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To my family 

 

 

 

Love is patient, love is kind. It does not envy, it does not boast, it is not 

proud. It does not dishonor others, it is not self-seeking, it is not easily 

angered, it keeps no record of wrongs. Love does not delight in evil but 

rejoices with the truth. It always protects, always trusts, always hopes, 

always perseveres.  

Love never fails. 

                                                  1 Corinthians 13:4-8 
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Introduction 

       1
The important thing is not to stop questioning. Curiosity has its own reason 

for existence. One cannot help but be in awe when he contemplates the 

mysteries of eternity, of life, of the marvelous structure of reality. It is 

enough if one tries merely to comprehend a little of this mystery each day. 

Albert Einstein 

 

 

Imagination is more important than knowledge. For knowledge is limited to 

all we now know and understand, while imagination embraces the entire 

world, and all there ever will be to know and understand. 

Albert Einstein 
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1.1 INTRODUCTION 

The fast accumulation of CO2 in the atmosphere in recent years is leading to serious global 

warming issues, such as abnormal climate change and rising of sea levels.
1-3

 CO2 emissions 

are mostly due to fossil fuels. CO2 capture can be achieved mainly by pre-combustion 

capture (separation of H2/CO2 mixture) or post-combustion capture (separation of CO2/N2 

mixture). On the other hand, the use of biogas as alternative fuel may also play a role in 

the direct capture of CO2. In that case, biogas upgrading would require the separation of 

CO2/CH4. Conventional technologies for CO2 capture, such as cryogenic distillation or 

amine adsorption, are energy intensive and may bring environmental issues.
4
 In this 

sense, membrane separation technology is more attractive owing to the advantages of 

energy efficiency, low cost, small footprint and environmental benefits. Membrane 

materials are the core part of the membrane technology. Polymers are the only 

membrane materials that could be produced in large-scale and have been successfully 

commercialized since the 1980s. Unfortunately, polymer membranes suffer from an 

undesirable “trade-off” relation between permeability (P) and selectivity (S), which is 

known as Robeson upper bound.
5, 6 

The underlying reason accounting for this trade-off 

phenomena is the dense state or limited porosity of polymers.
5, 7

 In this regard, the 

creation of nanopores by introducing microporous materials is a promising method for 

achieving a high membrane performance and surpass the Robeson bound. Thus, a wide 

variety of microporous materials, such as zeolites,
8
 or metal-organic frameworks (MOFs),

9
 

among others, has been explored as membranes for CO2 separation. 

Porous organic frameworks (POFs) are a novel class of porous materials constructed 

exclusively from organic units. Different types of POFs (Fig. 1.1) have been synthesized, 

including crystalline covalent organic frameworks (COFs),
10,

 
11

 semi-crystalline covalent 

trizine frameworks (CTFs),
12

 amorphous porous aromatic frameworks (PAFs),
13

 conjugated 

microporous polymers (CMPs) and benzimidazole linked-polymers (BILPs).
14, 15

 Owing to 

their distinguishing features, such as inherent porosity, tunable pore size, high surface 

area, excellent thermochemical stability, low density and diverse functionality, POFs have 

gained tremendous attention in different fields, such as gas storage and separation,  
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Fig. 1.1. Classification of POFs. COFs are crystalline porous networks.
10

 CTFs are constructed by the 

trimerization reaction of carbonitriles and thus contains trizaine rings in the network.
16

 PAFs possess 

a rigid aromatic open framework structure.
17

 CMPs are -conjugated three- dimensional (3D) 

networks.
18

  BILPs are a class of POFs linked by the benzimidazole ring.
19

 

catalysis, photovoltaics, chemical sensors and energy storage.
20-24

 More information on 

POFs synthesis, properties and applications can be found in recent reviews.
2, 25-28

 However, 

the use of POFs as membranes is still at the infancy stage.  

This chapter reviews the latest advances in the formation of POF-based membranes. It 

starts with a brief introduction of the fundamentals of membrane separation, followed by 

the development of POF membranes. In particular, two main strategies to process POF 

membranes, including engineering of pure POFs membranes on substrates and the 

fabrication of mixed-matrix membranes (MMMs), have been reported and will be 

discussed in this chapter.  

1.2 GENERAL PARAMETERS AND FUNDAMENTALS OF MEMBRANE-BASED CO2 

SEPARATION 

In membrane-based gas separation, permeability (P) and selectivity (S) are key parameters 

used to evaluate the membrane separation performance. The gas permeability of an i-

component (𝑃𝑖 ) is the permeance (𝑄𝑖)  normalized by the membrane thickness (l) 

(𝑃𝑖 = 𝑄𝑖 × 𝑙), where the permeance is the mass, volume or molar flow rate across the 

membrane in unit area and pressure. 𝑃𝑖  can be expressed as follows (Equation 1.1): 

𝑃𝑖 =
𝐹𝑖·𝑙

𝛥𝑝𝑖·𝐴
       (1.1) 
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where Fi denotes the molar flow rate of compound i (mol s
-1

), l is the thickness of the 

membrane (m) and A is the membrane area (m
2
). Δpi corresponds to the transmembrane 

pressure difference (or the partial pressure difference in the case of gas mixtures) of a 

component i across the membrane (Pa).  

In a polymeric membrane, permeability depends on the gas solubility and diffusivity and is 

written as 𝑃𝑖 = 𝐷𝑖 × 𝑆𝑖 , where 𝐷𝑖  and 𝑆𝑖  are the gas component diffusivity and solubility 

coefficients in the polymer matrix, respectively. The gas selectivity of i-component over j-

component is given by Equation 1.2: 

𝛼𝑖,𝑗 = (
𝐷𝑖

𝐷𝑗
) × (

𝑆𝑖

𝑆𝑗
)       (1.2) 

where 
𝐷𝑖

𝐷𝑗
 and 

𝑆𝑖

𝑆𝑗
 are the diffusivity and solubility selectivities, respectively. The unit 

typically used for permeability is Barrer (1 Barrer = 3.35 x 10
-16

 mol·s
-1

·m
-1

·Pa
-1

), whereas 

the permeance unit is GPU (1 GPU = 3.35 x 10
-10

 mol·s
-1

·m
-2

·Pa
-1

).  

Gas separation through a membrane may occur through three different mechanisms:
29-31

 

(a) solution-diffusion, (b) molecular sieving and (c) Knudsen diffusion. For the solution-

diffusion mechanism, there are no continuous pathways for gas transport, and the 

selectivity depends on the differences in species diffusivities and solubilities in the 

membrane. Solubility is governed by the gas condensability (function of the critical 

temperature) and the affinity between gas molecules and the membrane material. 

Diffusivity on the other hand depends on the free volume of the membrane, as well as the 

gas molecular size. In the case of the molecular sieving mechanism, the separation is 

mainly based on the difference of molecular size. Generally, membranes based on this 

mechanism possess small pores that could significantly constrict the diffusion of larger 

molecules when mixture gases are passing through the pores. In particular, small-pore 

membranes, such as some zeolites and MOFs, are good candidates for molecular sieving 

membranes that could achieve high selectivity.
32-34

 As to the Knudsen diffusion, it is the 

dominant mechanism when the membrane pore size is smaller than the gas mean free 

path, but much larger than the molecular size. Molecules with low mass diffuse faster and 

show higher permeance. The selectivity of Knudsen diffusion is the inverse-square-root 

ratio of molecular mass of the gases, resulting in relatively low selectivities.  
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Table 1.1. Relevant physical properties of selected gases.
7, 35

 

Gases 
Kinetic 

diameter (Å) 

Quadrupole moment 

(10−26 esu m2) 

Condensability parameters 

Boiling point (K) Critical temperature (K) 

H2 2.83-2.89 0.66 20.3 60 

CO2 3.3 1.52 216.6 195 

N2 3.64-3.80 4.30 77.4 71 

CH4 3.76 0 111.7 149 

In CO2 separation processes, CO2 is usually separated from CH4, N2 and H2, which refers to 

natural gas purification, post- and pre-combustion CO2 capture, respectively. Table 1.1 

lists the relevant physical properties of these gas molecules. Compared to other gases, CO2 

has higher boiling and critical temperatures, resulting in a higher condensability and thus 

solubility in the membranes. Moreover, the larger quadrupole moment of CO2 may favor 

its interaction with different functional groups in the membrane. The above 

characteristics of CO2 result in the solubility selectivity over CH4, N2 and H2. The diffusivity 

selectivity of CO2/CH4, CO2/N2 on the other hand is higher than one due to the smaller 

kinetic diameter of CO2. Combining the higher solubility and diffusivity selectivities, CO2 is 

easier to separate from CH4 or N2 than from H2. In the latter case, the separation is indeed 

more challenging given the smaller size of H2 and higher condensability of CO2, resulting in 

an opposite trend in diffusivity and solubitility selectivites.
36

 

1.3 PURE POF MEMBRANES 

1.3.1 COF membranes 

Covalent organic frameworks (COFs) are a class of crystalline porous materials, 

constructed from light-weight elements linked by strong covalent bonds,
26, 37

 resulting in 

different compounds with very low mass densities and extremely robust. Since the 

synthesis of the first COF was reported in 2005 by Yaghi and co-workers,
10

 COFs have 

attracted tremendous interest due to their permanent porosity and high thermal and 

chemical stabilities, which prompt their application in different areas like gas storage,
38

 

catalysis
20

 and photovoltaics.
21

 Although there have been many reports on the design and 

synthesis of COFs and their application in gas storage or separation,
22, 39, 40

 only a few  
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Fig. 1.2. Schematic representation of the fabrication of COF-MOF composite membranes.
43

 

studies on the application of COFs as gas separation membranes can be found. Gao et 

al.
41, 42

 first reported the growth of a COF membrane on a surface-modified -Al2O3  

ceramic support. However, the permeation performance towards different gases was 

mainly governed by Knudsen diffusion due to the large pores of the selected COF. Ben et 

al.
43

 reported for the first time a MOF-COF composite membranes obtained through the 

growth of MOFs on top of a COF membrane (Fig. 1.2). The resulting hybrid membrane 

showed higher H2/CO2 selectivity than the individual COF or MOF membranes, surpassing 

the 2008 Robeson upper bound of polymeric membranes for the H2/CO2 gas pair. Tsuru et 

al.
44

 successfully fabricated an ultrathin membrane via drop-coating of exfoliated COF-1 

nanosheets on -Al2O3 substrate. These ultrathin membranes resulted in high permeable 

composites, but the selectivity was however close to Knudsen diffusion. The above studies 

demonstrate the feasibility of preparing COF membranes for gas separation. However, it 

should be noted that the processing of COFs into defect-free membrane for gas separation 

remains a challenge and only few reports on the preparation of continuous COF 
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membranes on porous substrates, being used as nanofiltration membrane, have been 

reported.
45, 46

 

1.3.2 CTF membranes 

Covalent triazine frameworks (CTFs) are normally synthesized through ionothermal 

methods in which the cyclotrimerization of nitrile groups in molten Lewis acid (e.g. ZnCl2) 

under high pressure and high temperature affords crystalline or amorphous porous 

compounds.
47-49

 Although the resultant CTFs exhibit excellent chemical and thermal 

stabilities, the conditions needed for their fabrication makes the preparation of CTF-based 

membranes quite challenging. Extensive efforts have been devoted to develop a more 

gentle method for the synthesis of CTFs.
50, 51

 For instance, Dai et al.
52

 used a supper acid 

(e.g. CF3SO3H) instead of the typically used molten salt ZnCl2, to catalyze the 

cyclotrimerization of aromatic boronitriles into CTFs networks at relatively low 

temperatures (< 373 K). Interestingly, the crosslinking reaction solution could be directly 

casted onto a glass to fabricate a continuous film. The synthesized porous triazine-

framework-based membrane exhibited a good selectivity towards CO2/N2 (29 ± 2) 

together with a CO2 permeability of 518 ± 25 Barrer. However, CF3SO3H is a strong and 

corrosive acid, which is environmentally unfriendly. So as to circumvent this problem, 

Wang et al. 
53

 recently developed a new strategy to construct CTFs by polycondensation 

from a wide range of building units under mild conditions, using cesium carbonate as a 

base and DMSO as solvent at 373 K. The resulting CTFs display a layered structure, which 

can be exfoliated into nanosheets. Computational studies suggest that CTF-1 nanosheets 

can be restacked into few-layer ultra-thin membranes, providing selective interlayer flow 

passages, which results in enhanced inherent gas separation performance.
54,

 
55

 Zhong et 

al.
56

 first exfoliated CTF-1 into nanosheets using a ball milling method and then employ a 

graphene oxide (GO)-assisted vacuum filtration method for the preparation of ultrathin 

CTFs membranes on porous support (Fig. 1.3). The prepared membranes show a high H2 

permeance together with a competitive H2/CO2 selectivity (~ 17). This performance 

successfully surpassed the Robeson’s 2008 upper bound, making these CTF-based 

membranes attractive for pre-combustion CO2 capture.  
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Fig. 1.3. Schematic representation of the fabrication of ultrathin CTF-1 membrane with the 

assistance of GO.
56 

1.3.3 CMP membranes 

Conjugated microporous polymers (CMPs) refer to those porous frameworks that permit 

the connection of the building units in a -conjugated manner. CMPs are usually 

synthesized by metal-catalyzed cross-coupling reactions resulting in insoluble powders, 

making it technically challenging to be processed into a defect-free membranes.
18,

 
57

 

Recently, Wu et al.
58

 reported the synthesis of free-standing CMP nanofilms at an oil-

water interface by an interfacial polymerization method, which has been proven as a very 

attractive approach  to integrate CMP into membranes. The first CMP membrane for gas 

separation was reported by Tsotsalas’ group,
59

 and it was fabricated using a layer by layer 

growth method (Fig. 1.4a). Specifically, two different monomers with multiple copies of 

the same functional groups were employed as building units instead of one single 

monomer. The crucial strategy of their method was the use of a sacrificial substrate so 

that after the detachment of substrate a free-standing CMP membrane (Fig. 1.4b) could 

be transferred to a polydimethylsiloxane/polyacrylonitrile (PDMS/PAN) support. The 

resulting supported CMP film showed a H2/N2 selectivity of 36 and O2/N2 selectivity of 6, 

indicating the formation of a continuous defect-free CMP layer. Moreover, this fabrication 

method may allow for the synthesis of a variety of CMP films with different physical and 

chemical properties for other applications. 
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Fig. 1.4. (a) Molecular building units and schematic representation of the layer-by-layer synthesis of 

CMP systems on functionalized surfaces. (b) Scanning electron microscope (SEM) images of the 

freely floating CMP-membrane after its transfer to a TEM grid.
59

 

1.4 POF-BASED MMMs  

Although some fabrication methods have been developed for the synthesis of continuous 

porous organic framework (POF) membranes (vide supra), POFs are typically obtained in 

the form of insoluble powders.
60, 22, 39

 Considering their lack of processability, an 

alternative approach for the preparation of membranes is in the form of MMMs. This 

approach has been widely used for other porous materials, such as carbon molecular 

sieves, 
61

 zeolites,
62

 MOFs 
63,

 
64

 and is especially appealing for POFs given their fully organic 

structure, which has been reported to result in good interaction with polymer matrix. 
65, 66 

POFs with pores in the micropore range are typically selected to prevent the penetration 

of the polymeric chains of the continuous matrices in the filler pores, which has been 

reported to result in a permeability loss of the final composite. Zhu et al 
67

 use spin-

coating to incorporate a microporous POF (SNW-1) into polysulfone (PSF) to fabricate 
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Fig. 1.5. (a) CO2/CH4 pure gas selectivities of PAF-based membranes studied over 365 days of 

physical aging and (b) a comparison of mixed and pure gas permeabilities of these membranes.
68

 

SNW-1/PSF membranes. The membranes prepared were applied to CO2/CH4 and CO2/N2 

separations, resulting in a CO2 permeability increase upon SNW-1 loading. Another 

solution-casting example is given by PAF-based MMMs. Hill et al.
68

 employed a series 

PAFs, particularly PAF-1 and its derivatives, as fillers in poly(trimethylsilylpropyne) 

(PTMSP). The MMMs exhibited an exceptional increase in porosity, resulting in ultrafast 

CO2 transport. CO2 permeability of aged PAF-1 and PAF-1-Li60C60 @PTMSP MMMs was as 

high as 28,400 and 50,600 Barrer, respectively, compared to 13600 Barrer of the aged 

bare membrane. Moreover, membrane aging was greatly reduced for PAF/PTMSP 

membrane with only 9% reduction in the CO2 permeability after 1 year (Fig. 1.5). More 

impressively, their other works suggest that the loading of PAF-1 in PIM-1 could even 

enhance the gas separation performance after being aged.
69,

 
70

 In addition to the highly-

porous PAFs, crystalline COFs are also appealing fillers in MMMs. Recently, chemically-

stable imine-linked COFs (particularly TpPa and TpBD) were incorporated into 

polybenzimidazole (PBI) to generate MMMs.
71

 The filler loading could reach up to 50 wt.% 

and the resulting MMMs exhibited a sevenfold increase in the CO2 permeability compared 

to the bare polymer with appreciable CO2/CH4 (48.7) and CO2/N2 (23) selectivities. 

Similarly, other POFs including NUS-2, NUS-3, COF-LZU1, ACOF-1 and BILP-101 have been 

also exploited as fillers in MMMs for CO2 separation.
 66, 72-75

. 
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1.5 THESIS OUTLINE  

This thesis consists of three parts. Part I (Chapter 1) gives an introduction on different 

types of POFs along with their application in membranes for gas separation, and some 

fundamentals on gas separation membranes. In the following parts of this thesis, we focus 

on the development of POF-based membranes for CO2 separation. As shown in the 

previous paragraphs, POFs can be crystalline or amorphous in structure.  

Thus, part II (Chapter 2 and 3) focuses on the development of crystalline POF-based mixed 

matrix membranes for CO2 separation. An azine-linked COF (ACOF-1) is used as fillers to 

prepare MMMs. Chapter 2 presents the synthesis, characterization of ACOF-1 and ACOF-

1@Matrimid® MMMs. The CO2/CH4 separation performance of the prepared MMMs with 

different ACOF-1 loadings under different feed pressures was investigated. In Chapter 3

we extend this study to other polymers. MMMs are prepared with different loadings of 

ACOF-1 and three different non-structured non-porous polymers as continuous phase: the 

low flux-mid selectivity polymer Matrimid®, the mid flux-high selectivity polymer 

Polyactive™ and the high flux-low selectivity polymer 6FDA:DAM. The influence of the 

polymeric matrix on the MMMs performance for post-combustion CO2 capture is 

discussed. Part III (Chapter 4 and 5) focuses on the development of amorphous BILP-101 

membranes for CO2 separation. In Chapter 4, BILP-101 particles with different porosities 

are synthesized controlling the initial polymerization temperature. The synthesized BILPs 

are further incorporated into Matrimid® to prepare MMMs and the influence of the filler 

porosity on the membrane separation performance towards CO2/N2 is investigated. 

Chapter 5 describes the further engineering of BILP-101 into pure POF membranes. Using 

the interfacial polymerization method, BILP-101 free standing films are formed at the 

water-benzene interface and BILP-101 membranes are further prepared on top of α-Al2O3 

substrates. The prepared membranes are explored for pre-combustion CO2 capture, i.e. 

the H2/CO2 separation. The influence of pressure, temperature and steam on the 

membrane performance is extensively studied.  

Note that all chapters have been written as individual publications and can be read 

independently. As a result, some overlap may be present.  
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Abstract: Mixed matrix membranes (MMMs) comprising Matrimid® and a microporous 

azine-linked covalent organic frameworks (ACOF-1) were prepared and tested in the 

separation of CO2 from an equimolar CO2/CH4 mixture. The COF-based MMMs show a 

more than doubling of the CO2 permeability upon 16 wt.% ACOF-1 loading together with a 

slight increase in selectivity compared to the bare polymer. These results show the 

potential of COFs in the preparation of MMMs. 

 

 

 

 

 

 

 

 

 

 

  



Azine-linked COF-based MMMs for CO2/CH4 Separation  

 
 

 21 

2.1. INTRODUCTION 

The presence of CO2 in different fuel gases, such as biogas and natural gas, leads to 

a decrease of their heating value and to pipeline corrosion. Thus, the removal of 

CO2 from fuel gases through gas upgrading is often necessary. Traditional 

technologies for CO2 removal, such as amine absorption, involve a phase transition, 

leading to a significant energy penalty. In this sense, membrane separation 

technology is a promising candidate for CO2 separation, not only because it does 

not require a phase change but also because of its small footprint and ease of 

operation.
1
 Polymeric membranes dominate the current market due to their good 

mechanical properties, good processability and low cost. However, polymeric 

membranes show little resistance towards high temperatures and aggressive 

chemical environments. Besides, the main issue of polymeric membranes is the 

trade-off relation between gas permeability and selectivity, which is widely referred 

to the Robeson upper bound.
2, 3

 One of the strategies proposed to overcome this 

limit is the preparation of mixed-matrix membranes (MMMs), consisting of selected 

fillers dispersed in a polymer matrix.
4, 5, 6

  

A variety of fillers such as silica,
7
 carbon molecular sieves (CMSs),

8
 zeolites,

9
 carbon 

nanotubes
10

 and delaminated materials
11 

and metal-organic frameworks (MOFs)
12 

have been incorporated into different polymer matrices to prepare MMMs. 

