 

zo veel mogelijk wordt tegengegaan, resulteren in een grote verbetering van de 

permeatieprestatie van een MMM.  
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Om een beter beeld te krijgen van de rol van MOFs in het verbeteren van de 

permeatieprestatie van de MMM, brachten CO2 adsorptieexperimenten van de MMM meer begrip 

van de oplosbaarheids- en diffusiviteits-eigenschappen van MMMs. Deze studies werden gedaan 

gebaseerd op single gas metingen. Hoewel MOFs de poreuze structuren zijn waarvan verwacht 

wordt dat deze mogelijk de diffusie van moleculen faciliteren, lieten de meeste studies zien dat 

MOFs voornamelijk een bijdrage leverden aan de verbetering van CO2 oplosbaarheid in de 

MMMs. Dit komt door de selectieve interactie van de CO2 moleculen met de CO2-fiele 

adsorptieplaatsen van de MOFs. Deze interactie kan de mobiliteit van CO2 beïnvloeden met een 

afname van de CO2 permeatie als gevolg. Aan de andere kant, kan de toegenomen concentratie 

in de MOF hiervoor compenseren, zoals duidelijk is aangetoond voor zeolietmembranen, zodat 

het netto resultaat positief en negatief kan zijn, afhankelijk van de MOF. 

Veroudering is één van de voornaamste obstakels voor het langdurig gebruik van high-

performance membranen. Vooral PIM-1 membranen, die over een ultrahoge permeabiliteit 

beschikken, hebben last van snelle veroudering binnen een paar weken na vervaardiging. 

Verschillende strategieën zijn bedacht om dit fenomeen te onderdrukken en de relaxatietijd van 

de polymeerketens te limiteren. De meest effectieve strategie is het combineren van een tweede 

polymeer als filler in een PIM-1 matrix om zowel de relaxatie van de polymeerketens te limiteren 

als de afname in vrij volume. De beste kandidaten zijn polymeer-fillers die niet alleen een 

bijdrage leveren aan het limiteren van de veroudering, maar ook aan de toename van de filler-

polymeer interacties, door het maken van een brug tussen de filler en de PIM-1 matrix. Het 

toevoegen van deze componenten aan polymeren met een hoge permeabiliteit zou resulteren in 

een drastische verbetering van de MMM scheidingsprestatie (zie hoofdstuk 4). 

Eén van de belangrijkste facetten van MMMs met een hoge performance is een homogene 

dispersie van de filler in de polymeermatrix. Om dit criterium te beoordelen, moeten de 

homogeniteit en de reproduceerbaarheid van de MMM monsters worden gekwantificeerd. 

Homogeniteit van de membranen kan worden geanalyseerd door het testen van de performance 

en door non-destructive karakterisering van verschillende monsters van hetzelfde membraan[1]. 

Bovendien moet de reproduceerbaarheid van de bereidingsmethode gevalideerd worden door 

het testen en karakteriseren van verschillende batches van het membraan onder dezelfde 

condities. In dit PhD project, ondersteund door een samenwerkingsverband tussen verschillende 

laboratoria waarmee zogenaamde 'Round-Robin' testen werden uitgevoerd, konden we 

verschillende onafhankelijke gasscheidingsexperimenten uitvoeren op monsters die zijn gemaakt 

onder dezelfde condities, gebruik makend van dezelfde methode [1].  
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Met betrekking tot de gaspermeatieproeven die zijn gedaan om de scheidingsprestaties van 

de membranen te evalueren, moet ook rekening gehouden worden met een ander aspect: het 

valideren van de gasscheidingsapparatuur en de concentraties van de gasstromen. Daartoe 

moet niet alleen de concentratie van het permeaat worden geanalyseerd, maar ook de voeding- 

en retentaat-stroom.  

In dit opzicht, moeten zowel de experimentele onzekerheden vanwege de nauwkeurigheid van 

de meetinstrumenten zoals MFC, BPC, GC, etc., alsook de onzekerheden in membraandikte en -

oppervlakte worden geschat. Deze moeten ook in beschouwing worden genomen in de 

rapportage van de membraanscheidingsprestaties.  

Afgezien van het experimentele aspect van het maken, karakteriseren en testen van MMMs, is 

het rigoreus modelleren van de filler en de polymeer, en met name het grensvlak, essentieel [3,4]. 

Deze modellen zouden moeten helpen bij het inzicht in het filler-polymeer grensvlak op 

nanoschaal en de selectie van goed bij elkaar passende geschikte fillers en polymeren moeten 

vereenvoudigen.  
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