However, poor filler-polymer compatibilities, filler aggregation and pore blocking by 

polymer chains are problems commonly encountered. In this sense, previous 

studies have shown that the use of fillers with at least partially organic nature, such 

as MOFs,
13, 14

 metal-organic polyhedrons (MOPs)
15,

 
16

 and porous aromatic 

frameworks (PAFs),
17,

 
18

 results in a relatively good compatibility in the composite. 

Covalent organic frameworks (COFs) are a class of porous organic polymers that 

have attracted tremendous interest in various fields such as gas adsorption and 

storage,
19,

 
20

 catalysis,
21

 sensing,
22

 and photovoltaics.
23

 They do not only exhibit 

exceptional properties (such as permanent porosity, high surface areas and easily-

tunable frameworks) but also, their fully organic nature may result in an improved 
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filler–polymer interaction, avoiding the formation of non-selective defects upon 

MMM preparation.
24

 Despite the fact that many reports on gas storage using COFs 

have been published,
20a, 19, 25

 only a few reports on the application of COFs in 

membranes for gas separation can be found.
26, 27, 24

 Recently, Zhao et al.
28

 

successfully incorporated two COFs (NUS-2 and NUS-3) into two different polymer 

matrices (Ultem® and polybenzimidazole, PBI) and applied the membranes in 

CO2/CH4 and H2/CO2 separation. Compared to the bare polymers, the NUS-2 and 

NUS-3 containing MMMs exhibited increased gas permeabilities together with 

slightly higher and constant selectivities, respectively. Interestingly, NUS-2@PBI 

showed an increase in the H2/CO2 selectivity from 9 for the bare polymer up to 31 

upon 20 wt.% COF loading, exceeding the upper bound reported by Robeson in 

2008. 

Herein, we report the synthesis of MMMs comprising a microporous azine-linked 

COF (ACOF-1) as filler and the commercial polymer Matrimid® 5218 as the polymer 

matrix. While ACOF-1 has been reported to possess high ideal adsorption selectivities for 

the separation of CO2 from CH4 and N2,
29

 Matrimid® 5218 was chosen as polymer 

matrix due to its high selectivity, its high thermal and chemical resistance, and its 

commercial availability. The MMMs prepared were tested in the separation of CO2 

from equimolar mixtures of CO2/CH4 and our study is particularly focused on 

evaluating the effect of the ACOF-1 loading and trans-membrane pressure 

difference on the membrane performance. With this approach the MMMs’ 

permeability could be increased up to 130 % for 16 wt.% ACOF-1 loading with a 

slight enhancement in the membrane selectivity compared to the bare polymer. 

2.2. EXPERIMENTAL 

2.2.1. Materials 

Benzene-1,3,5-tricarboxaldehyde (97 %), hydrazine hydrate (N2H4 50 % - 60 %), 1,4-

dioxane (99.8 %), acetic acid, tetrahydrofuran (99.9 %), and acetone (99.9 %) were  
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Fig. 2.1. Chemical structure of the polyimide Matrimid® 5218. 

purchased from Sigma Aldrich. All these starting materials and solvents were used without 

further purification. Polymer Matrimid® 5218 (Mw = 123,000 g·mol
-1

, Mn ≈ 11,000 g·mol
-1

) 

was kindly supplied by Huntsman Advanced Materials. The chemical structure of 

Matrimid® are shown in Fig. 2.1. To remove the adsorbed moisture, the polymer was 

degassed at 453 K for 48 h under vacuum before use.  

2.2.2 Synthesis of ACOF-1 

The azine-linked covalent organic framework ACOF-1 was synthesized using a modified 

version of the procedure previously reported by Liu et al.
 29

 (see scheme 2.1). A 10 mL 

Pyrex tube 1 was charged with 1,3,5-triformylbenzene (60 mg, 0.37 mmol), dioxane (2 mL) 

and acetic acid (HAc, 0.2 mL, 6 M). Another 10 mL Pyrex tube 2 was charged with 

hydrazine hydrate. Both tubes were degassed under Ar for 1 h and then 32 µL hydrazine 

hydrate was transferred from tube 2 to tube 1. Afterwards, tube 1 was tightly covered and 

the mixture was sonicated for 2 min and heated at 393 K for 72 h. The resulting powder 

was centrifuged at 5,000 rpm for 10 min, washed thoroughly with anhydrous dioxane, 

anhydrous tetrahydrofuran and anhydrous acetone and finally dried under vacuum at 373 

K overnight.  

2.2.3. Preparation of mixed-matrix membranes (MMMs) 

For pure Matrimid® membrane fabrication, 0.4 g polymer was dissolved in 4.0 mL 

tetrahydrofuran (THF) to obtain a solution with a solvent / polymer weight ratio of 90/10. 

To prepare the MMMs, an extra step is needed in which the ACOF-1 particles were 

dispersed into THF, stirred for 2 h and sonicated for 30 min. To this suspension, 0.2 g  
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Scheme 2.1. Schematic procedure of the ACOF-1 synthesis. 

Matrimid® was added and the casting suspension was further stirred for 24 h. The solvent  

/ filler-polymer weight ratio was kept at 90/10 in all cases. The proportion of the ACOF-1 

in the synthesis suspension was adjusted to achieve the desired final ACOF-1 loading of 

8 wt.% and 16 wt. % in the resulting MMMs. 

The prepared suspensions were then cast onto a clean glass plate with the help of a 

doctor blade knife. The cast membrane was then immediately covered with a small watch 

glass to prevent a too fast solvent evaporation. The glass plate was further covered with a 

square box with four small bottles of THF inside to create a saturated THF atmosphere. All 

these measures were taken to slow down the evaporation rate of THF and thereby 

preventing the formation of defects during drying. The membrane was left to dry 

overnight at room temperature. Then, the membrane was peeled off from the glass plate 

and dried under vacuum at 423 K for 24 h. The final thickness of the resulting membranes 

was evaluated using a digital micrometer and were in the range of 30 - 50 µm. 

2.2.4. Characterization techniques 

Diffuse reflectance infrared Fourier transform (DRIFT) spectra of ACOF-1 powder was 

acquired in a Nicolet 8700 FT-IR (Thermo Scientific) spectrometer equipped with a high 

temperature cell with CaF2 windows (Praying Mantis
TM

). The samples were pretreated in a 

He flow at 393 K for 5 min and then collect the spectra. 

The solid-state 
13

C cross-polarization magic-angle spinning (CP/MAS) NMR spectra were 

acquired at ambient temperature by a Bruker Advance 400 solid-state NMR spectrometer 
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at a MAS rate of 10 kHz. The chemical shift of dilute tetramethylsilane (TMS) in CDCl3 

(external) was used as reference. The operating frequency is 100.6 MHz.  

Thermogravimetric analyses (TGA) were performed on a Mettler Toledo TGA/SDTA851e 

apparatus by measuring the mass loss of the sample while heating the sample (~ 5 mg) 

under N2 (100 mL min
-1

) from room temperature to 1073 K at a heating rate of 10 K·min
-1

.  

Powder X-ray diffraction (PXRD) patterns of the prepared COF powder and the 

membranes were recorded using a Bruker-D8 Advanced diffractometer with Co-Kα 

radiation (λ = 1.78897 Å). The samples were scanned in the 2θ range of 5 - 80
o
 using a step 

size of 0.02
o
 and a scan speed of 0.4 s per step in a continuous scanning mode. 

N2-physisorption experiments were carried out at 77 K in a Quantachrome Autosorb-6B 

setup. Prior to the measurements, the samples were degassed at 393 K under N2 flow for 

at least 16 h. The Brunauer-Emmet-Teller (BET) areas were calculated according to the 

criteria reported by Rouquerol et al.
30

 and de Lange et al.
31

 

CO2 and CH4 adsorption isotherms of ACOF-1 were recorded in a Tristar II 3020 

(Micromeritics) at 273 K. Prior to the measurements, the samples were degassed at 393 K 

under N2 flow for at least 16 h. 

Scanning Electron Microscopy (SEM) micrographs were acquired using a JEOL JSM-6010LA 

InTouchScope microscope equipped with an integrated SDD EDS detector. ACOF-1 

specimens were prepared by drop-casting a sonicated methanol ACOF-1 suspension 

directly on the sample holder and followed by gold sputtering for 20 s.  

Transmission Electron Microscopy (TEM) analysis was performed in a JEOL JEM-1400-Plus 

microscope operated at 120 keV. The ACOF-1 samples were prepared by applying one 

drop of the ACOF-1 suspensions in methanol onto a copper grid.  

Raman measurements were performed on the membranes with a Jobin Yvon Labram 300 

confocal microscope equipped with a laser at 633 nm and an 1800 lines/mm grating. The 

homogeneity of the membranes for the dispersion of the ACOF-1 filler in the polymer was 

estimated from Raman intensities in the MMMs compared to the pure components. For 

this, ca. 25 measurements were done at several spots on both sides of the membrane. 

Acquisition conditions were modified in order to compare between the upper surface and 
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a somewhat larger portion of the surface (approximately between 0 and 3 µm, named 

“deeper” in Fig. A3 and A4) to identify possible aggregation. As the MMMs spectra did not 

show any new peaks or shifts as compared to the pure components, all spectra of the 

MMMs were then modelled by combining the reference spectra of the pure ACOF-1 and 

Matrimid®. The spectroscopic contribution of the ACOF-1 filler in the membrane was 

calculated by a least-square minimization procedure of the reconstructed spectra in the 

900 - 1830 cm
-1

 range.  

Differential scanning calorimetry (DSC) measurements were carried out using Perkin Elmer 

DSC 7 equipment to assess the glass transition temperature (Tg) of the neat and MMMs. 

The scanning range was 298 K - 698 K at a heating rate of 10 K/min under nitrogen 

atmosphere. Two consecutive runs were performed. A first DSC cycle was performed 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 calculated as the middle point of the slope transition in the DSC curve. 

2.2.5. Gas permeation experiments 

Round membrane areas of 3.46 cm
2
 were cut from the casted films, placed on a 

macroporous support and mounted in a flange between Viton® O-rings. This flange fits in 

a permeation module which was placed inside an oven in a permeation setup described 

elsewhere.
32

 The CO2/CH4 separation measurements were performed in a home-made 

setup employing an equimolar CO2 (50 ml·min
-1

) and CH4 (50 ml·min
-1

) mixture as gas feed. 

Helium (3.3 ml·min
-1

) was used as sweep gas at the permeate side. The absolute pressure 

of the feed stream was adjusted in a range of 4 - 10 bar using a back-pressure controller at 

the retentate side, keeping the permeate side atmospheric. The temperature in the 

permeation module was kept at 308 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 reproducibility of 

reported data. In all cases, gas separation performance was evaluated after ensuring 

steady operation. 
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Gas separation performance was defined by the separation factor (α) and the gas 

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

was calculated as follows (Equation 2.1): 

  𝑃𝑖 =
𝐹𝑖·𝑙

𝛥𝑝𝑖·𝐴
           (2.1) 

where flux Fi denotes the molar flow rate of compound i, l is the thickness of the 

membrane, A is the membrane area. Δpi is the partial pressure difference of component i 

across the membrane and it can be calculated according to Equation 2.2.  

  𝛥𝑝𝑖 = 𝑝𝑓𝑒𝑒𝑑 × 𝑌𝑖,𝑓𝑒𝑒𝑑 − 𝑝𝑝𝑒𝑟𝑚 × 𝑋𝑖,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒                                            (2.2) 

where pfeed and ppermeate represent the pressures at the feed and permeate sides and Yi, feed 

and Xi, permeate are the molar fractions of component i in the feed and permeate gas 

streams, respectively.  

The SI unit for the permeability is mol·s
-1

·m
-1

·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
-1

·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 2.3). 

  𝛼 =
𝑃𝐶𝑂2

𝑃𝐶𝐻4
       (2.3) 

2.3. RESULTS AND DISCUSSION 

ACOF-1 particles were synthesized modifying the method previously reported by 

Liu et al.,
29

 and the powder recovered was characterized by diffuse reflectance infrared 

Fourier transform (DRIFT) and solid-state 
13

C cross-polarization magic-angle 

spinning (CP/MAS) NMR spectroscopy. The DRIFT spectrum shows a band at 1631 

cm
-1

, corresponding to the azine C=N stretching mode (Fig. 2.2a).
33

 These 

observations were further corroborated by the 
13

C CP-MAS NMR spectrum, which 

exhibits a peak at δ = 164 ppm, supporting the formation of the C=N bond (see Fig. 

2.2b). Thermogravimetric analysis (TGA) under N2 atmosphere was also performed 

in order to check the thermal stability of ACOF-1. The results show that ACOF-1 is  
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Fig. 2. 2. (a) DRIFT spectra of ACOF-1 at 393 K under He atmosphere and (b) 
13

C CP/MAS solid-

state NMR spectra of ACOF-1. * Corresponding to spinning side bands. 

 

 
Fig. 2. 3. TGA curve of ACOF-1 and membranes under nitrogen flow at a heating rate of 10 K/min. 

stable up to 573 K (see Fig. 2.3), where the degradation of the framework takes 

place, in agreement with the results previously reported by Liu et al.
 29

 Moreover, 

the slight weight loss taking place below 373 K can be attributed to the desorption 

of moisture and solvent trapped inside the COF.  

The powder X-ray diffraction (PXRD) pattern of the synthesized ACOF-1 is shown in 

Fig. 2.4 together with the simulated pattern based on the crystallographic structure  

model (Fig. 2.4a and b, see Appendix A for the details) for comparison. ACOF-1 
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Fig. 2.4. Space-filling representation of ACOF-1 structure with hexagonal channels running 

along the [001] crystallographic direction. (b) Single hexagonal channel of ACOF-1 formed by 

π−π stacking of 2D layers with 3.3 Å interplanar distances. X-ray diffraction patterns of (c) the 

synthesized and (e) the simulated ACOF-1, (d) N2 adsorption isotherm acquired at 77 K and 

(f) CO2 and CH4 adsorption isotherms of ACOF-1 acquired at 273 K. Closed symbols represent 

adsorption and open symbols desorption branch. 
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presents a similar diffraction pattern as reported in the literature,
29

 confirming its 

successful preparation. In particular, the strong diffraction at 8.34
o
 and the 

relatively weak diffractions at 14.24
o
, 16.50

o
, 21.7

o
 can be assigned to the (100), 

(110), (200), and (120) crystallographic planes, respectively. Furthermore, a broad 

diffraction at 31.56
o
 can be observed, which can be attributed to the π-π stacking 

between the ACOF-1 layers. The broadening of all diffraction peaks is attributed to 

the small crystal size in the synthesized material. Scanning electron microscopy 

(SEM) (Fig. 2.5a) revealed that ACOF-1 is composed of homogeneous spherical-

shaped sub-micron particles with a particle size of 350 ± 30 nm calculated from 

TEM micrographs (Fig. 2.5c and d). In order to study the textural properties of 

ACOF-1, nitrogen adsorption isotherms were acquired at 77 K (see Fig. 2.4d). ACOF-

1 exhibits a type I adsorption isotherm with a large N2 uptake at low relative 

pressures, which is typical for microporous materials. The calculated Brunauer-Em 

mett-Teller (BET) area of ACOF-1 was 1310 m
2
·g

-1
, slightly higher than previously 

reported values for this material.
28-29, 34 

Moreover, Fig. 2.4f shows the CO2 and CH4 

adsorption isotherms acquired for ACOF-1 at 273 K. At 1 bar (100 kPa) and 273 K, 

the CO2 uptake of ACOF-1, 3.92 mmol·g
-1

, is much higher than that of CH4, 0.92 

mmol·g
-1

, which demonstrates its selectivity towards CO2 in line with the results 

reported by Liu et al.
29

 

The as-synthesized ACOF-1 was used to prepare mixed-matrix membranes. Fig. A2 

shows that the crystallinity of ACOF-1 is maintained during the membrane 

preparation procedure. To investigate the dispersion of ACOF-1 within the polymer 

matrix, SEM images of the cross-section of the 16 wt.% ACOF-1@Matrimid® MMM 

were acquired (see Fig.2.5b). The images show that ACOF-1 is uniformly distributed 

in the polymer matrix and no large clusters or aggregates of ACOF-1 could be found 

even at 16 wt.% ACOF-1 loading. Moreover, the homogeneity of the filler dispersion 

in the polymer matrix was further evaluated by Raman spectroscopy as previously 

described in our recent work. 
35

 Spectra of the individual components and MMMs 

are shown in Fig. 2.5e. No additional features can be observed in the MMMs 

compared to the pure components, indicating the absence of specific chemical 
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Fig. 2.5. SEM micrographs of (a) ACOF-1 and (b) the cross-section of a 16 wt.% ACOF-1@ Matrimid® 

MMMs. TEM images (c) and particle size distribution (d) of ACOF-1. (e) Raman spectra of the pure 

components and MMMs. (f) Spectroscopic fraction of COF calculated at random positions of two 

different MMMs (8 and 16 wt.% COF loading). 

bonding between the ACOF-1 particles and Matrimid®. The spectra of the MMMs 

were modelled by combining the spectra of the pure components in order to 

evaluate the spectroscopic contribution of the ACOF-1 filler (see Apprendix A for 

details). For each MMM, separate measurements performed at various positions on 

both sides of the membranes showed similar results (Fig. 2.5f), corroborating the 

good dispersion of ACOF-1 in the polymer matrix assessed by SEM. In addition, the  
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Fig. 2.6. Performance of MMMs with different ACOF-1 loadings in the separation of CO2 from an 

equimolar CO2/CH4 mixture at 308 K and a feed pressure of 4 bar. Error bars correspond to standard 

deviation. 

glass transition temperatures (Tg) of the MMMs are slightly higher than that of neat 

Matrimid® membrane (table A1), what could indicate the favourable compatibility 

between ACOF-1 filler and Matrimid®,
36

 in agreement with the SEM micrographs. 

TGA analysis showed that the prepared membranes have a good thermal stability 

(Fig. A1) and that this stability is not reduced upon COF addition, conversely to 

what has been observed for some MOF-based MMMs.
37

 Moreover, the filler weight 

loading of the MMMs calculated by TGA agreed with the nominal ACOF-1 content, 
 

the deviations being within 5 %.  

To investigate the influence of ACOF-1 loading on the permeability and selectivity 

of the MMMs synthesized, pure Matrimid®, 8 wt.% and 16 wt.% ACOF-1 MMMs 

were tested in the separation of CO2 from an equimolar CO2/CH4 mixture at 308 K 

and a feed pressure of 4 bar. Upon increasing the ACOF-1 loading the permeability 

of both gases increases significantly together with a slight increase of the CO2/CH4 

mixed gas selectivity (Fig. 2.6). Particularly, for the 16 wt.% ACOF-1@ Matrimid® 

MMM, the CO2 permeability increased by 130 % as compared to the neat polymer. 

The Tg of the MMMs barely changes (table A1), indicating that the properties of the  
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Fig. 2.7. CO2 adsorption isotherms of the prepared membranes and ACOF-1 at 273 K.  

Matrimid® polymer does not change much. Therefore, the significant increase in 

gas permeability is attributed to the additional gas transport pathways introduced 

by the porous ACOF-1 network. The slightly higher CO2/CH4 separation factors 

measured for the MMMs can be rationalized by the selective adsorption of CO2 

over CH4 in the N-rich ACOF-1 through dipole-quadrupole interactions.
 29

 Indeed, 

the CO2 adsorption isotherms acquired for the 16 wt.% ACOF-1 MMMs (Fig. 2.7) 

show an increase in the CO2 uptake upon ACOF-1 incorporation, mainly additive 

based on the individual isotherms.  

Our previous research 
38

 demonstrated that the feed pressure has a significant 

effect on the gas separation performance of MOF-based MMMs. Here, the 

influence of the feed pressure on the gas separation performance was also studied 

for COF-based MMMs. The CO2 and CH4 permeabilities of the MMMs are both 

higher than those measured for bare Matrimid®, nearly independent of the partial 

pressure difference (Fig. 2.8a), indicating a permeation flux proportional with the 

partial pressure difference over the membrane ∆Pi. The CO2/CH4 separation factor 

(Fig. 2.8b) for the 8 wt.% ACOF-1@ Matrimid® MMMs shows a similar trend as that  
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Fig. 2.8. Effect of the feed pressure on the (a) gas permeabilities and (b) CO2/CH4 separation 

factor of different membranes obtained in the separation of CO2 from an equimolar mixture 

of CO2 and CH4 at 308 K. Error bars correspond to standard deviation. ■ Pure Matrimid®, ● 8 

wt.% ACOF-1@ Matrimid®, ▲ 16 wt.% ACOF-1@Matrimid®. 

observed for the pure polymer, showing a slight decrease when the feed pressure is 

increased.
35, 39

 This behaviour can be ascribed to the saturation of Langmuir sites, 

leading to a decrease of the sorption coefficient with the transmembrane pressure 

difference. Moreover, a more pronounced decrease was observed for 16 wt.% 

ACOF-1@Matrimid®, for which the presence of small defects at higher COF loading, 

more important at higher pressures, may also play a role.  
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2.4. CONCLUSIONS 

In summary, microporous ACOF-1 particles with high BET areas were successfully 

synthesized and dispersed in Matrimid® to prepare MMMs. The resulting membranes also 

showed a good adhesion between the ACOF-1 particles and the polymer matrix, which 

was further corroborated by the improved MMMs separation performance over the 

polymer. Particularly, the MMMs were tested in the separation of CO2 from an equimolar 

mixture of CO2 and CH4 at 308 K and different feed pressures. The ACOF-1 containing 

membranes show an increase of more than doubling of the CO2 permeability for 16 wt.% 

COF loading relative to the bare Matrimid® membrane, together with slightly higher 

selectivities. These results render ACOF-1 an interesting candidate to prepare MMMs for 

gas separation. 
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APPENDIX A 

 

 

Fig. A1. TGA curve of the prepared membranes under nitrogen flow at a heating rate of 10 K/min. 

 
 

Fig. A2. PXRD patterns of ACOF-1 and the prepared membranes. 
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Fig. A3. ACOF-1 fractions calculated from the Raman spectra at various positions on the 8 wt.% 
ACOF-1@ Matrimid® MMM. 

 

Fig. A4. ACOF-1 fractions calculated from the Raman spectra at various positions on the 16 wt.% 
ACOF-1@ Matrimid® MMM. 
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Fig. A5. Evolution of the average value of the calculated fractions of ACOF-1 with the effective ACOF-

1 loading. 

 

The limited scatter in the various measurements on the two membranes, independent of 

the membrane side and thickness probed (Fig. A3 and A4) show that the membranes are 

quite homogeneous and ACOF-1 is well dispersed at least for the depth (ca. 0-3 µm) that 

was possible to probe by the microscope. 

The spectra of the MMMs were modelled by combining the spectra of the pure 

components in order to evaluate the spectroscopic contribution of the ACOF-1 filler. It 

should be noted that the numerical value calculated for the COF fractions depends on the 

intensity of the spectra of the pure components which in Raman depends on many 

aspects, and thus cannot considered directly as meaningful. However, this calculated ratio 

appeared to evolve proportionally with the ACOF-1 loading (Fig. A5). Therefore, for 

comparison purposes, all the calculated values were divided by the slope of this curve to 

yield the spectroscopic COF fraction shown in Fig. 2. 5f. This overall proportionality also  
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Table A1. Glass transition temperature (Tg) of different membranes. 

Membrane Tg / K 

Bare Matrimid® 594.0 

8 wt.% ACOF-1@Matrimid® 596.0 

16wt.% ACOF-1@Matrimid® 596.4 

suggests that the volume scanned by the Raman microscope is representative of the 

whole membrane. 

Powder X-ray diffraction and structural identification of ACOF-1  

The powder X-ray diffraction (PXRD) measurements were performed on a Bruker D8-

Advance diffractometer equipped with a Co-Kα irradiation source (λ1 = 1.78897 Å, λ2 = 

1.79285 Å, λ1/λ2 = 0.5) and operated in Bragg-Brentano geometry. The experimental XRD 

data were collected over an angle range from 5
o
 - 80

o
 with a step width of 0.02

o
. 

The structural identification of ACOF-1 was performed by comparison of the experimental 

X-ray diffraction pattern with the theoretically expected.  

The ACOF-1 identity was confirmed by Le Bail extraction and unit cell parameter 

refinement (Fig. A6) performed with EXPO2014. 
1
 In the first refinement step, zero offset, 

the scale factor, six background terms and profile parameters as a pseudo-Voigt function 

were refined. The initial unit cell for the refinement was constructed based on the unit cell 

values reported by Liu et al. 
2
 Triclinic P1 space group, a = b = 14.724 Å, c = 3.31 Å, α = β = 

90°, γ = 120°. The atomic fractional coordinates for ACOF-1 model (Table A2) have been 

obtained by consideration of specific structural arrangement of 2D COF layers: π−π staked 

parallel-laid covalent sheets with interplanar distance of ~ 3.3 Å between them. 
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Fig. A6. The Le Bail fitting plot for ACOF-1 (R-factors: Rp = 6.43%, Rwp = 10.1%, RB = 3.92%). The 

experimental data is presented as black solid line, calculated one by red crosses and difference as 

blue solid line. The Bragg positions of the peaks are represented as green sticks. 

Table A2. Atomic coordinates for ACOF-1 model structure. 

Atom label Atom symbol x y z occ 

C1 C 0.441 0.8819 0.5027 1.00 

C2 C 0.3859 0.7718 0.5027 1.00 

C3 C 0.4421 0.7092 0.5027 1.00 

C4 C 0.441 0.5354 0.5027 1.00 

C5 C 0.0944 0.5354 0.5027 1.00 

C6 C 0.3859 0.5904 0.5027 1.00 

C7 C 0.2045 0.5905 0.5027 1.00 

C8 C 0.2672 0.5343 0.5027 1.00 

C9 C 0.2672 0.7092 0.5027 1.00 

C10 C 0.5544 0.1089 0.5027 1.00 

C11 C 0.6162 0.2325 0.5027 1.00 

C12 C 0.9147 0.4692 0.5027 1.00 

C13 C 0.5612 0.4624 0.5027 1.00 

C14 C 0.7911 0.4074 0.5027 1.00 

C15 C 0.6162 0.4074 0.5027 1.00 

C16 C 0.7329 0.4657 0.5027 1.00 

C17 C 0.7329 0.2908 0.5027 1.00 

C18 C 0.558 0.2908 0.5027 1.00 

N1 N 0.9754 0.4427 0.5027 1.00 

N2 N 0.0371 0.5529 0.5027 1.00 

N3 N 0.549 0.5278 0.5027 1.00 

N4 N 0.4505 0.4701 0.5027 1.00 

N5 N 0.5112 0.9715 0.5027 1.00 
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Table A3. Summary of membrane performance tested for the CO2 separation of a CO2/CH4 

equimolar mixture at 308 K. The data were obtained for different membranes under several 

operation pressure conditions. Each type of membrane was fabricated at least 2 times. Error is given 

as the standard deviation from the independent tests of 3 different membranes. Permeate side at 

atmospheric pressure with helium as sweep gas. 

Membrane Matrimid® 

Membrane thickness 32 ± 1 µm 

Feed pressure [bar] 4 5.5 7 8.5 10 

PCO2 [Barrer] 6.8 ± 0.1 6.7 ± 0.4 6.6 ± 0.4 6.5 ± 0.4 6.5 ± 0.5 

PCH4 [Barrer] 0.22 ± 0.00 0.22 ± 0.01 0.22 ± 0.01 0.22 ± 0.01 0.22 ± 0.01 

Selectivity [-] 30.5± 0.6 30.9 ± 0.5 30.2 ± 0.2 30.0 ± 0.2 29.1 ± 0.3 

 

Membrane 8 wt % ACOF-1 / Matrimid® 

Membrane thickness 40 ± 1 µm 

Feed pressure [bar] 4 5.5 7 8.5 10 

PCO2 [Barrer] 9.6 ± 1.0 9.1 ± 1.0 8.9 ± 1.0 8.9 ± 0.8 8.8 ± 0.8 

PCH4 [Barrer] 0.30 ± 0.03 0.29 ± 0.02 0.29 ± 0.03 0.29 ± 0.03 0.29± 0.02 

Selectivity [-] 31.9 ± 0.8 31.8 ± 0.3 31.2 ± 1.0 30.5 ± 0.5 30.0 ± 0.6 

 

Membrane 16 wt % ACOF-1 / Matrimid® 

Membrane thickness 47 ± 1 µm 

Feed pressure [bar] 4 5.5 7 8.5 

PCO2 [Barrer] 15.3 ± 0.7 14.9 ± 0.6 14.7 ± 0.3 14.5 ± 0.0.1 

PCH4 [Barrer] 0.47 ± 0.04 0.48± 0.03 0.51 ± 0.01 0.51 ± 0.00 

Selectivity [-] 32.4 ± 1.8 31.2 ± 1.5 29.1 ± 0.7 28.3 ± 0.1 
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Abstract: The use of an azine-linked covalent organic framework (ACOF-1) as filler in 

mixed-matrix membranes (MMMs) has been studied for the separation of CO2 from N2. To 

better understand the mechanisms that govern separation in complex composites, MMMs 

were prepared with different loadings of ACOF-1 and three different polymers as 

continuous phase: low flux-mid selectivity Matrimid®, mid flux-high selectivity Polyactive™ 

and high flux-low selectivity 6FDA:DAM. The homogeneous distribution of ACOF-1 

together with the good adhesion between the ACOF-1 particles and the polymer matrices 

were confirmed by scanning electron microscopy. In mixed-gas CO2/N2 separation, a clear 

influence of the polymer used was observed on the performance of the composite 

membranes. While for Matrimid® and 6FDA:DAM an overall enhancement of the 

polymer's separation properties could be achieved, in case of Polyactive™ penetration of 

the more flexible polymer into the COF porosity resulted in a decreased membrane 

permeability. The best improvement was obtained for Matrimid®-based MMMs, for which 

a selectivity increases from 29 to 35, together with an enhancement in permeability from 

9.5 to 17.7 Barrer for 16 wt.% COF loading, was observed. Our results demonstrate that 

the combination of the filler-polymeric matrix pair chosen is crucial. For a given filler the 

polymer performance improvement strongly depends on the polymeric matrix selected, 

where a good match between the discontinuous and continuous phase, both in the terms 

of compatibility and gas separation properties, is necessary to optimize membrane 

performance. 
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3.1. INTRODUCTION 

Global warming has caused great public concern due to the fast increase of emissions of 

greenhouse gases, especially CO2. Capture of CO2 from flue gas streams of fossil-fuelled 

power plants, which account for about 40 % of the total carbon emissions worldwide, will 

be instrumental in addressing measures against climate change.
1, 2

 Flue gas is composed of 

different gases such as CO2, N2, CO, O2, water vapour and sulphur oxide, where N2 is the 

main component and the concentration of CO2 (volume basis) is around 15 %.
2,

 
3
 Thus, the 

separation of CO2 from CO2/N2 mixtures is usually studied in the development of new 

separation technologies for post-combustion CO2 capture.  

Conventional technologies for gas separation, such as cryogenic distillation, condensation 

or amine absorption, are energy intensive and may pose environmental concerns. 

Membrane separation technology, on the other hand, has been greatly developed in 

recent years for CO2 capture owing to its attractive features like inherent simplicity, easy 

operation, energy efficiency, and often smaller footprint. Among the different types of 

membranes 
4-6

 those based on polymers are the most widely used in the current market, 

mainly due to their good processability and low cost. However, polymeric membranes 

suffer from a well-known trade-off relationship between permeability and selectivity, as 

originally reported by Robeson in 1991.
7, 8

 Moreover, their limited thermal and chemical 

stability and the CO2-induced plasticization
9, 10

 also restrict their massive application. 

Better separation properties and chemical and thermal stabilities can be achieved with 

inorganic membranes, but they lack mechanical stability and suffer from processability 

and high cost issues.
11

 In this sense, mixed-matrix membranes (MMMs), where selected 

fillers are dispersed in a continuous polymer matrix, were proposed to overcome the 

limitations of organic and inorganic membranes, aiming at the synthesis of processable 

membranes with a performance above the Robeson trade-off limit. Many different 

polymers, such as different polyimides
12, 13

 polysulfone (PSF)
14

 and polybenzimidazole 

(PBI) 
15,16

, have been used for the fabrication of MMMs, whereas zeolites,
17

 carbon 

materials,
8
 and metal-organic frameworks (MOFs)

19,
 

20
 are porous fillers commonly used. 

Among these fillers, MOFs have demonstrated great prospect in preparing MMMs for CO2 
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separation due to their high porosity, selectivity towards certain guest molecules and rich 

pre- and post-synthetic chemistry.
21

 However, most MOFs show insufficient stabilities 

under humid conditions, which limit their application in real-life CO2 capture.
22

 Despite 

long-term stability of MOF-based MMMs with respect to moisture is of utmost 

importance, this issue remains largely unexplored and thus, still needs to be addressed. 

As an alternative to MOFs, covalent organic frameworks (COFs) have recently emerged as 

potential candidates for the preparation of MMMs. COFs are a class of crystalline porous 

materials constructed from light-weight elements linked by strong covalent bonds.
23, 24

 

They have attracted tremendous interest due to their exceptional properties such as low 

densities, regular and permanent porosity, high surface areas and high thermal stabilities, 

appealing in different fields, like gas storage and separation,
25

 catalysis
26

 and 

photovoltaics.
27

 Different MMMs have been reported in which COFs have been used as 

porous fillers.
28-31

 Biswal et al.
32

 dispersed two different chemically stable isoreticular COFs 

(TpPa-1 and TpBD) in PBI-Bul to prepare MMMs. The hybrid membranes (50 wt.% loading 

TpBD) exhibit H2, N2, CO2, CH4 permeabilities up to seven times higher than those of bare 

PBI-Bul polymer with slightly decreased CO2/N2 and CO2/CH4 separation factors. 

Interestingly, the authors were able to increase the COF loading in PBI-Bul up to 50%, 

indicating the excellent compatibility of the COFs with the polymer matrix. Wang and co-

workers
33

 prepared highly compatible MMMs containing PVAm and COF for H2/CO2 

separation, and the resulting membranes showed a notable improved gas permeability 

together with slightly higher H2/CO2 selectivities. Zhao et al.
34

 successfully incorporated 

two COFs (NUS-2 and NUS-3) into two different polymer matrices (Ultem® and PBI) and 

applied the membranes to CO2/CH4 and H2/CO2 gas separation. The NUS-2@PBI 

membranes showed an increase in the H2/CO2 selectivity from 9 for the bare polymer up 

to 31 upon 20 wt.% COF loading, exceeding the upper bound reported by Robeson in 

2008. Recently, our group reported azine-linked COF (ACOF-1) @Matrimid® MMMs for 

CO2/CH4 separation. A more than doubling of the CO2 permeability together with slightly 

higher CO2/CH4 separation factors were observed upon 16 wt.% ACOF-1 loading compared 

to the bare Matrimid® polymer.
35

 These first examples illustrate the potential of COFs as 

fillers in the preparation of defect free MMMs. The fully-organic nature of COFs probably 
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accounts for this good adhesion between dispersed and continuous phases, in contrast to 

other traditional porous fillers, such as zeolites, for which their inorganic nature 

commonly leads to the formation of defects at the filler-polymer interface. However, 

choosing appropriate polymer and COF pairs for specific gas mixtures is of high 

importance to fully exploit the COF separation properties. Indeed, for a given COF, 

different polymers can be potentially used as the continuous polymeric matrix and vice 

versa, the proper combination of COF and polymer being key for the fabrication of 

promising MMMs for gas separation. Indeed, the importance of an appropriate selection 

of a polymer/filler pair has been recently highlighted by the work of Bae et al.
36

 Using 

atomically detailed simulations and theoretical permeation models, Keskin and co-workers 

37,
 

38
 predicted the separation performance of several new MMMs composed of various 

polymers and MOFs, and the results provided some suggestions for selecting suitable 

polymer/MOF pairs to obtain improved separation results. However, despite the 

importance of such design predictions, no similar works have been reported for the 

preparation of COF-based MMMs.  

Herein, three different polymers (6FDA:DAM, Polyactive™ and Matrimid®) with different 

CO2 permeabilities and CO2/N2 separation factors were used to investigate the influence 

of ACOF-1 on the separation performance of the different membranes. ACOF-1 was 

selected as filler since ACOF-1 has shown high CO2 adsorption selectivity from N2 in 

powder form together with a good stability.
39

 Three different polymers with different 

separation properties, namely the low flux-mid selectivity Matrimid®, mid flux-high 

selectivity Polyactive™ and high flux-low selectivity 6FDA:DAM, were chosen as the 

continuous matrices. The resulting MMMs have been tested for CO2/N2 separation. The 

best results were obtained for Matrimid®-based MMMs, for which no defects were 

observed at the filler/polymer interface and a good match between filler and polymer 

permeation properties allowed for the increase of the MMM permeability. Overall, our 

study provides some insight into the important topic of the selection of the filler/polymer 

pair in COF-based MMMs. 
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3.2. EXPERIMENTAL 

3.2.1. Materials 

Benzene-1,3,5-tricarboxaldehyde (97 %), hydrazine hydrate (N2H4 50 % - 60 %), 1,4-

dioxane (99.8 %), acetic acid, tetrahydrofuran (THF) (99.9 %), and acetone (99.9 %) were 

purchased from Sigma Aldrich. All these starting materials and solvents were used without 

further purification. Matrimid® 5218 (Mw = 123,000 g·mol
-1

, Mn ≈ 11,000 g·mol
-1

) was 

kindly supplied by Huntsman Advanced Materials. 6FDA:DAM polyimide (Mw = 271,876 

g·mol
-1

, Mn ≈ 121,875 g·mol
-1

) and Polyactive™ (Mw = 35,000 g·mol
-1

) were purchased from 

Akron polymer systems and PolyVation, respectively. Fig. 3.1 shows the chemical structure 

of the different polymers used. All the polymers were dried prior to use to remove the 

adsorbed moisture under vacuum conditions for 48 h at 453 K, 433 K and 323 K for 

Matrimid®, 6FDA:DAM and Polyactive™, respectively. 

3.2.2 Synthesis of ACOF-1 

ACOF-1 was synthesized following the same procedure as previously reported by Liu et al.
 

39
 and Chaper 2 of this thesis.  

3.2.3. Preparation of mixed-matrix membranes (MMMs) 

For Matrimid® and 6FDA:DAM MMMs fabrication, the required amount of ACOF-1 

particles was first dispersed in THF and sonicated for 30 min. To this suspension, 0.2 g 

dried polymer were added and the casting suspension was further stirred for 24 h. The 

solvent/filler-polymer weight ratio was kept at 90/10 in all cases. The proportion of ACOF-

1 in the casting suspension was adjusted to achieve the desired final ACOF-1 loadings of 8 

wt.% and 16 wt.% in the resulting MMMs.  

The prepared suspensions were then cast onto a clean glass plate with the help of a 

Doctor Blade knife. The cast membranes were then immediately covered with a small 

watch glass to prevent a too fast evaporation of the solvent. The glass plate was further 

covered with a square box with four small bottles of THF inside to create a saturated THF 

atmosphere. All these measures were taken to slow down the evaporation rate of THF and  
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Fig. 3.1. Chemical structure of the polymers used together with that of ACOF-1 used as porous filler. 

thereby preventing the formation of defects during drying. The membrane was first left to  

dry overnight at room temperature and then dried under vacuum for 24 h (423 K for 

Matrimid®-based and 433 K for 6FDA:DAM-based membranes).  

For Polyactive™ MMMs preparation, the ACOF-1 particles were dispersed in THF and 

sonicated for 30 min. To this suspension, 0.2 g Polyactive™ was added and the casting 

suspension was further stirred for 24 h. Afterwards, the prepared solution was poured 

into a Teflon petri dish, which was covered with a square box with four small bottles of 

THF inside to create a saturated THF atmosphere. The membrane was first left to dry 

overnight and then dried under vacuum at 323 K for 24 h. 

For the three polymers, the pure polymer membranes were prepared following the same 

procedure as for the MMMs, but without the extra step of dispersing ACOF-1 particles. 

The final thickness of the resulting membranes was individually evaluated using a digital 

micrometre.  
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3.2.4. Characterization techniques 

Powder X-ray diffraction (PXRD) patterns of the prepared membranes were recorded 

using a Bruker-D8 Advanced diffractometer with Co-Kα radiation (λ = 1.78897 Å). The 

samples were scanned in the 2θ range of 5 – 80° using a step size of 0.02
o
 and a scan 

speed of 0.4 s per step in a continuous scanning mode. 

Scanning Electron Microscopy (SEM) micrographs were acquired using a JEOL JSM-6010LA 

InTouchScope microscope equipped with an integrated SDD EDS detector. ACOF-1 

specimens were prepared by drop-casting a sonicated methanol ACOF-1 suspension 

directly on the sample holder followed by gold sputtering for 20 s. Cross-section of the 

membranes were obtained by cryo-fracturing in liquid nitrogen. 

N2-physisorption (77 K) and CO2 adsorption (273 K) isotherms of ACOF-1 and membranes 

were recorded in a Tristar II 3020 (Micromeritics). Prior to the gas adsorption 

measurements, the samples were degassed at 393 K under N2 flow for at least 16 h. 

CO2 and N2 high-pressure adsorption experiments were measured at 273 K, 298 K and 308 

K with a volumetric apparatus from BEL Japan (Belsorp-HP). In all cases, around 0.1 g 

sample was outgassed overnight under vacuum conditions at 393 K. 

Thermogravimetric analysis (TGA) was performed on a Mettler Toledo TGA/SDTA851e 

apparatus by measuring the mass loss of the sample while heating ACOF-1 and the 

prepared membranes under N2 (100 mL min
-1

) from room temperature to 1073 K at a 

heating rate of 10 K·min
-1

.  

Differential scanning calorimetry (DSC) measurements were carried out using a Perkin 

Elmer DSC 7 to assess the glass transition temperature (Tg) of the neat membrane and 

MMMs. The scanning range was 298 K – 698 K at a heating rate of 10 K/min under 

nitrogen atmosphere for 6FDA:DAM and Matrimid® based membranes and 198 K – 348 K 

for Polyactive
TM

 membranes. Two consecutive runs were performed. A first DSC cycle was 

performed 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 determined as the point in the transition region where the 

step change in heat capacity (Cp) attains half the value of the total step in the DSC curve 
40

. 
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3.2.5. Gas permeation experiments 

The permeation test is the same as described in Chapter 2. The only difference is the 

different ratio of the gas mixtures. In here, the CO2/N2 separation measurements were 

performed employing a 15:85 CO2:N2 gas mixture (23 mL·min
-1

 CO2 and 130 mL·min
-1

 of 

N2) as feed. Helium (4.6 mL·min
-1

) was used as sweep gas at the permeate side. The 

absolute pressure of the feed stream was adjusted in a range of 2 - 5 bar using a back-

pressure controller at the retentate side, keeping the permeate side at atmospheric 

pressure. The temperature in the permeation module was kept at 308 K. Gas separation 

performance was defined by the separation factor (α) and the gas permeability (P) of the 

individual components. See Chapter 2 for details.  

3.3. RESULTS AND DISCUSSION 

3.3.1. Characterization of ACOF-1 

The synthesis and characterization of ACOF-1 particles were performed following the 

method as described in Chapter 2 and is not repeated here. Fig. 3.2. shows the CO2 and N2 

adsorption isotherms acquired at 273 K, 298 K and 308 K for ACOF-1, with CO2 uptakes at 

5 bar of 6.1, 4.6 and 3.9 mmol g
-1

 and N2 uptakes of 1.2, 0.7 and 0.7 mmol g
-1

 at 273, 298 

and 308 K, respectively. The obtained CO2 uptakes at 1 bar are in good agreement with 

the values previously reported by Stegbauer et al.
41

 ACOF-1 shows a significant preference 

for CO2 adsorption over N2, with ideal adsorption selectivities of 15, 13 and 14 based on 

the molar ratio of adsorbed amount of CO2 and N2 at 273 K, 298 K and 308 K, respectively, 

calculated at 1 bar. These results demonstrate that ACOF-1 is selective towards CO2 over 

N2, rendering ACOF-1 an interesting candidate for the preparation of MMMs for post-

combustion CO2 capture. 

3.3.2. Characterization of ACOF-1-based MMMs 

In order to study the influence of the polymeric matrix on membrane performance, 

MMMs containing ACOF-1 and 3 different polymers, namely, Matrimid®, Polyactive™ and 

6FDA:DAM were prepared. Scanning electron microscopy (SEM) was used to assess the  
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Fig. 3.2. CO2 (red solid dots) and N2 (black solid squares) adsorption isotherms (volumetric 

measurement) for ACOF-1 measured at 273 K. 

dispersion of ACOF-1 at the cross-section of the different membranes. Fig. 3.3a shows that 

ACOF-1 particles show a spherical morphology. The average particle size is 350 ± 30 nm  

calculated from transmission electron microscopy (TEM) images in Chapter 2. Fig. 3.3b-d 

demonstrate that ACOF-1 particles are homogeneously dispersed into the polymer 

matrices with no obvious interfacial voids at the filler-polymer interface. The good 

dispersion of the COF particles is in line with the homogenous distribution of ACOF-1 in 

Matrimid® previously observed by Raman spectroscopy.
35

 Fig. 3.4 shows the 

thermogravimetric analyses acquired for the filler and bare polymeric membranes 

together with those obtained for the MMMs. The TGA of ACOF-1 shows that it is stable up 

to 573 K, temperature at which it starts decomposing. This temperature is higher for all 

three polymers, decomposing at around 740 K, 735 K and 610 K in the case of Matrimid®,  
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Fig. 3.3. SEM micrographs of (a) ACOF-1 and the cross-section of (b) 16 wt.% ACOF-1@Matrimid®, 

(c) 16 wt.% ACOF-1@Polyactive™ and (d) 16 wt.% ACOF-1@6FDA:DAM MMMs. 

 

Fig. 3.4. TGA results for (a) ACOF-1, the bare polymers (b) Matrimid®, (c) Polyactive
TM

, and (d) 

6FDA:DAM and their mixed matrix membranes with ACOF-1 under nitrogen flow at a heating rate of 

10 K/min. 
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6FDA:DAM and Polyactive™, respectively. Interestingly, for all three polymers the TGA 

curves remain flat up to the decomposition temperature, pointing to a complete removal 

of the solvent in the prepared membranes upon thermal treatment. As for the MMMs, the 

weight-loss observed between 620 K and 680 K for the Matrimid® and 6FDA:DAM 

containing membranes can be attributed to the decomposition of the COF. This allowed 

for the evaluation of the ACOF-1 loading, which is in agreement with the nominal filler 

content (accuracy within 5%). This is however not the case for Polyactive™-based MMMs, 

for which the decomposition temperature is closer to that of the COF
42,

 
35,

 
39

 hindering 

such an estimation of the COF loading.  

It is well accepted that pore blockage by the polymeric chains or polymer chain 

rigidification at the polymer-filler interface are commonly encountered in MMMs, which 

may lead to a decrease in the membrane gas permeability.
43, 44

 Hence, in this study 

differential scanning calorimetry (DSC) and CO2 adsorption were performed to gain insight 

into these possible non-ideal interface morphologies.
45

 Fig. 3.5 shows the CO2 adsorption 

isotherms acquired for ACOF-1, pure Matrimid®, Polyactive
TM

 and 6FDA:DAM and the 

MMMs containing 16 wt.% COF loading. Furthermore, the estimated CO2 uptake for the 

MMMs calculated as a linear combination of those uptakes for the pure components is 

also shown. While the calculated and experimentally obtained CO2 uptakes coincide fairly 

well for Matrimid® and 6FDA:DAM-based MMMs, the experimental uptake obtained for 

Polyactive™-containing membranes is lower than that calculated. DSC measurements 

show that the Tg of the membranes is hardly affected by the presence of the COF, as 

shown in Table B1, only ca 2 K shift (from 594 to 596 K, from 662 to 659 K and from 222 to 

221 K, for Matrimid®, 6FDA-DAM and Polyactive™ membranes, respectively) was observed 

for these three polymers at 16 wt.% COF loading, suggesting that significant rigidification 

of the polymeric chains surrounding the filler particles does not take place in the prepared 

COF MMMs. This is in contrast to some MOF-based MMMs, for which a significant 

increase in Tg was observed compare to the pure polymer.
46-48

 Thus, the lower uptake 

observed for the Polyactive-based membranes can be ascribed to the partial pore 

blockage of ACOF-1 pores by the more flexible polymeric chains of Polyactive™. This is in  
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Fig. 3.5. CO2 adsorption isotherms acquired at 273 K for the prepared membranes. 

contrast to the polyimides Matrimid® and 6FDA:DAM, for which their higher glass 

transition temperature (Tg) endow the polymeric chains with a higher rigidity, hampering 

their migration into the pores. Furthermore, the lower molecular weight of Polyactive™ 

may also play a role, where the shorter polymeric chains might facilitate the blockage of 

the COF pores. A further hint into the influence of the Polyactive™ on the ACOF-1 filler 

particles is given by XRD. Fig. B1 shows the XRD patterns of ACOF-1, the pure polymers 

and the composite membranes. For ACOF-1@Matrimid® and ACOF-1@6FDA:DAM MMMs, 

the reflection observed at 8.3
o
, corresponding to the COF, indicates that the ACOF-1 

crystallinity is maintained upon membrane preparation. This is not the case for 

Polyactive™-based membranes, for which the absence of reflections related to ACOF-1 

point to the loss of long range order.  
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Fig. 3.6. Performance of MMMs based on (a) Matrimid®, (b) Polyactive
TM

 and (c) 6FDA:DAM with 

different ACOF-1 loadings in the separation of CO2 from a 15:85 CO2/N2 mixture at 308 K and a feed 

pressure of 2 bar. Error bars correspond to standard deviation. 

3.3.3. Gas separation performance  

Membranes with three different loadings (0, 8 and 16 wt.%) were prepared for each 

polymeric matrix and tested in the separation of CO2 from a 15:85 CO2:N2 gas mixture at 

308 K and different feed pressures (Fig. 3.6 and Table B2). Each membrane was fabricated 

and measured at least 3 times to ensure reliable results. Fig. 3.6 shows the different 

behavior of the MMMs depending on the polymeric matrix used, pointing to the 

importance of a good selection of the COF/polymer pair. MMMs synthesized with 

Matrimid® exhibited an increase in the CO2 and N2 permeabilities (PCO2 increases from 9.5 

to 17.7 Barrer upon 16 wt.% COF loading) together with an increase in the CO2/N2 

separation factor from 29 to 35. This permeability and selectivity increase, being more 

pronounced at higher COF loadings, is in line with our previous results, where ACOF-1 @  
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Fig. 3.7. Effect of the feed pressure on the gas separation performance of (a) Matrimid®, (b) 

Polyactive™ and (c) 6FDA:DAM containing membranes. Results obtained in the separation of CO2 

from a 15:85 CO2/N2 mixture at 308 K. Error bars correspond to standard deviation.  Pure polymer, 

 8 wt.% ACOF-1 MMMs,  16 wt.% ACOF-1 MMMs 

Matrimid® MMMs were studied in the separation of CO2 from CH4. The additional 

transport pathways provided by the ACOF-1 are most likely behind the improvement of 

the membrane permeability, while the higher selectivity can be ascribed to the 

preferential adsorption of CO2 over N2 in the N-rich ACOF-1 framework.
39

 In the case of 

Polyactive™-based MMMs however, a pronounced permeability decrease was observed at 

increasing filler loadings together with a rather constant CO2/N2 selectivity. Pore blockage 

by Polyactive™ and crystallinity loss (vide supra) account for this observation. A slightly 

higher CO2/N2 selectivity is observed for the 6FDA:DAM containing MMMs with a slight 

decrease in CO2 permeability for 8 wt.% ACOF-1 MMMs. In this case, the absence of 

indications pointing to pore blockage and reduced framework crystallinity rule out the 

hypothesis of a lower gas accessibility to the ACOF-1. Therefore, the observed decrease in 

permeability can be probably attributed to the gas permeability of ACOF-1, which is lower 
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than the highly permeable 6FDA:DAM. This is in agreement with the calculated results 

reported in MOF-based MMMs, where a highly selective MOF can increase the selectivity 

of a highly permeable polymer but slightly decreases the MMM’s CO2 permeability.
37

 At 

higher COF loadings (16 wt.% and 24 wt.%) however the membrane permeability 

increases together with a constant or decreased selectivity for 16 and 24 wt.% COF 

loading, respectively. This points to the formation of defects at the COF/polymer interface 

when the filler content is further increased. 

The influence of feed pressure on the gas permeation performance of neat polymers and 

MMMs is shown in Fig. 3.7. The permeability of Matrimid® and 6FDA:DAM containing 

membranes shows a slight decrease with increasing feed pressure, what is attributed to 

the saturation of Langmuir adsorption sites following the well-known dual-mode sorption 

model.
49

 Similar results have been reported for other MOF-based MMMs.
44, 50

 For the case 

of rubbery Polyactive™, the gas solubility obeys Henry’s law, where the solubility for each 

gas through the membrane is directly proportional to the applied pressure.
51

 Therefore, 

the gas permeability of Polyactive™ membranes remained relatively constant over the 

whole pressure test range.  

The results for the three neat polymers and the MMMs were put into perspective using 

the 2008 Robeson plot. Fig. 3.8 shows the CO2 permeabilities together with CO2/N2 

selectivities for neat polymer membranes and the MMMs measured at 308 K and a feed 

pressure of 2 bar together with some relevant results for CO2/N2 separation reported for 

MOF-based MMMs.
21

 The results of the three bare polymer membranes from this work 

are in line with the previous literature. Although none of our results surpass the Robeson 

upper bound, the incorporation of ACOF-1 results in a clear improvement in the 

membranes containing Matrimid® and 6FDA:DAM. Specifically, the best results were 

observed for MMMs based on Matrimid®, which showed an enhancement in both CO2 

permeability and CO2/N2 selectivity upon ACOF-1 loading. To gain further insight into the 

behavior of these best-performing membranes, one of the 16 wt.% ACOF-1@ Matrimid® 

MMMs was re-tested after one year (Table B3). Results show that the separation 

performance is maintained, pointing to a good stability of the prepared membranes. In  
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Fig. 3.8. Robeson plot for the separation of CO2 from a 15:85 CO2/N2 mixture at 308 K and a feed 

pressure of 2 bar, showing the gas separation performance of three pure polymers used in this study 

together with their MMMs (with 8 and 16 wt.% ACOF loading). Most relevant results 
13, 52-59

 reported 

in the literature for MOF-based MMMs have also been included for comparison (open squares). See 

detailed information in Table B4. 

contrast to Matrimid-based MMM®, 6FDA:DAM and Polyactive
TM

-containing MMMs 

exhibit a decrease in membrane permeability, which only in the case of 6FDA:DAM takes 

place together with an increase in membrane selectivity. 

4. CONCLUSION  

MMMs comprising ACOF-1 were prepared with 2 different filler loadings and 3 different 

polymer matrices. Among the different polymers chosen, the best results were obtained 

for Matrimid® for which non-idealities were not observed at the filler-polymer interface 

and whose low permeability allows for an improvement in membrane permeability upon 

filler dispersion. In the case of Polyactive
TM

 and 6FDA:DAM however, a decrease in 

membrane permeability was observed. In the former case, pore blockage by the more 

flexible polymeric chains together with a loss in long range order of the filler accounts for 

the poorer membrane performance. In the latter case, the additional transport pathways 
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provided by the COF are not sufficient to improve the permeability of the already highly 

permeable polymeric matrix, the composite membranes showing a higher selectivity in 

line with the still accessible filler pores.  

Overall, our results demonstrate that the combination of the filler-polymeric matrix pair 

chosen is crucial. For a given filler, polymer performance improvement strongly depends 

on the polymeric matrix selected. A good match between the discontinuous and 

continuous phases, both in the terms of compatibility and gas separation properties, is 

necessary to optimize membrane performance. 
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APPENDIX B 

 

 

Fig. B1.  PXRD patterns of ACOF-1, bare polymers and 16 wt.% ACOF-1 mixed-matrix membranes 

prepared with the three different polymers. 

Table B1. Glass transition temperature (Tg) of different membranes. 

Membrane Tg / K 

Bare Matrimid® 594.0 

8 wt.% ACOF-1@Matrimid® 596.0 

16 wt.% ACOF-1@Matrimid® 596.4 

Bare 6FDA-DAM 661.7 

8 wt.% ACOF-1@6FDA-DAM 659.0 

16 wt.% ACOF-1@6FDA-DAM 658.6 

Bare PolyactiveTM 222.0 

8 wt.% ACOF-1@ PolyactiveTM 220.8 

16 wt.% ACOF-1@ PolyactiveTM 221.4 
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Table B2 Summary of membrane performance tested for the CO2 separation of a 15:85 CO2/N2 

mixture at 308 K. The data were obtained for different membranes under several operation pressure 

conditions. Each type of membrane was fabricated at least 3 times. Error is given as the standard 

deviation from the independent tests of 3 different membranes. Permeate side at atmospheric 

pressure with helium as sweep gas. 

 

 

 

Membrane 8 wt. % ACOF-1 / Matrimid® 

Membrane thicknessa 36 ± 4 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer]b 12.1 ± 0.7 11.4 ± 0.6 11.0 ± 0.5 10.4 ± 0.4 

PN2 [Barrer]b 0.40 ± 0.04 0.36 ± 0.03 0.33 ± 0.01 0.32 ± 0.00 

Selectivity [-] 30.1± 1.4 31.6 ± 0.2 32.8 ± 0.2 32.9 ± 1.0 

 

 

 

Membrane 16 wt. % ACOF-1 / Matrimid® 

Membrane thickness 46 ± 4 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer] 17.7 ± 2.4 16.5 ± 3.0 15.9 ± 3.0 15.5 ± 3.0 

PN2 [Barrer] 0.51 ± 0.09 0.46 ± 0.08 0.47 ± 0.10 0.47 ± 0.10 

Selectivity [-] 34.7± 1.9 36.0 ± 0.3 34.2 ± 0.8 33.9 ± 1.2 

 

 

Membrane Matrimid® 

Membrane thickness 39 ± 5 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer] 9.5 ± 0.3 8.8 ± 0.3 8.4 ± 0.3 8.1 ± 0.2 

PN2 [Barrer] 0.33 ± 0.02 0.28 ± 0.03 0.26 ± 0.03 0.24 ± 0.03 

Selectivity [-] 29.2± 1.5 31.7 ± 2.4 32.5 ± 2.7 33.6 ± 3.3 
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Membrane PolyactiveTM 

Membrane thickness 53 ± 1 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer] 147.5 ± 8.4 140.5 ± 12.4 136.5 ± 11.9 132.6 ± 11.7 

PN2 [Barrer] 3.44 ± 0.21 3.35 ± 0.31 3.29 ± 0.29 3.24 ± 0.28 

Selectivity [-] 42.8 ± 0.2 41.9 ± 0.2 41.5 ± 0.5 40.8 ± 0.4 

 

 

 

 

Membrane 8 wt.%ACOF-1@PolyactiveTM 

Membrane thickness 45 ± 10 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer] 107.7 ± 7.6 106.4 ± 7.0 104.6 ± 7.4 104.2 ± 7.7 

PN2 [Barrer] 2.51 ± 0.23 2.52 ± 0.18 2.49 ± 0.16 2.51 ± 0.17 

Selectivity [-] 43.0 ± 0.82 42.3 ± 0.36 42.0 ± 0.33 41.5 ± 0.30 

 

 

 

 

Membrane 16 wt.%ACOF-1@PolyactiveTM 

Membrane thickness 60 ± 1 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer] 98.9 ± 10.2 97.1 ± 8.6 96.1 ± 8.1 95.6 ± 7.9 

PN2 [Barrer] 2.25 ± 0.27 2.22 ± 0.22 2.23 ± 0.18 2.22 ± 0.18 

Selectivity [-] 44.0 ± 0.62 43.8 ± 0.47 43.0 ± 0.08 43.2 ± 0.13 
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Membrane 6FDA-DAM 

Membrane thickness 56 ± 2 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer] 754.3 ± 19.4 709.2 ± 5.8 690.1 ± 2.6 669.7 ± 2.2 

PN2 [Barrer] 38.2 ± 1.4 35.8 ± 0.6 34.6 ± 0.6 33.5 ± 0.3 

Selectivity [-] 19.8 ± 0.2 19.8 ± 0.2 20.0 ± 0.3 20.0 ± 0.1 

 
 
 
 
 
 
 

Membrane 8 wt.%ACOF-1 @6FDA-DAM 

Membrane thickness 56 ± 1 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer] 703.3 ± 7.9 663.9 ± 9.6 632.8 ± 11.7  616.8±6.1 

PN2 [Barrer] 33.2 ± 2.0 32.2 ± 0.6  30.6 ± 0.5  29.7 ± 0.3  

Selectivity [-] 20.5 ± 0.4 20.6 ± 0.1  20.7 ± 0.1   20.8 ± 0.2  

 
 
 
 
 
 
 

Membrane 16 wt.%ACOF-1@6FDA-DAM 

Membrane thickness 46 ± 2 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer] 751.7 ± 31.1 725.7 ± 26.9 694.1 ± 25.9 667.3± 14.1 

PN2 [Barrer] 31.6 ± 3.0 30.5 ± 2.8 29.7 ± 2.4 28.4 ± 2.4 

Selectivity [-] 24.0 ± 2.6 23.9 ± 2.4 23.4 ± 2.0 23.6 ± 1.9 
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Membrane 24 wt.% ACOF-1@6FDA-DAM 

Membrane thickness 44 ± 2 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer] 1282.7 1261.1 1219.0 1180.5 

PN2 [Barrer] 61.4 60.6 59.6 58.7 

Selectivity [-] 20.9 20.8 20.5 20.1 

 

 

 

Table B3. Long term stability test of 16 wt. % ACOF-1 / Matrimid® (tested after one year) 

Membrane 16 wt. % ACOF-1 / Matrimid®  

Membrane thickness 39 ± 1 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer] 12.9 ± 0.2 11.9 ± 0.11 11.6 ± 0.03 11.5 ± 0.07 

PN2 [Barrer] 0.39 ± 0.01 0.34 ± 0.01 0.33 ± 0.01 0.33 ± 0.00 

Selectivity [-] 33.4 ± 1.0 35.1 ± 0.9 35.1 ± 0.6 35.1 ± 0.4 
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Table B4 Detailed information of the reference cited in Fig. 3.8.  

MMMs Performance Operation conditions rate 

Reference 
shown in Fig. 

3.8 

MOF Polymer 
wt.% 

loading 

PCO2 
(Barrer) 

 

CO2/N2 
selectivity (-

) 

Type of 
analysis 

T 
(K) 

P (bar) 

ZIF-8 Matrimid® 20 16.6 19.0 
Single 

gas 
22 4 [13] 

Cu-4,4’-
BPY-HFS 

Matrimid® 20 9.9 31.9 
Single 

gas 
35 2 [52] 

MOF-5 Matrimid® 30 20.2 38.8 
Single 

gas 
35 2 [53] 

MIL-
53(Al)-as 

Matrimid® 37.5 40 95.2 
Single 

gas 
35 2 [54] 

ZIF-7 Pebax® 22 111 97 
Single 

gas 
20 

7.5 
(3.75 
for 

CO2) 

[55] 

ZIF-8 
6FDA-

DAM:DABA 
4:1 

20 553 19.3 
Single 

gas 
30 1.4 [56] 

CPO-
27(Mg) 

6FDA-
TMPDA 

10 850 23 
Single 

gas 
25 2 [57] 

ZIF-8 Pebax® 35 1287 32.2 
Single 

gas 
RT 2 [58] 

ZIF-71 6FDA-durene 20 4006 12.8 
Single 

gas 
35 2 [59] 
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Abstract: The performance of mixed-matrix membranes (MMMs) based on Matrimid® and 

benzimidazole-linked polymers (BILPs) have been investigated for the separation of 

CO2/N2 and the dependency on the filler porosity. BILPs with two different porosities 

(BILP-101 and RT-BILP-101) were synthesized through controlling the initial polymerization 

rate and further characterized by several techniques (DRIFTs, 
13

C CP/MAS NMR, SEM, 

TEM, N2 and CO2 adsorption). To investigate the influence of porosity, the two types of 

fillers were incorporated into Matrimid® to prepare MMMs at different loadings (8, 16 

and 24 wt.%). SEM confirmed the homogeneous dispersion of BILP-101 and RT-BILP-101, 

indicating their good compatibility with polymer matrix. The partial pore blockage of BILP 

fillers in the membrane was verified by CO2 adsorption isotherms on the prepared 

membranes. In the separation of CO2 from a 15:85 CO2:N2 mixture at 308 K, the 

incorporation of both BILPs fillers resulted in an enhancement in gas permeability 

together at constant selectivity owing to the fast transport pathways introduced by the 

porous network. It was noteworthy that the initial porosity of the filler had a large impact 

on separation permeability. The best improvement was achieved by 24 wt.% RT-BILP-101 

MMMs, for which the CO2 permeability increased by up to 2.8 times (from 9.6 to 26.5 

Barrer). 
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4.1. INTRODUCTION 

The soaring increase in CO2 emissions has caused great public concern due to its 

accompanying greenhouse effect. In this sense, the capture of CO2 from flue gas has 

become necessary from the perspective of energy and the environment.
1
 Traditional 

technologies using amines or solvents to absorb CO2 are environmentally unfriendly and 

energy intensive. Membrane-based gas separation on the other hand is a promising 

alternative owing to its attractive features, such as smaller footprints, easy operation and 

energy efficiency. Although many novel membrane materials have been proposed, 

polymeric membranes still dominate the current membrane market given their good 

processability, mechanical stability and low price. Nevertheless, conventional polymeric 

membranes suffer from a universal ‘trade-off’ relation between permeability and 

selectivity, known as the Robeson upper bound.
2, 3

 Extensive efforts have been devoted to 

improve the gas separation performance (permeability and selectivity) of polymeric 

membranes, which include polymer blending,
4
 post-treatment of the membranes via 

cross-linking
5
 or thermal rearrangement

6
 and the development of novel nanoporous 

polymers, such as polymers of intrinsic microporosity (PIMs).
7, 8

 In this line, one of the 

most promising approaches to overcome polymers’ gas separation performance is to use 

mixed-matrix membranes (MMMs), consisting of a blend of selected fillers dispersed in a 

continuous polymeric matrix. This strategy allows combining one membrane the better 

separation performance of the selected fillers with the good processability and low price 

of polymeric membranes. Numerous porous fillers such as zeolites
9, 10

 and metal-organic 

frameworks (MOFs)
11, 12

 have been successfully incorporated into different polymers to 

prepare MMMs, resulting in an improved separation performance compared to the bare 

polymer membranes.  

Porous organic frameworks (POFs),
13

 such as covalent organic frameworks (COFs),
14, 15

 

conjugated microporous polymers (CMPs),
16

 porous aromatic frameworks (PAFs)
17

 and 

covalent triazine-based frameworks (CTFs),
18

 are a relatively new category of porous 

materials constructed from covalent bonds. Given their diverse porosities, tunable 

chemical properties, inherent light weight and exceptional chemical and thermal 
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stabilities, POFs are promising candidates to be used as fillers in MMMs for CO2 

separation.
19, 20

 For example, Jin et al.
21

 studied the effect of dispersing COF nanosheets in 

polyether-block-amide (PEBA) and prepared PEBA-based MMMs, which show 56 % 

improvement in ideal selectivity towards CO2/N2 compared to the pure PEBA membrane 

with only 1 wt.% COF loading. Zhu et al.
22

 developed a new synthesis protocol to prepare 

self-supported PAF-56P@Polysulfone (PSF) composite hollow fibre membranes with a CO2 

over N2 selectivity of 38.9 together with good thermal and mechanical stabilities. Recently, 

our group incorporated ACOF-1 in three different polymers to prepare MMMs for CO2 

separation.
23

 The best improvement was observed for Matrimid®-based MMMs, for which 

a 20% and 87% increase in CO2/N2 selectivity and CO2 permeability was obtained for 16 

wt.% COF loading, respectively. These examples underscore the good compatibility 

between POFs with different polymer matrices resulting in MMMs with improved 

performance when compared to the pure polymers. The fully organic nature of POFs has 

been reported to account for this good compatibility, in contrast to other inorganic fillers, 

such as silica and zeolites, for which a poor compatibility with the formation of voids at 

the filler-polymer interface has often been encountered.  

Benzimidazole-linked polymers (BILPs) were first reported in 2011.
24

 BILPs show high CO2 

uptakes (up to ~ 6 mmol·g
-1

 at 273 K for BILP-19
25

) together with high CO2/N2 and CO2/ 

CH4 selectivities.
26

 This preference for CO2 has been related to the presence of imidazole 

functionalities in the POF framework. Further, the excellent thermal and chemical 

stabilities of BILPs make them desirable for practical separations. Sekizkardes et al.
27

 

successfully incorporated BILP-101 nanoparticles into the high free volume PIM-1 matrix. 

The obtained MMMs achieved a 53% enhancement in the CO2 permeability together with 

good stability under harsh conditions upon 30 wt.% POF loading, further proving the 

feasibility of using BILPs as fillers in the MMMs.  

In terms of fillers, porosity is an important factor affecting CO2 uptake and selectivity, 

playing a key role on the MMMs performance.
28, 29

 Several studies have been devoted to 

the influence of the filler particle size and morphology
12, 30-33

 as well as filler 

functionalities
34

 on the membrane performance. However, the role of the fillers’ porosity 

has remained largely unexplored. Therefore, the effect of filler porosity on the separation 
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performance of POFs-containing MMMs is studied for the first time. BILP-101 particles 

with two different porosities were synthesized by controlling the initial polymerization 

rate and used as fillers in the polyimide Matrimid® 5218. Matrimid® 5218 was chosen as 

polymer matrix due to its good CO2 selectivity together with high thermal and chemical 

stabilities and commercial availability. The prepared membranes were tested for CO2/N2 

separation at 308 K and the effect of filler porosity, filler loading, and absolute feed 

pressure on membrane performance was assessed. 

4.2. EXPERIMENTAL 

4.2.1. Materials 

Benzene-1,3,5-tricarboxaldehyde (97 %), 1,2,4,5-benzenetetramine tetrahydrochloride, 

hydrochloric acid (37 %), sodium hydroxide (99.99 % metals basis), acetone (99.9 %) and 

tetrahydrofuran (THF, 99.9 %) were purchased from Sigma Aldrich. N,N-

Dimethylformamide (DMF, 99.8%, extra dry over molecular sieves) was purchased from 

Thermo Fisher. All these starting materials and solvents were used without further 

purification. Matrimid® 5218 (Mw ≈ 123,000 g·mol
-1

, Mn ≈ 11,000 g·mol
-1

) was kindly 

supplied by Huntsman Advanced Materials. Matrimid® was dried prior to use to remove 

the adsorbed moisture under vacuum at 453 K for 48 h. 

4.2.2 Synthesis of BILP-101 and RT-BILP-101 

BILP-101 was synthesized following the same procedure as previously reported by 

Sekizkardes et al.
35

 In a typical synthesis, a 100 mL round bottom flask was charged with 

1,2,4,5-benzenetetramine tetrahydrochloride (100 mg, 0.35 mmol), 60 mL anhydrous DMF, 

and a stirring bar. The resultant homogeneous solution was degassed under N2 for 1 h, 

cooled to approximately 243 K and treated drop-wise with a solution of 1,3,5-

triformylbenzene (40 mg, 0.23 mmol) in anhydrous DMF (15 mL). The temperature was 

maintained at ca. 243 K for 1 h during which a dark-brown solid formed. The resultant 

slurry solution was then left to warm to room temperature overnight, flushed with air for 

30 min, and further heated to 403 K in an oven, temperature at which the reaction 

mixture was kept for 2 days. The solid was then collected by centrifugation at 5,000 rpm  



Chapter 4 
 

 

 80 

 

Scheme 4.1. Schematic of the procedure followed for the synthesis of BILP-101 and RT-BILP-101. 

for 10 min for 2 cycles and subsequently washed with DMF, acetone, water, 1 M HCl, 1 M 

NaOH, water and acetone. Finally, the product was dried overnight at 393 K under vacuum. 

RT-BILP-101 was prepared following the same procedure as described for BILP-101, but 

without the low-temperature treatment, i.e., 1,3,5-triformylbenzene was added to the 

1,2,4,5-benzenetetramine tetrahydrochloride solution at room temperature (scheme 4.1). 

4.2.3. Preparation of mixed-matrix membranes (MMMs) 

To prepare the MMMs, the required amount of BILP-101 (or RT-BILP-101) particles was 

first dispersed in THF and sonicated for 30 min. To this suspension, 0.2 g dried Matrimid® 

was added and the casting suspension was further stirred overnight. The solvent/filler-

polymer weight ratio was kept at 90/10 in all cases. The amount of BILP-101 in the casting 

suspension was adjusted to achieve the desired final filler loading of 8 wt.%, 16 wt.% and 

24 wt.% in the resulting MMMs.  

The prepared suspensions were then casted onto a clean glass plate with the help of a 

Doctor Blade knife. The cast membranes were immediately covered with a small watch 

glass to prevent too fast evaporation of the solvent. The glass plate was further covered 

with a square box and four small vials containing THF to create a saturated THF 

atmosphere. All these measures were taken to slow down the evaporation rate of THF, 

thereby preventing the formation of defects during membrane drying. The membranes 
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were first left to dry overnight at room temperature and then dried under vacuum for 24 h 

at 423 K. 

The pure polymer membranes were prepared following the same procedure as the 

MMMs, but without the extra step of dispersing BILP-101 or RT-BILP-101 particles. The 

final thickness of the resulting membranes was the average value of several 

measurements at various positions evaluated by a digital micrometer (Mitutoyo, IP54 

Absolute Digimatic Micrometer, MDQ-30, range 0-30 mm, accuracy ±0.001 mm). 

4.2.4. BILP fillers and membrane characterization 

Diffuse Reflectance Infrared Fourier transform (DRIFT) spectra of BILP-101 and RT-BILP-

101 powder were acquired in a Nicolet 8700 FT-IR (Thermo Scientific) spectrometer 

equipped with a high-temperature cell with CaF2 windows (Praying Mantis
TM

). The 

samples were pretreated in a He flow at 393 K for 5 min prior to collecting the spectra. 

One-dimensional 
13

C CP/MAS solid state NMR spectra were recorded on a Bruker AVANCE 

III spectrometer operating at 600 MHz resonance frequencies for 
1
H. Experiments at 600 

MHz employed a conventional double-resonance 3.2 mm CP/MAS probe or a 2.5 mm 

double-resonance probe. Dry nitrogen gas was used for sample spinning to prevent 

degradation. NMR chemical shifts are reported with respect to the external references 

TMS and adamantane. For 
13

C CP/MAS NMR experiments, the following sequence was 

used: 90° pulse on the proton (pulse length 2.4 s), then a cross-polarization step with 

contact time of typically 2 ms, and finally acquisition of the 
13

C NMR signal under high-

power proton decoupling. The delay between the scans was set to 5 s to allow the 

complete relaxation of the 
1
H nuclei, and the number of scans ranged between 10,000 and 

20,000. An exponential apodization function corresponding to a line broadening of 80 Hz 

was applied prior to Fourier transformation. The sample spinning frequency was 15 kHz 

and 20 KHz. 

Powder X-Ray Diffraction (PXRD) patterns of BILP-101 and RT-BILP-101 were recorded 

using a Bruker-D8 Advanced diffractometer with Co-Kα radiation (λ = 1.78897 Å). The 

samples were scanned in the 2 θ range of 5 – 80° using a step size of 0.02
o
 and a scan 

speed of 0.4 s per step in a continuous scanning mode. 



Chapter 4 
 

 

 82 

Scanning Electron Microscopy (SEM) micrographs were acquired using a JEOL JSM-6010LA 

InTouchScope microscope equipped with an integrated SDD EDS detector. BILP-101 and 

RT-BILP-101 particles were directly put on the sample holder and cross-section of the 

prepared membranes was obtained by cryo-fracturing in liquid nitrogen. All the samples 

were sputtered with gold for 60 s prior to acquiring SEM micrographs. 

N2 physisorption (77 K) and CO2 adsorption isotherms (273 K) of BILP-101, RT-BILP-101 and 

the resulting MMMs were recorded in a Tristar II 3020 (Micromeritics). Argon adsorption 

isotherm was determined at 87 K (3Flex, Micromeritics). Prior to the gas adsorption 

measurements, the samples were degassed at 423 K under N2 flow for 16 h to remove any 

solvent or moisture trapped in the polymer network. The pore size distribution (PSD) 

curves of the prepared BILPs fillers and corresponding MMMs were estimated by CO2-DFT 

(Density functional theory) model, using a non-negative regularization method with a 

factor of 0.03160. The standard deviation of the fit is 0.002057, 0.001954, 0.001904 and 

0.002594 mmol·g
-1

 for RT-BILP-101, BILP-101, 16 wt.% BILP-101 MMMs and 16 wt.% RT-

BILP-101 MMMs, respectively. For the PSD calculation based on Ar adsorption, a Non Local 

DFT (NLDFT) model was employed with the assumption of cylindrical pores, using a non-

negative regularization method with a factor of 0.03160. The standard deviation of the fit 

is 0.36770 and 0.52406 cm
3
(STP)·g

-1
 for BILP-101 and RT-BILP-101, respectively. 

Thermogravimetric analysis (TGA) were performed in a Mettler Toledo TGA/SDTA851e 

apparatus by measuring the mass loss of the sample while heating BILPs and the prepared 

membranes under air (100 mL·min
-1

) from room temperature to 1073 K at a heating rate 

of 5 K·min
-1

.  

Differential Scanning Calorimetry (DSC) measurements were carried out using a Perkin 

Elmer DSC 7 equipment to assess the glass transition temperature (Tg) of the neat 

membrane and the MMMs. The scanning range was 298 K – 698 K at a heating rate of 10 

K·min
-1

 under nitrogen atmosphere. Two consecutive runs were performed. A first DSC 

cycle was performed 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 determined as the middle point of the slope 

transition in the DSC curve. 
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4.2.5. Gas permeation experiments 

The permeation test is the same as described in Chapter 2 and 3 and was not repeated 

here. The performance of the membranes was tested for the CO2 separation from a 15/85 

CO2/N2 gas mixture at 308 K. The effect of the absolute feed pressure was investigated 

between 2 and 5 bar. At least 2-3 membranes were tested for each BILP loading in order 

to provide reliable error estimations. The aged membranes were first tested at different 

feed pressures (up to 5 bar) and then at different temperatures, i.e. 308, 323 and 353 K, at 

2 bar feed pressure. 

4.3. RESULTS AND DISCUSSION 

4.3.1. Characterization of BILP-101 and RT-BILP-101 

BILP-101 particles were synthesized by a condensation reaction following the synthetic 

route recently developed for BILP.
26, 35, 36

 This approach requires the slow addition of 

aldehyde at low temperatures (243 K) during the initial polymerization stages to control 

the overall porosity of the final product (vide supra). In this work, we synthesized two 

different POFs: BILP-101 and RT-BILP-101. BILP-101 was obtained following the procedure 

previously reported by Sekizkardes et al.,
35

 in which the 1,2,4,5-benzenetetramine 

tetrahydrochloride solution was cooled to 243 K prior to drop-wise adding the aldehyde-

containing solution (see experimental section). Aiming at tuning the polymer porosity, RT-

BILP-101 was prepared following the same procedure as described for BILP-101, but at 

room temperature (Scheme 4.1). This influences the early stages of the condensation 

reaction, affecting the initial polymerization rate and ultimately affects the porosity of the 

resulting product. 

The DRIFT spectra acquired for BILP-101 and RT-BILP-101 (Fig. 4.1a) indicate the same 

chemical connectivity for these two polymers and confirmed the imidazole ring formation. 

Particularly, the bands at 1611 cm
-1

 (-C=N-) and 1499 and 1440 cm
−1

 (assigned to the 

skeleton vibration of the imidazole ring)
26, 37

 point to the successful imidazole ring closure 

upon poly-condensation. These observations are further supported by the bands at 1362 

cm
-1

 (C-N stretching) and 1641 cm
-1 

(N-H bending), which confirmed the formation of the  
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Fig.4.1. (a) DRIFT spectra of BILP-101 and RT-BILP-101 acquired at 393 K under He atmosphere and 

(b) assignments of the 
13

C CP-MAS NMR spectra obtained for BILP-101 and RT-BILP-101.  

benzimidazole ring. Also, the absence of a band at 1700 cm
-1

, which could be ascribed to 

the residual C=O stretching of the aldehyde moieties, points to a complete consumption 

of the starting aldehyde functional groups. This was corroborated by 
13

C CP-MAS NMR 

spectroscopy. For both materials, BILP-101 and RT-BILP-101, the 
13

C CP-MAS NMR spectra 

show a peak at δ = 151 ppm (Fig. 4.1b), corresponding to the N=C-N imidazole carbon. 

The thermal stability of BILP-101 and RT-BILP-101 was supported by TGA under air 

atmosphere. BILP-101 and RT-BILP-101 are stable up to 635 K (Fig. C1), while the initial 

mass losses, below 373 K, can be attributed to the removal of the adsorbed moisture. 

Scanning electron microscopy (SEM) micrographs (Figs. 4.3 and 4.4a) reveal the formation 

of homogenous spherical-shaped particles for both BILP-101 and RT-BILP-101. In the case 

of RT-BILP-101, however, a decrease in the particle size can be observed compared to 

BILP-101 (from 235 ± 10 nm to 310 ± 10 nm, for the former and the latter case, 

respectively, Fig. 4.2c and d). We relate this to the higher initial reaction rate at room 

temperature than at 243 K, favouring nucleation and resulting in the observed decrease of 

particle size. As expected, both BILPs are amorphous as determined by powder X-ray 

diffraction (Fig. C2).  

BILPs’ porosity was investigated via N2 adsorption acquired at 77 K (Fig. 4.2e). The 

isotherms exhibit a steep uptake at low relative pressures (p/po<0.1), indicating the 

microporous nature of the two prepared polymers. The calculated Brunauer-Emmett- 
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Fig.4.2. TEM micrographs (a and b), particle size distribution (c and d) and adsorption/desorption 

isotherms (e and f) of BILP-101 and RT-BILP-101, respectively. Closed symbols represent the 

adsorption and open symbols represent the desorption branches. Inset in (f) shows the pore size 

distribution (PSD) of BILP-101 and RT-BILP-101 calculated from the CO2 adsorption isotherms. 

Teller (BET) surface areas of BILP-101 and RT-BILP-101 are 460 and 180 m
2
·g

-1
, 

respectively. As expected, BILP-101 possesses a higher BET surface area, which can indeed 

be ascribed to its slower initial formation rate (vide supra), preventing the premature 

precipitation of oligomers during the initial polymerization stages and allowing for a better 
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pore formation with an overall enhanced porosity.
38

 Furthermore, Fig. 4.2f shows the low-

pressure CO2 adsorption isotherms acquired for BILP-101 and RT-BILP-101 acquired at 273 

K. At 1 bar and 273 K, the CO2 uptake observed for BILP-101 reach up to 3.2 mmol·g
-1

, 

which is comparable to other POFs
39-42

 as well as to other BILPs.
26, 43

 RT-BILP-101 on the 

other hand exhibits relatively lower CO2 adsorption capacity (2.2 mmol·g
-1

), in line with 

the N2 adsorption results. Inset in Fig.4.2f presents the pore size distribution (PSD) curves 

calculated using CO2-density functional theory (CO2-DFT) model. Both BILPs show a 

bimodal pore structure with pores centered around 5.2 Å and a broader range of pores 

between ca. 7 and 9 Å. BILP-101 presents more open pore volume than RT-BILP-101, being 

more prone to the penetration of the polymer chains, as discussed below. 

Summarizing, two different BILPs were successfully synthesized with the same chemical 

connectivity, but with different textural properties. This was achieved by tuning the 

temperature during the early polymerization stages, influencing the initial reaction rate 

and allowing for a certain degree of control over the overall BILP porosity. In order to 

further evaluate the potential of these two BILPs for post-combustion CO2 capture, the 

adsorption selectivities of CO2/N2 were calculated using the initial slope method. Fig. C4 

shows that BILP-101 and RT-BILP-101 have a CO2/N2 selectivity of 89 and 60 at 273 K, 

respectively. These results are in line with reported values
35

 and demonstrate that BILP-

101 and RT-BILP-101 are promising fillers for the preparation of MMMs for CO2/N2 

separation. 

4.3.2. Characterization of BILPs MMMs 

In order to study the influence of the filler porosity on the performance of MMMs in gas 

separation, MMMs were prepared with both BILP-101 and RT-BILP-101 particles. SEM 

micrographs of the surface (Fig. C5) and cross-section of the prepared membranes 

were acquired (Figs. 4.3 and 4.4). The images show that both BILP-101 and RT-BILP-

101 are randomly dispersed in the polymer matrix at low weight loading (8 wt.%) 

and began to undergo slightly aggregation at higher loadings. No evident interfacial 

voids or pinholes could be observed even at 24 wt.% BILP loading. In addition, both  
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Fig.4.3. SEM micrographs of (a) BILP-101 and the cross-section of (b) 8 wt.% BILP-101@Matrimid®, 

(c) 16 wt.% BILP-101@Matrimid® and (d) 24 wt.% BILP-101@Matrimid®. 

 

 

Fig. 4.4. SEM micrographs of (a) RT-BILP-101 and the cross-section of (b) 8 wt.% RT-BILP-

101@Matrimid®, (c) 16 wt.% RT-BILP-101@Matrimid® and (d) 24 wt.% RT-BILP-

101@Matrimid®. 
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fillers retain their spherical morphology upon membrane preparation. In 

comparison to BILP-101 MMMs, RT-BILP-101 MMMs exhibit better filler dispersion 

and a more integrated morphology, where the RT-BILP-101 particles are clearly well 

embedded in the polymeric matrix. Fig. C6 presents the thermogravimetric analyses 

acquired for the bare Matrimid® membranes together with those obtained for the BILP-

101 and RT-BILP-101-based MMMs. The TGA results of BILP-101 and RT-BILP-101 were 

also included for comparison. As mentioned above, BILP-101 and RT-BILP-101 were stable 

up to 635 K, temperature at which it starts decomposing. This decomposition temperature 

is higher for the pure Matrimid® and the resulting MMMs for which decomposition starts 

at around 750 K. Further, the absence of weight loss at lower temperatures, for both 

MMMs and pure membranes, ensures the complete removal of solvents after the selected 

membrane drying procedure. 

DSC and CO2 adsorption measurements were performed on the MMMs to gain further 

insight into the filler-polymer interface. DSC results show that the Tg of all the MMMs are 

similar to that of bare Matrimid®(~ 594 K), suggesting that there is no significant 

rigidification of the polymeric chains around the BILP particles, like previously reported 

results on POF-MMMs.
20, 44 

To check whether the BILP pores are still available in the 

MMMs. CO2 adsorption isotherms were acquired at 273 K for both bare Matrimid® and 

the prepared MMMs. The incorporation of BILP-101 and RT-BILP-101 into the polymeric 

matrix results in an enhanced CO2 uptake, achieving higher CO2 uptakes compared to pure 

Matrimid® in all cases, increasing with filler loading (Fig. 4.5), indicating that the filler 

pores are still accessible to CO2 once the BILP particles have been embedded in the 

polymeric matrix. In addition, the RT-BILP-101 MMMs can reach almost the same CO2 

uptake as BILP-101 MMMs at the same loading. The estimated CO2 uptake for the 16 wt.% 

MMMs is calculated as a linear combination of relative uptakes for the pure components 

and shown in Fig. C7. together with the experimentally measured isotherms for that filler 

loading. The experimentally obtained CO2 uptakes are somewhat lower than those 

calculated for both BILP-101 and RT-BILP-101 MMMs, pointing to a partial pore blockage 

of BILP-101 and RT-BILP-101 by the polymer chains.
23, 44

 Moreover, the difference 

between the estimated and the experimental CO2 uptake is larger for BILP-101 MMMs 
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Fig. 4.5. CO2 adsorption isotherms acquired at 273 K for the prepared membranes with (a) BILP-101 

and (b) RT-BILP-101.  Pure Matrimid® and ○ 8 wt.%,  16 wt.%, and ∆ 24 wt.% BILP-101 loading 

MMMs. 

(33% porosity loss for BILP-101) than for RT-BILP-101 MMMs (26 % loss), suggesting that 

the probably bigger porosity of BILP-101 is more easily blocked by the polymer. This is 

further supported by the pore size distribution curves of the MMMs calculated from the 

adsorption branch of CO2 isotherms (Fig. C8). Both, BILP-101 and RT-BILP-101-based 

MMMs showed a drastic reduction in the pore volume once the filler is embedded in 

Matrimid®, given the dense nature of the latter. Fig. C8b shows however a more 

pronounced reduction of the pore volume for BILP-101 than for RT-BILP-101 once 

incorporated in the polymeric matrix. We hypothesize that this, together with a reduction 

in the size of the bigger pores and in the expected CO2 uptake (vide supra), this points to 

the partial blockage of the filler pores, which may take place together with a partial 

collapse of the BILP-101 porous polymer. As already observed for the CO2 isotherms, this 

effect is more prominent for BILP-101. 

4.3.3. Gas separation performance  

The performance of Bare Matrimid® and MMMs containing different loadings (0, 8, 16 and 

24 wt.%) of BILP-101 and RT-BILP-101 particles in the separation of CO2 from a 15:85 

CO2/N2 gas mixture at 308 K and 2 bar absolute feed pressure is presented in Fig. 4.6. The 

error bars are the standard deviation for testing 2-3 membranes. All the prepared 

membranes can withstand the permeation test conditions, indicating a good mechanical  



Chapter 4 
 

 

 90 

 

Fig. 4.6. Performance of MMMs with different BILP-101 and RT-BILP-101 loadings in the separation 

of CO2 from a 15:85 CO2/N2 mixture at 308 K and an absolute feed pressure of 2 bar. Grey, green 

and purple colour correspond to the pure Matrimid®, BILP-101 and RT-BILP-101 MMMs, respectively. 

Error bars correspond to the standard deviation of different membranes.  

stability of the membranes under relevant conditions for post-combustion capture. 

Further, in line with the measured Tg values, the membranes remain flexible upon 24 % 

BILP-101 and RT-BILP-101 loading (Fig. C9). Upon addition of both BILP particles, the 

membranes showed an increase in the CO2 permeability preserving the original CO2/N2 

mixed gas selectivities (Fig. 4.6). In this situation, the enhanced CO2 permeability can be 

attributed to the incorporation of porous fillers into the polymeric matrix, providing 

additional transport pathways for the permeating gases.
44

 Further, the CO2 adsorption 

isotherms of all the prepared membranes were fit on the dual-mode model (see Fig. C10 

and Table C1). These results indicate that the incorporation of both BILP fillers lead to the 

increase of 𝑲𝑫, 𝑪𝑯
′ , and b simultaneously. The increase in 𝑪𝑯

′  is more significant (~30% 

increase were achieved for 24 wt.% loading MMMs compared to pure Matrimid®), 

indicating a higher amount of free volume introduced by the BILP fillers. 

It is noteworthy that MMMs fabricated with BILP-101, which possesses a higher BET 

surface area, showed a lower CO2 permeability than the RT-BILP-101 MMMs at the same 

loading. This may originate from the pore blocking by the polymer chains as indicated by  
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Fig. 4.7. Effect of the feed pressure on the gas permeation performance of the prepared (a) BILP-101 

and (b) RT-BILP-101 membranes. Results obtained in the separation of CO2 from a 15:85 CO2/N2 

mixture at 308 K.  Pure Matrimid®, ○ 8 wt.% MMMs,  16 wt.% MMMs, and  24 wt.% MMMs. 

CO2 adsorption (Fig. 4.5), being more significant for BILP-101 than RT-BILP-101 due to the 

big porosity and more open pore volume. 

The gas permeability increases with increasing BILP loading, for both BILP-101 and RT-

BILP-101, attributed to the additional transport pathways introduced by the incorporation 

of the filler. Particularly, for the 24 wt.% RT-BILP-101 MMMs, the CO2 permeability 

increased by a factor of 2.8 (from 9.6 to 26.5 Barrer) as compared to bare Matrimid® with 

constant CO2/N2 selectivity.  

Fig. 4.7 shows the influence of feed pressure on the gas permeation performance of the 

membrane. Both the CO2 and N2 permeability of the BILP MMMs are higher than the pure 

Matrimid® over the whole pressure range except for 8 wt.% loading, which performs 

similar as Matrimid®. The CO2 permeability decreases with increasing feed pressure. This 

is a well-known for components adsorbing in the nonlinear pressure range. Saturation of 

Langmuir adsorption sites in zeolites 
45, 46

 and glassy polymers 
23, 44, 47

 at higher pressures 

results in a decrease in the membrane permeability. For the case of 24 wt.% loading BILP-

101 MMMs (see Table C2 for the detailed value), only one low pressure data was included 

in Fig. 4.7a for clarity. This is due to the presence of small defects, which play a bigger role 

at high pressures, leading to the fast diffusion of N2 and thereby decreasing the CO2/N2 

selectivity significantly. 
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To gain further insight into the long-term membrane performance, 16 wt.% loading 

MMMs (BILP-101 and RT-BILP-101) were re-tested after 4 months (Table C4), indicating 

that the separation performance was maintained. As expected, a slight decrease in the 

membrane permeability was observed, from 17 to 15 Barrer and from 13 to 11 Barrer for 

RT-BILP-101 and BILP-101-based MMMs, respectively, while keeping a relatively constant 

selectivity. This decrease in permeability is related to a decrease in the excess free volume 

of glassy polymers after physical aging.  

Considering the practical post-combustion CO2 capture process, the flue gas needs to be 

reheated to prevent corrosion problems caused by water vapour condensation in the 

stack
48

. Thus, the effect of temperature (308 – 358 K) on gas separation performance was 

further investigated to better understand the actual performance of BILP MMMs in real 

industrial applications. The gas permeability increases with increasing temperature while 

this is accompanied by a decrease in the CO2/N2 selectivity for both BILP MMMs (Table C5). 

To better understand this, Arrhenius equation was applied to calculate the activation 

energy (Ep) for permeation (Fig. 4.8). 

𝑃𝑖 = 𝑃𝑖,0 exp ( 
−𝐸𝑃,𝑖

𝑅𝑇
 )                                                                 (4) 

Where EP,i, Pi and Pi,0 represent the activation energy, the gas permeability and the pre-

exponential factor of a gas component i, respectively, T is the absolute temperature and R 

is the ideal gas constant. Similarly to zeolite membranes
49

, the activation energy, EP, is 

determined by two principle factors: the penetrants molecular size, which affects 

diffusivity, and the interaction with the polymer matrix, related to the penetrants’ 

solubility and is given by the following equation: 

𝐸𝑝 = 𝐸𝑑 + 𝛥𝐻𝑠                                                                  (5) 

Where Ed is the required energy for diffusion and increases with the penetrants’ molecular 

size, being positive for a diffusion activated processes, and ΔHs is the heat of adsorption, 

being more negative for more soluble gases. An increase of temperature therefore results 

in two counteractive effects: on the one hand side, the gas solubility decreases, being this 

effect more pronounced for the more soluble gas, i.e. CO2; on the other hand, the 

diffusivity increases, being this enhancement larger for the penetrant with the higher  
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Fig. 4.8. Effect of operating temperature on CO2 and N2 permeability of aged (a) 16 wt% BILP-101 

and (b) RT-BILP-101@Matrimid® at 2 feed bar pressure (solid lines represent the Arrhenius plot). 

Table 4.1. Activation energies for the permeation of CO2 and N2 in aged 16 wt.% BILP MMMs at 2 

bar feed pressure. 

Membrane 
EP (kJ mol

-1
) 

CO2 N2 

Aged 16 wt.% BILP-101 MMMs @ Matrimid® 7.1 22.6 
Aged 16 wt.% RT-BILP-101 @ Matrimid® 7.7 21.9 

 

molecular size, i.e. N2. This increase in diffusivity is related to a positive Ed, implying a 

diffusion activated processes, together with a higher mobility of the polymer segmental 

chains
50, 51

. Overall, the diffusivity increase dominates, resulting in an enhanced 

permeability for both, CO2 and N2. This permeability increase is higher for N2, leading to a 

decrease in the resultant permselectivity (Table C5). This is in line with the calculated Ep 

activation energy values (Table 4.1): the positive values results into an increase of the gas 

permeability with temperature, this enhancement being larger for the penetrant with a 

higher Ep, i.e. N2. 

Finally, the separation performance of BILP-101 and RT-BILP-101-based MMMs were 

compared with the Robeson upper bound together with the performance of other 

reported POF-containing MMMs (Fig. 4. 9 and Table C6). The performance of the MMMs 

prepared in this study is located in the same region as the membranes reported with 

other POF fillers, such as ACOF-1 or BILP-4. Although a significant increase in CO2 

permeability was achieved by incorporating RT-BILP-101 fillers in Matrimid®, the overall  
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Fig. 4.9. Robeson plot for CO2/N2 separation, showing the gas separation performance of the 

prepared BILPs-based MMMs (represented by red triangles and corresponding to 16 and 24 wt% 

filler loading). Most relevant results reported in literature for POF-based MMMs are also included 

for comparison. The black line corresponds to the 2008 Robeson bound line and the arrows indicate 

the trend of separation performance from pure polymer to POF based MMMs. 

performance still stays below the upper bound limit due to the low permeability of pure 

Matrimid®. Our results are therefore in line with other POF-based MMMs prepared with 

low permeable polymers, for which by adding the filler the gas permeability can be 

typically increased while scarifying or maintaining the selectivity. 

4.4. CONCLUSIONS 

Porous BILPs with different porosities (BILP-101 and RT-BILP-101) were prepared and 

dispersed in Matrimid® to prepare MMMs. Their structures and performance were 

compared in this study. Through controlling the initial polymerization rate, RT-BILP-101 

with lower porosity than BILP-101 was synthesized. DRIFTS and 
13

C CP-CMS NMR 

measurements confirms the same chemical connectivity of the two BILPs. In the MMMs, a 

good dispersion and adhesion between the fillers and the polymer matrix was obtained. 
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No rigidification was observed for the polymer chains after incorporating both BILPs. The 

incorporation of both BILPs into Matrimid® enhanced the gas permeability for both CO2 

and N2, while keeping the mixed gas selectivity constant. The permeability increases with 

increasing the filler loading attributed to the fast diffusion pathways introduced by the 

porous BILP network, while the polymer still controls the selectivity. Besides, MMMs 

fabricated with RT-BILP-101 exhibits higher gas permeability than BILP-101 MMMs at the 

same loading, due to the lower partial pore blockage of the filler porosity by the polymer 

in the MMMs. 

Overall, our results demonstrate that the porosity of the filler has an impact on the 

MMM’s permeation performance and should be helpful for the design of POF-based 

MMMs, especially considering the relatively large POF pores for gas separation. 
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APPENDIX C 

 

Fig. C1. TGA results of BILP-101 and RT-BILP-101 under air flow obtained at a heating rate 

of 5 K·min
-1

. 

 
Fig. C2. PXRD patterns of BILP-101 and RT-BILP-101. 
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Fig. C3. Ar adsorption isotherms of BILP-101 (black) and RT-BILP-101 (red) at 87 K. Inset shows the 

corresponding PSD curves calculated from the adsorption branch. 

 
Fig. C3 shows the pore size distribution curves calculated from Ar isotherms acquired at 87 

K to further validate the pore structure calculated from CO2. The non-polar nature of Ar 

hampers possible interactions with the porous framework and thus, may provide a more 

accurate calculation of the PSD curves. As it can be seen, the pore structure shows a 

similar qualitative trend, with a bimodal pore size distribution possessing a relatively 

narrow distribution of ultra-micropores and a broader range of bigger pores (8 – 12.5 Å). 
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Fig. C4. CO2 and N2 adsorption isotherms of BILP fillers and the corresponding CO2/N2 adsorption 

selectivity using initial slope calculation method. 

 

 

Fig. C5. SEM micrographs of the surface of (a) 16 wt.% BILP-101@Matrimid®, (b) 16 wt.% BILP-RT-
101@Matrimid®, (c) 24 wt.% BILP-101@Matrimid® and (d) 24 wt.% BILP-101@Matrimid®. 
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Fig. C6. TGA results for BILP and BILP-based MMMs under air flow at a heating rate of 5 

K·min
-1

. 

 

Fig. C7. CO2 adsorption isotherms acquired for (a) BILP-101 and (b) RT-BILP-101 and the 

prepared membranes at 273 K. Calculated 16 wt.% BILP@MMMs, •Experimental 16 

wt.% BILP@MMMs, BILP fillers and Matrimid®. The calculated value was obtained by a 

linear combination of those uptakes for the pure components. 
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Fig. C8. Pore size distribution (PSD) curve of (a) BILP fillers and (b) 16 wt.% loading MMMs calculated 

from their CO2 adsorption isotherms at 273 K.  
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Fig. C9. Flexible (a) 24 wt.% BILP-101@Matrimid
®
 and (b) 24 wt.% RT-BILP-101@Matrimid

®
 

membranes with a thickness of ca. 40 µm. 

 
Fig. C10. CO2 adsorption isotherms acquired at 273 K for the prepared membranes. Solid lines 

correspond to the fit dual-model sorption model. 

 

The CO2 adsorption isotherms of the prepared membranes were fit on the dual-mode 
model, as described in the following equation. 
 

𝐶 = 𝐾𝐷𝑝 +
𝐶𝐻

′ 𝑏𝑝

(1+𝑏𝑝)
 

 
Where 𝐾𝐷 is the Henry’s law coefficient indicating the ability of gas molecules to be 
dissolved in the polymer matrix at equilibrium, 𝐶𝐻

′  is the Langmuir capacity constant, 
which is usually sued to evaluate the non-equilibrium excess free volume in the glassy 
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state and b is the Langmuir affinity constant, representing the sorption ability for a 
particular gas-polymer

1, 2
. Table C1 summarizes the dual-model sorption coefficients. 

 
Table C1. Dual-model sorption coefficients of the prepared membranes. 

Membrane KD (cm
3
(STP)/cm

3
·atm) C’H (cm

3
(STP)/cm

3
) b (atm

-1
) 

Matrimid® 11.3 18.5 6.3 
8 wt.% RT-BILP-101@Matrimid® 12.1 18.6 6.6 
8 wt.% BILP-101@Matrimid® 12.0 18.7 7.2 
16 wt.% RT-BILP-101@Matrimid® 12.5 20.1 6.8 
16 wt.% BILP-101@Matrimid® 12.9 21.4 7.4 
24wt.% RT-BILP-101@Matrimid® 13.0 24.0 7.3 
24wt.% BILP-101@Matrimid® 13.2 24.4 7.2 
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Table C2. Glass transition temperature (Tg) of different membranes. 

 

 
 
 

  

Membrane Tg / K 

Bare Matrimid® 594 

8 wt.% BILP-101@Matrimid® 593.3 

16 wt.% BILP-101@Matrimid® 594.7 

24 wt.% BILP-101@Matrimid® 594.2 

8 wt.% RT-BILP-101@Matrimid® 593.5 

16 wt.% RT-BILP-101@Matrimid® 594.0 

24 wt.% RT-BILP-101@Matrimid® 593.9 
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Table C3 Summary of the membrane performance data for the CO2 separation from a 15:85 CO2/N2 

mixture at 308 K. The data were obtained for different membranes under several operation pressure 

conditions. Each loading of the membrane was measured at least 2-3 times. Error is given as the 

standard deviation from the independent tests of different membranes. Permeate side at 

atmospheric pressure with helium as sweep gas. 

 
 
 
 

Membrane 8 wt.% RT-BILP-101 / Matrimid®
 

Membrane 

thickness 
45 ± 5 µm 

Feed pressure 

[bar] 
2 3 4 5 

PCO2 [Barrer] 10 ± 0.3 9.7 ± 0.07 9.5 ± 0.07 9.2 ± 0.07 

PN2 [Barrer] 0.34 ± 0.06 0.30 ± 0.03 0.29 ± 0.02 0.29 ± 0.04 

Selectivity [-] 31 ± 4 33 ± 3 33 ± 3 33 ± 4 

 
  

Membrane Matrimid®
 

Membrane thickness 39 ± 5 µm 

Feed pressure [bar] 2 3 4 5 

PCO2 [Barrer] 9.6 ± 0.5 9.1 ± 0.6 8.7 ± 0.7 8.5 ± 0.7 

PN2 [Barrer] 0.32 ± 0.01 0.29 ± 0.02 0.27 ± 0.02 0.26 ± 0.03 

Selectivity [-] 30± 1 31 ± 2 32 ± 2 33 ± 2 
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Membrane 16 wt.% RT-BILP-101 / Matrimid®
 

Membrane 

thickness 
42 ± 7 µm 

Feed pressure 

[bar] 
2 3 4 5 

PCO2 [Barrer] 17 ± 2 16 ± 2 15 ± 2 15 ± 2 

PN2 [Barrer] 0.55 ± 0.09 0.48 ± 0.07 0.46 ± 0.06 0.44 ± 0.06 

Selectivity [-] 31 ± 3   33 ± 3 33 ± 2 33 ± 3 

 
 
 

Membrane 24 wt.% RT-BILP-101 / Matrimid®
 

Membrane 

thickness 
53 ± 3 µm 

Feed pressure 

[bar] 
2 3 4 5 

PCO2 [Barrer] 27 ± 3 24 ± 3 23 ± 3 23.6 ± 0.2 

PN2 [Barrer] 0.90 ± 0.07 0.78 ± 0.1 0.73 ± 0.07 0.74 ± 0.01 

Selectivity [-] 29 ± 0.6   31 ± 0.6 32 ± 1 32 ± 0.6 

 
 
 

Membrane 8 wt.% BILP-101 / Matrimid®
 

Membrane 

thickness 
35 ± 3 µm 

Feed pressure 

[bar] 
2 3 4 5 

PCO2 [Barrer] 9.4 ± 0.4 8.9 ± 0.3 8.6 ± 0.4 8.4 ± 0.3 

PN2 [Barrer] 0.32 ± 0.01 0.3 ± 0.01 0.29 ± 0.01 0.29 ± 0.02 

Selectivity [-] 29 ± 0.7 30 ± 0.3 31 ± 0.2 30 ± 0.07 
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Membrane 16 wt.% BILP-101 / Matrimid®
 

Membrane 

thickness 
40 ± 2 µm 

Feed pressure 

[bar] 
2 3 4 5 

PCO2 [Barrer] 13 ± 2 12 ± 2 12 ± 2 12 ± 2 

PN2 [Barrer] 0.42 ± 0.06 0.4 ± 0.05 0.39 ± 0.05 0.37 ± 0.05 

Selectivity [-] 31 ± 0.5 31 ± 0.7 31 ± 0.3 32 ± 0.4 

 
 
 
 

Membrane 24 wt.% BILP-101 / Matrimid®
 

Membrane 

thickness 
46 ± 3 µm 

Feed pressure 

[bar] 
2 3 4 5 

PCO2 [Barrer] 17 ± 1 17 ± 0.4 17 ± 0.7 17 ± 1 

PN2 [Barrer] 0.56 ± 0.07 1.3 ± 1 2.0 ± 1 2.4 ± 2 

Selectivity [-] 30 ± 2 19 ± 13 16 ± 14 15 ± 15 
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Table C4. Membrane performance of a 4 month-aged 16 wt.% BILP-101 and RT-BILP-101@Matrimid
® 

MMMs. Membranes were tested for the CO2 separation from a 15:85 CO2/N2 mixture at 308 K. Error 

is given as the standard deviation from the 7 independent measurements of GC. 

Membrane Aged 16 wt.% RT-BILP-101@Matrimid®
 

Membrane 

thickness 
42 ± 0.3 µm 

Feed pressure 

[bar] 
2 3 4 5 

PCO2 [Barrer] 15 ± 0.3 14 ± 0.1 14 ± 0.1 13 ± 0.07 

PN2 [Barrer] 0.53 ± 0.01 0.47 ± 0.01 0.46 ± 0.01 0.46 ± 0.01 

Selectivity [-] 28 ± 0.7 30 ± 0.5 30 ± 0.7 29 ± 0.5 

 

 

Membrane Aged 16 wt.% BILP-101@Matrimid®
 

Membrane 

thickness 
40 ± 0.7 µm 

Feed pressure 

[bar] 
2 3 4 5 

PCO2 [Barrer] 11 ± 0.2 11 ± 0.05 10 ± 0.05 10 ± 0.1 

PN2 [Barrer] 0.36 ± 0.01 0.34 ± 0.01 0.33 ± 0.01 0.32 ± 0.00 

Selectivity [-] 31 ± 0.7 31 ± 0.4 32 ± 0.7 32 ± 0.6 
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Table C5. Membrane performance of the 4 month-aged 16 wt.% BILP-101 and RT-BILP-

101@Matrimid
® 

MMMs. Membranes were tested for the CO2 separation from a 15:85 CO2/N2 

mixture under different temperatures and at a feed pressure of 2 bar. Error is given as the standard 

deviation from the 7 independent measurements of GC. 

Membrane Aged 16 wt.% RT-BILP-101@Matrimid®
 

Membrane thickness 42 ± 0.3 µm 

Temperature [K] 308 323 353 

PCO2 [Barrer] 15 ± 0.3 18 ± 0.2 22 ± 0.2 

PN2 [Barrer] 0.53 ± 0.03 0.81 ± 0.01 1.58 ± 0.01 

Selectivity [-] 28 ± 0.7 22 ± 0.4 14 ± 0.3 

 
 
 
 

Membrane Aged 16 wt.% BILP-101@Matrimid® 

Membrane thickness 40 ± 0.7 µm 

Temperature [K] 308 323 353 

PCO2 [Barrer] 11.3 ± 0.1 12.6 ± 0.1 16.0 ± 0.2 

PN2 [Barrer] 0.36 ± 0.01 0.52 ± 0.01 1.1 ± 0.01 

Selectivity [-] 31.2 ± 0.7 24.3 ± 0.4 14.5 ± 0.3 
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Table C6. Detailed information of the reference cited in Fig. 4.9. 

MMMs Performance Operation conditions  

Reference 
POF Polymer wt.% loading 

PCO2 
(Barrer) 

 

CO2/N2 
selectivity (-) 

Type of 
analysis 

T 
(K) 

Feed P 
(bar) 

ACOF-
1 
 

Matrimid® 16 17.7 34.7 
Mixed 

gas 
308 2 

3 PolyactiveTM 
0 147.5 42.8 ” ” ” 

16 98.9 44 ” ” ” 

6FDA-DAM 
0 754.3 19.8 ” ” ” 

16 751.7 24 ” ” ” 

BILP-
101 

Matrimid® 15 14 34.5 
Single 

gas 
295 0.2 

4 

BILP-4 Matrimid® 
10 13.2 32 

Single 
gas 

” ” 

15 14.9 38.9 ” ” ” 

TpPa-1 PBI-Bul 

0 2.3 25.6 
Single 

gas 
298 20 

5 

20 2.8 21.4 ” ” ” 

40 5 20.9 ” ” ” 

50 13.1 2.5  ” ” 

TpBD-1 PBI-Bul 

20 4.3 19.9 ” ” ” 

40 6.6 21.5 ” ” ” 

50 14.8 23 ” ” ” 

BILP-
101 

PIM 

0 4700 19.3 
Single 

gas 
313 - 

6 17 6300 15.1 ” ” ” 

30 7200 15.3 ” ” ” 

40 5100 17.4 ” ” ” 

SNW-1 PSF 

0 12.5 17.5 
Mixed 

gas 
298 4.5 

7 5 16 26 ” ” ” 

8 21 33 ” ” ” 

12 27 40 ” ” ” 

PAF-56P PSF 

0 67.5 11 
Mixed 

gas 
293 1.6 

 
8 

1 90 17.5 ” ” ” 

3 100 22 ” ” ” 

5 132.2 38.9 ” ” ” 

RT-BILP-
101 

Matrimid® 

0 9.6 30 
Mixed 

gas 
308 2 

This 
work 

16 17 31 ” ”  

24 27 29 ” ”  

BILP-
101 

16 13 31 ” ”  

24 17 30 ” ”  
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Abstract: The development of new membranes with high H2 separation performance 

under industrially relevant conditions (high temperatures and pressures) is of primary 

importance. Such membranes may facilitate the implementation of energy efficient pre-

combustion CO2 capture or reduce energy intensity in other industrial processes such as 

ammonia synthesis. In this chapter, a facile synthetic protocol based on interfacial 

polymerization is fabricated for the fabrication of supported benzimidazole-linked 

polymer (BILPs) membranes that display an unprecedented H2/CO2 selectivity (up to 40) at 

423 K together with high pressure resistance and long-term stability (> 800 h in the 

presence of water vapor).  
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5.1. INTRODUCTION 

Separation processes, mostly based on distillation, account for 10-15% of the world 

energy consumption.
1
 Membrane-based units offer several advantages, including a higher 

energy efficiency, smaller footprints, ease of operation and environmental friendliness. It 

is therefore not surprising that intense research has been devoted to the development of 

membrane modules able to efficiently separate complex gas mixtures. Among the 

different membrane materials, polymers still dominate the market due to their good 

processability and mechanical stability.
2
 Nevertheless, conventional polymeric membranes 

suffer from a ‘trade-off’ between gas permeability and selectivity.
3-5

 Extensive efforts have 

been put into the rational design and synthesis of novel microporous polymeric 

membranes to overcome this limit, including thermally rearranged (TR) polymers
6
, 

polymers of intrinsic microporosity (PIMs)
7, 8

 and porous organic frameworks (POFs) such 

as covalent organic frameworks (COFs)
9
, covalent triazine frameworks (CTFs) 

10
 or porous 

aromatic frameworks (PAFs)
11

. Even though some PIMs are highly soluble in common 

solvents and can be directly processed into membranes, PIM membranes suffer from 

moderate selectivity and serious aging issues. POFs are generally insoluble in most 

solvents, which greatly restricts their functionalization and post-processing into defect-

free membranes.
12

 The preparation of POF membranes has been achieved by direct 

growth on functional substrates,
9
 assembly of porous nanosheets

13
 or by mixing these 

porous fillers with non-structured and generally non-porous polymers in the form of 

mixed-matrix membranes (MMMs).
11, 14, 15

 However, so far for POF-based membranes are 

far from ideal due to the relatively large pores of the selected POF frameworks and the 

challenge of preparing continuous defect-free membranes. 

Benzimidazole-linked polymers (BILPs) are a new class of POFs, which are commonly 

synthesized via condensation of diamines with the respective aldehydes in N,N-

dimethylformamide (DMF), resulting in amorphous powders with remarkable thermal and 

chemical stabilities as well as high CO2 uptakes.
16, 17

 Compared to other POFs, BILPs 

possess narrower pores due to their highly crosslinked interpenetrated networks,
17, 18

 

rendering them more suitable for the separation of small molecules. However, BILPs are 

non-soluble in most solvents, making the preparation of membranes highly challenging. In 
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this spirit, the development of more straightforward manufacturing processes for the 

large-scale production of continuous thin films is a must. Interfacial polymerization (IP) 
19-

24
 is a facile and effective technique that allows the synthesis of large-area thin layers at 

the interface between two immiscible liquids. The IP method has been successfully 

applied for the synthesis of polyamide
20,

 
21

 membranes on the bulk scale for water 

desalination and nanofiltration. Despite its potential, IP remains largely unexplored in the 

field of novel microporous polymer membranes for gas separation
25, 26

, although some 

COF films were recently synthesized following this approach for application in liquid phase 

nanofiltration
27

. 

Herein, we circumvented the challenge of producing defect-free BILPs membranes (BILP-

101
18

) by using a facile room temperature interfacial polymerization method. The resulting 

membranes display an excellent H2/CO2 separation performance together with long-term 

stability under relevant separation conditions (pressure and water vapor presence) for 

pre-combustion CO2 capture.  

5.2. EXPERIMENTAL 

5.2.1. Materials 

1,3,5-triformylbenzene (TFB, 97 %), and 1,2,4,5-benzenetetramine tetrahydrochloride 

(BTA), Benzene (anhydrous, 99.8 %) were purchased from Sigma Aldrich and N,N-

Dimethylformamide (anhydrous, 99.8 %) were ordered from Thermo Fisher. All the 

chemicals were used without further purification. Asymmetric α-Al2O3 disks (- Al2O3 layer 

on top) with a diameter of 18 mm and thickness of 1 mm were purchased from 

Fraunhofer IKTS. The average pore size of α-Al2O3 and - Al2O3 layer is ca. 2.5 um and 5 

nm, respectively. 

5.2.2 Synthesis of supported BILP-101 membranes 

Supported BILP-101 membranes with different monomer concentrations and different 

layers were prepared. Table 5.1 lists the conditions for each membrane and Fig. 5.1 shows 

pictures of prepared membranes. The membrane color becomes darker with the increase  
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Table 5.1. Summary of membrane preparation conditions. 
* 

Two samples were prepared under A3 

conditions, marked in the text as A3-1, A3-2 for distinction. 

Membranes 

Interfacial polymerization (IP) conditions 

Aqueous amine phase 
[wt.%] 

Aldehyde in benzene 
phase [wt.%] 

IP time (min) layers 

A1 0.3 0.1 60 1 

A2 0.75 0.25 60 1 

A3*
 

1.5 0.5 60 1 

A4 1.5 0.5 60 2 

 

 

Fig. 5.1. Pictures of the prepared membranes under four different conditions (see table 5.1 for the 

details). A0 corresponds to the bare alumina support.  

of monomer concentration. For the specific procedures, the alumina disks were firstly 

immersed in an aqueous BTA solution under reduced pressure (0.2 bar) for 20 min, dried 

with compressed air until no visible droplets were left on the surface and then contacted 

with TFB solution in benzene for 60 min (toluene as solvent also works). This procedure 

was repeated to prepare membranes with two layers of BILP. The membranes were left 

overnight and washed with benzene to remove the unreacted TFB, dried at room 

temperature for at least 16 h, and finally the membrane was put into a home-made 

permeation set-up for performance testing.
15
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Fig. 5.2. (a). Description of free-standing BILP-101 film synthesis. (b) Photograph of the film formed 
at the water-benzene interface, and (c), the film supported on a nylon substrate. The diameter of 
nylon support is 4.7 cm.  

5.2.3. Synthesis of BILP-101 film at the bulk liquid interface 

An aqueous solution of BTA (i.e. 1.5 wt.%, 150 mg in 10 g de-ionized water) was poured 

into a small petri dish (inner Diameter ~ 5 cm) and then a solution of TFB in benzene (0.5  

wt.%, 44.7 mg in 8.7 g benzene) was gently spread on top of the BTA solution. After a few 

seconds, a brown layer was formed at the water-benzene interface. Fig.5.2a dicpicts the 

formation process. The film can be gently transferred to a nylon substrate (see Fig. 5.2c). 

Plenty of films were synthesized following this procedure and then washed with benzene, 

water, DMF and ethanol and finally dried under vacuum overnight at 393 K for further 

characterization. In order to get a clear view, a photo of a film synthesized in a small vial is 

presented in Fig. 5.2b. 

5.2.4. Characterization techniques 

Diffuse reflectance infrared Fourier transform (DRIFT) spectra of BILP-101 film was 

acquired in a Nicolet 8700 FT-IR (Thermo Scientific) spectrometer equipped with a high 

temperature cell with CaF2 windows (Praying Mantis
TM

) The samples were pretreated in 

He at 423 K for 30 min to collect the spectra. 

Thermogravimetric analysis (TGA) of a BILP-101 film were performed on a Mettler Toledo 

TGA/SDTA851e apparatus by measuring the mass loss of the sample while heating the 
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prepared BILP film under air flow (100 mL min
-1

) from 303 K to 1073 K at a heating rate of 

5 K·min
-1

. 

Powder X-ray diffraction (PXRD) patterns of the prepared films were recorded using a 

Bruker-D8 Advanced diffractometer with Co-Kα radiation (λ = 1.78897 Å). The samples 

were scanned in the 2θ range of 5 – 80° using a step size of 0.02
o
 and a scan speed of 0.4 s 

per step in a continuous scanning mode. 

Scanning Electron Microscopy (SEM) micrographs of the freestanding film were acquired 

using a JEOL JSM-6010LA InTouchScope microscope. The images of the supported 

membranes were obtained using a DualBeam Strata 235 microscope (FEI) and an AURIGA 

Compact (Zeiss) microscope. Prior to the analyses, BILP-101 films and the supported 

membranes were sputter-coated with gold.  

Atomic force microscopy (AFM) images were obtained by transferring the freestanding 

films to silica wafer and dried in an oven at 353 K for 1 h. The images were obtained using 

a Veeco Multimode Nanoscope 3A microscope operating in a tapping mode.  

N2 (77 K) and CO2 (298 K) adsorption isotherms were recorded in a Tristar II 3020 

(Micromeritics) instrument. Prior to the gas adsorption measurements, the samples were 

degassed at 423 K under N2 flow for at least 16 h. 

One-dimensional 
13

C CP/MAS solid state NMR spectra were recorded on Bruker AVANCE III 

spectrometers operating at 600 MHz resonance frequencies for 
1
H. Experiments at 600 

MHz employed a conventional double-resonance 3.2 mm CP/MAS probe or a 2.5 mm 

double-resonance probe. Dry nitrogen gas was utilized for sample spinning to prevent 

degradation of the samples. NMR chemical shifts are reported with respect to the external 

references TMS and adamantane. For 
13

C CP/MAS NMR experiments, the following 

sequence was used: 90° pulse on the proton (pulse length 2.4 s), then a cross-polarization 

step with contact time of typically 2 ms, and finally acquisition of the 
13

C NMR signal under 

high-power proton decoupling. The delay between the scans was set to 5 s to allow the 

complete relaxation of the 
1
H nuclei, and the number of scans ranged between 10000 and 

20000. An exponential apodization function corresponding to a line broadening of 80 Hz 

was applied prior to Fourier transformation. The sample spinning frequency was 15 kHz 

and 20 KHz. 
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High resolution transmission electron microscopy (TEM) analysis was obtained using a 

JEOL JEM3200 FSC operated at 300 kV. Low resolution TEM images were acquired by a 

JEOL JEM1400 plus operated at 120 kV. Before TEM observation, the specimens were 

prepared by applying a few drops of a BILP-101 film ethanol suspension on a carbon-

coated copper grid and letting it dry. 

5.2.5. Gas permeation experiments 

The supported BILP-101 membranes with an area of 1.33 cm
2
 were mounted in a flange 

between Viton
®
 O-rings. This flange fits in a permeation module, which was placed inside 

an oven in a home-made permeation setup. The diagram was shown in Scheme D1. The 

H2/CO2 separation measurements were performed employing a 50:50 H2:CO2 gas mixture 

(100 mL·min
-1

 CO2 and 100 mL·min
-1

 of H2) as feed. Helium (4.6 mL·min
-1

) was used as 

sweep gas at the permeate side. The absolute pressure of the feed stream was adjusted in 

a range of 1 - 10 bar using a back-pressure controller at the retentate side, keeping the 

permeate side at atmospheric pressure. The temperature in the permeation module was 

adjusted from 298 K to 498 K through a convection oven. An on-line 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 periodically analyse the permeate stream. For 

single gas permeation tests, the feed flow rates were set at around 50 mL/min to keep 1 

bar pressure drop between the feed and permeate side. The typical A3 membrane (Table 

5.1) was synthesied two times to ensure reproducibility of the reported data. In all cases, 

gas separation performance was evaluated after ensuring steady state operation. 

Gas separation performance was defined by the selectivity (α) and the gas permeance (P) 

of the individual components. The permeance of component i (Pi) was calculated as 

follows (Equation 5.1): 

i i
i

i i

N F
P

p A p
 
  

       (5.1) 
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where flux Fi denotes the molar flux of compound i (mol m
-2

 s
-1

), Ni is the permeate rate of 

component i (mol s
-1

), A is the membrane area and Δpi is the partial pressure difference of 

component i across the membrane and it can be calculated according to Equation 5.2.  

, ,i feed i feed perm i permp p Y p X         (5.2) 

where pfeed and pperm represent the pressures at the feed and permeate sides and Yi, feed and 

Xi, perm are the molar fractions of component i in the feed and permeate gas streams, 

respectively.  

The SI unit for the permeance is mol·s
-1

·m
-2

·Pa
-1

. However, gas permeances are reported in 

the widely unit GPU (Gas Permeation Unit),  

where 1 GPU = 3.3928 x 10
-10

 mol·s
-1

·m
-2

·Pa
-1

. 

The separation factor or mixed gas selectivity (α) was calculated as the ratio of the 

permeance of the faster permeating component (H2), to the permeance of the less 

permeating component (CO2) (equation 5.3). 

2

2

H

CO

P

P
         (5.3) 

5.3. RESULTS AND DISCUSSION 

The BILP-101 membrane was directly fabricated onto an α-Al2O3 porous support (-

Al2O3 on top, pore size of  layer 5 nm) by interfacial polymerization (Fig. 5.3a). α-

Al2O3 was selected due to its good thermal stability. Moreover, -Al2O3 top layer 

offer a large volume of small hydrophilic pores, ideal for the IP process.
26

 The BTA-

containing aqueous solution was trapped into the small pores of the top layer of 

the asymmetric Al2O3 support, which after drying the surface was further immersed 

in a 0.5 wt.% 1,3,5-triformylbenzene (TFB) benzene solution for 60 min (see details in 

experimental section). Upon contact with the TFB-containing solution, the amine 

groups of the trapped BTA monomer quickly react with the aldehyde moieties at the 

water/benzene interface, leading to the rapid formation of a brown layer at the interface. 

The growing film itself probably becomes a barrier for the contact between the two 

monomers and confines the reaction to the remaining defects, resulting in the formation  
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Fig. 5.3. (a) The alumina disk was first saturated with an aqueous BTA solution and then contacted 

with a benzene layer containing TFB, enabling the formation of BILP-101 membranes at the 

interface. (b and c) Cross-sectional and surface SEM images of a BILP-101 membrane, ~ 400 nm 

thick, formed on alumina substrate. (d) TEM image of the free standing BILP-101 film. (e) AFM 

topographical image of the film on a silicon wafer. Inset shows the film height. The samples were 

prepared under the condition of 1.5 wt.% BTA-0.5 wt.% TFB-60 min (see experimental section).  

of a continuous, defect-free layer at the support surface. Scanning electron microscopy 

(SEM) images were acquired from the cross-section and top surface of the 

membrane. A continuous membrane (Fig. 5.3c) with a thickness of around ~ 400 

nm (Fig. 5.3b) can be observed by SEM. 

To gain insight into the structure of the membrane, free-standing films were 

prepared at the bulk liquid interface under identical conditions (see experimental 

part 5.2.3 for details). A film with lateral dimensions of up to several centimeters 

was transferred to a nylon substrate (Fig. 5.2c). The sheet-like morphology was 

further observed by transmission electron microscopy (TEM) (Fig. 5.3d, Fig. D1c and 

d). In some places, the layer was crumped or scrolled, suggesting its high flexibility. 

Atomic force microscopy (AFM) images of a BILP film transferred onto a silicon 

wafer revealed a film thickness of ~ 470 nm (Fig. 5.3e), which is consistent with the  
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Fig. 5. 4. (a) DRIFT-IR and (b) 
13

C CP/MAS spectra of films. (c) N2 and (d) CO2 adsorption (solid 

symbols) and desorption (open symbols) isotherms of the films at 77 and 298 K, respectively. The 

samples were prepared under the conditions of 1.5 wt.% BTA-0.5 wt.% TFB-60 min (see 

experimental section). 

membrane thickness prepared on the alumina substrate. The formation of BILP-101 

was confirmed by Diffuse Reflectance Infrared Fourier Transform Spectroscopy  

(DRIFTS) and 
13

C Cross-Polarization Magic Angle Spinning (CP/MAS) NMR 

spectroscopy. Fig. 5.4a reveals a characteristic stretching band at 1610 cm
-1

 (the 

C=N vibration) and bands at 1450, 1365, 1260 cm
-1

, which are assigned to the 

formation of the benzimidazole ring 
18, 29. The band at 1700 cm

-1
 points to the 

presence of some residual aldehyde groups, further corroborated by a weak peak at 

δ = 194 ppm in the solid-state 
13

C CP-MAS NMR spectrum (Fig. 5.4b). In line with 

the DRIFTS results, the 
13

C CP-MAS NMR spectrum proves the successful 

condensation between TFB and BTA building units (Fig. 5.4b), giving rise to the 

appearance of a peak at a chemical shift of 150 ppm characteristic of the 
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benzimidazole ring. Signals centered at 130 and 100 ppm are characteristic of 

aromatic carbons, particularly those of the monomers. The full assignment of the 

peaks is shown on Fig. 5.4b. Thermogravimetric analysis (TGA) under air reveals 

that the film remains stable up to 523 K (Fig. D2). 

The textural properties of the prepared film, were determined by N2, Ar and CO2 

adsorption isotherms, acquired at 77, 298  and 87 K, respectively. About N2 

adsorption, the BILP-101 film exhibits a type II isotherm together with a type III 

hysteresis loop.
30

 The calculated Brunauer-Emmett-Teller (BET) area of BILP-101 

film was 87 m
2
g

-1
, comprising a small amount of microporous (17 m

2
g

-1
) and mainly 

external surface area (70 m
2
g

-1
) according to the t-plot method. The micropores 

come from the internal structure of the film, while mesopores are expected to arise from 

the dense packing of film sheets. In line with N2 adsorption results, Ar adsorption also 

shows only a small uptake at relatively low pressures together with similar 

hysteresis loop (Fig. D4), indicating its low accessibility towards Ar (~ 3.4 Å) and N2 

(~3.6 Å). Considering the high Lewis basic N/C ratio in the BILP-101x network, it 

should achieve a high CO2 uptake at low pressures. However, CO2 adsorption 

isotherms (Fig. 5.4d) shows a CO2 uptake of ~22 cm
3
 g

-1
 at 1 bar and 298 K, which is 

much lower than reported BILP-101 powders
18

, indicating a higher degree of 

interpenetration in the prepared BILP-101 film. In the powder X-Ray diffraction 

patterns (PXRD) (Fig. D3), the film shows a single broad reflection at 30
o
 with a d spacing 

of ~ 3.5 Å. The d spacing is usually considered as the packing distance of different 

polymer chains and the decrease in d is expected to increase the size-sieving ability 

of polymer membranes for gas separation. In our case, the small d spacing results in 

the high hydrogen selectivity, as discussed below. Both the value of d spacing and 

porosity of the as-synthesized BILP-101x films are different from the BILP-101 particles 

reported in Ref. 18. The method for the preparation of our films is different from the 

earlier approach, e.g., temperature, duration, solvent and the way of monomer addition. 

As noticed by Nguyen et al. 
31

 and El-Kaderi et al.
29

, the addition speed of monomers and 

the temperature will influence the formation of the oligomers at the beginning of the 

reaction, which are important factors affecting the overall porosity of BILPs. 
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Fig. 5.5. (a) Comparison of H2/CO2 separation performance with previously reported polymer 

membranes. The lines were drawn based on 2008 Robeson upper bound line by converting 

permeability to permeance assuming a membrane thickness of 50 µm (purple line) and 1 µm (green 

line). The membrane thickness is assumed as 1 µm for the typical PBI, TR polymers and PIMs. The 

green half-filled circles represent the BILP membrane performance developed in this work. For 

comparison, the predicted membrane performance (gray half-filled circles) of BILP with a membrane 

thickness of 1 µm is calculated. The details can be found in Table D5. (b) Long-term stability for 

H2/CO2 separation under alternating dry and wet gas mixture (2.3 mol.% H2O, marked by light-

yellow area) at 423 K. The samples were prepared under the conditions of 1.5 wt.% BTA-0.5 wt.% 

TFB-60 min (see details in Table 5.1). 

The prepared BILP membranes were mounted into a Wicke-Kallenbach cell to evaluate 

their performance in the separation of equimolar H2/CO2 mixtures at 423 K. Such 

separation is very relevant for pre-combustion CO2 capture or H2 production. An 

experiment using the bare α-Al2O3 substrate showed a H2 permeance of > 80,000 GPUs 

with a low H2/CO2 selectivity of ~ 3. Hence, the support does not constitute a transport 

barrier. The supported BILP-101 membrane exhibits an excellent separation performance 

with a H2/CO2 selectivity of 40 and a H2 permeance of 24 GPU at 1 bar trans-membrane 

pressure difference, surpassing not only the H2/CO2 separation limitation (i.e., the 2008 

Robeson upper bound line
3
 in Fig. 5.5a) of conventional polymer membranes but also the 

performance of a wide range of new polymers such as PIM and TR polymers and most of 

the benchmarked polybenzimidazole (PBI) membranes.
32
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Fig. 5.6. (a) Effect of the temperature on the membrane separation performance for sample A3-2. 

H2/CO2 feed ratio = 1, sweep gas helium, atmospheric pressure, no absolute pressure difference 

across the membrane. (b) Effect of absolute feed pressure on the membrane performance in the 

separation of H2 from an equimolar H2/CO2 mixture at 423 K. Results are obtained from sample A3-

1. 

In a typical pre-combustion CO2 capture process, H2 is generated through stream 

reforming of fossil fuels followed by water-gas shift (WGS). As a result, a high pressure (up 

to ~ 35 bar), high temperature (~ 450-530 K) mixture of CO2 and H2 is generated.
33

 In 

order to be able to selectively separate H2 and capture CO2, membrane materials 

displaying high temperature and pressure resistance are required,
5
 next to resistance 

against the water vapor presence from the WGS. The separation performance of the BILP-

101 membranes was further evaluated under conditions relevant for this important 

separation. H2/CO2 measurements at elevated temperatures (from 423 K to 498 K) are 

shown in Fig. 5.6a. It was found that the gas permeabilities increased with temperature 

for both CO2 and H2, indicating an activated diffusion mechanism.  

The apparent activated energy 𝐸𝑎𝑐𝑡,𝑖  for H2 and CO2 diffusion can be estimated by fitting 

the experimental gas permeance data to an Arrenhenius eqation 5.4. 

𝑃𝑖 = 𝐴𝑖exp (−
𝐸𝑎𝑐𝑡,𝑖

𝑅𝑇
) 

𝑙𝑛𝑃𝑖 = 𝑎 −
𝐸𝑎𝑐𝑡,𝑖

𝑅
∙

1

𝑇
    (5.4) 

Where 𝐸𝑎𝑐𝑡,𝑖  is the activation energy of gas component i. 𝑃𝑖  (mol m
-2

 s
-1

 Pa 
-1

) represents 

the gas permeance of component i, 𝐴𝑖  is the pre-exponential factor of gas component i, T 
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Fig. 5.7. Arrhenius temperature dependence of H2 and CO2 permeances for A3-1 membrane.  

 

Fig. 5.8. (a) CO2 adsorption isotherms of BILP-101 film at 273,298 and 323 K. (b)Adsorption heat of 

CO2 calculated by Virial equation.  

is the absolute temperature (K) and R is the ideal gas constant, 8.314 J mol
-1

 K
-1

. The plot 

of 𝑙𝑛𝑃𝑖  versus 1/T results in a straight line, whose slope can be used to calculate the 

apparent activation energy. As shown in Fig. 5.7, the activation energy for H2 is 26.5, 

which is lower than CO2, 41.2 kJ mol
-1

, in agreement with that less permeable gases often 

possess higher activation energy. Thus, the less permeable CO2 realize the relatively larger 

increase with temperature compared with that of H2, leading to the decrease in H2/CO2 
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selectivity. Despite the decrease in selectivity with temperature, the membrane still 

exhibits an excellent separation performance with a H2/CO2 selectivity of 24 even at 498 K. 

Furthermore, CO2 adsorption isotherms at different temperatures (Fig. 5.8a) were 

measured to calculate the isosteric heat of adsorption (∆𝐻𝑎𝑑𝑠) of BILP-101 film according 

to the common method Virial equation (Fig. 5.8b). The film showed a ∆𝐻𝑎𝑑𝑠  value of 36 kJ 

mol
-1

 for CO2, which is similar to the reported BILP-101 powders (33 kJ mol
-1

). 
18

  

Thus, the diffusion activation energy for CO2 (𝐸𝑑𝑖𝑓𝑓) is calculated by equation 5.5,  

𝐸𝑎𝑐𝑡 = 𝐸𝑑𝑖𝑓𝑓 − ∆𝐻𝑎𝑑𝑠     (5.5) 

which value is 77.1 kJ mol
-1

, further confirms the activated diffusion for CO2.  

High pressure measurements (Fig. 5.6b) indicate that the membrane still maintains a high 

H2/CO2 selectivity (~ 25) even at 423 K and 10 bar absolute feed pressure in comparation 

with other reported membranes (see Table D5). Most conventional polymers either could 

not withstand such conditions or exhibit limited gas permeation performance at elevated 

temperatures.
34

 Some emerging ultrathin 2D metal-organic frameworks (MOFs) and 

graphene oxide nanosheet membranes
35-37

 could achieve a good H2/CO2 separation 

performance at high temperatures. However, these ultrathin membranes are vulnerable 

to high pressures owing to the fragile nature of single 2D nanosheets and the weak 

interaction between layers. 

Lack of stability is the biggest hurdle faced by H2 separation membranes.
33

 Development 

of hydrothermally-stable membranes is highly desired since water is inevitably present in 

industrial H2/CO2 separation processes. Accordingly, the long-term performance of our 

BILP-101 membranes under steam at 423 K was studied (Fig. 5.5b). Both, H2 and CO2 

permeances decreased when introducing 2.3 mol.% water vapour in the feed, attributed 

to the competitive sorption of water molecules that increases diffusion resistance for both 

gases. Such a competitive effect has a more significant impact for the transport of bigger 

CO2 molecules, leading to an increased H2/CO2 selectivity. Upon removing the water from 

the feed, the performance returns to that previously observed under dry conditions. 

During the 800 h hydrothermal cycling test, both the permeance and selectivity of BILP-

101 membrane were slightly increased, probably due to the release of impurities. The high  
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Fig. 5.9. Effect of absolute feed pressure on the membrane performance in the separation of H2 

from an equimolar H2/N2 mixture at 423 K. Results are obtained from sample (a) A2 and (b) A3-1 

H2/CO2 separation performance combined with an excellent long-term hydrothermal 

stability place the supported BILP-101 membranes among promising candidates to be 

used for H2 separation/purification under industrially relevant conditions. 

Moreover, the BILP-101 membranes also hold great potential for H2 recovery from 

ammonia production with high H2/N2 selectivities (up to 87 for A3-1 membrane, Fig. 5.9, 

Table D4), which are higher than H2/CO2 results, suggesting a molecular sieving 

mechanism. This is further supported by the PXRD of the film showing an average chain d-

spacing of 3.5 Å (Fig. D3), consequently facilitating the diffusion of molecules with small 

kinetic diameters (H2 ~ 2.9 Å) while hindering the transport of those with large diameter 

(CO2 ~ 3.3 Å and N2 ~ 3.6 Å). The different size of CO2 and N2 is indicative of the higher 

selectivity for H2/N2 mixtures.  

5.4. CONCLUSIONS 

In summary, free standing POF films (specifically BILP-101) were successfully synthesized 

at the benzene-water interface. BILP-101 membrane films were further fabricated in a 

similar manner onto porous α-Al2O3 supports with a top layer of -Al2O3. The membrane 

demonstrates a high H2 selectivity over both CO2 and N2 at elevated temperatures 

together with high-pressure resistance. In addition, the membrane performed stable 

during 800 h, and the separation performance even slightly improved during the 800 h 

hydrocycling test. These results demonstrate that interfacial polymerization offers great 

advantages for the preparation of defect free membranes based on porous organic 



Chapter 5 
 

 

 132 

frameworks. The combination of such a simple preparation method with the rich 

chemistry of POFs is expected to result in the development of many more membranes 

with applications in a wide variety of separations.  
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Apprendix D 
 

 
Scheme D1. Diagram of gas permeation apparatus used in this work. 

 

 
Fig. D1. (a) and (b) are low resolution SEM images of the films. (c) and (d) are low resolution TEM 
images. 
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Fig. D2. TG and DTG profile of BILP-101 film under air flow (100 mL/min) at a heating rate of 5 K/ 
min. 

 

 

 
Fig. D3. Powder X-ray diffraction pattern of the free standing BILP-101 film. 
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Fig. D4. Argon adsorption isotherms of BILP-101 film at 87 K. 

 

 
Fig. D5. Characterization of BILP-101 film prepared under A1 and A2 conditions. (a and b) DRIFT-IR 
and 

13
C CP/MAS spectra of films. (c and d) N2 and CO2 adsorption (solid symbols) and desorption 

(open symbols) isotherms of the films at 77 and 298 K, respectively. Red and blue corresponds to 
samples A1 and A2, respectively. 
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Table D1. Summary of BILP-101 membranes’ performance tested for different membranes in the H2 

separation of a 50:50 H2/CO2 equimolar mixture at 423 K and different feed pressure conditions. 

Permeate side at atmospheric pressure with helium as sweep gas.  

 

Membrane Sample A1 

 PH2 [GPU] PN2 [GPU] PCO2 [GPU] 
Selectivity 
H2/CO2 [-] 

Selectivity  
H2/N2 [-] 

18397 5508 5298 3.5 3.3 

 
 
 

Membrane Sample A2 

Feed pressure [bar] 2 3 4 10 

PH2 [GPU] 24 23 23 21 

PCO2 [GPU] 2.4 2.4 2.5 2.4 

Selectivity H2/CO2 [-] 10 9.6 9.2 8.8 

 

 

 

Membrane Sample A3-1 

Feed pressure [bar] 2 3 4 10 

PH2 [GPU] 24 23 22 18 

PCO2 [GPU] 0.61 0.61 0.63 0.71 

Selectivity H2/CO2 [-] 40 38 35 25 

 
 
 

Membrane Sample A4 

Feed pressure [bar] 2 3 4 

PH2 [GPU] 15 14 13 

PCO2 [GPU] 0.68 0.67 0.68 

Selectivity H2/CO2 [-] 22 20 19 
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Single gas permeation tests indicate that Sample A1 shows a characteristic of Knudsen 

diffusion, therefore a mixed-gas test was not performed. For membrane A4, a second 

layer was grown on top of the first layer (See details in experimental section). As 

expected, the H2 permeance decreased due to the thicker layer. For A1, A2 and A3 

membranes, the CO2 permeance decreased with increasing monomer concentration, 

reflecting the formation of more dense membranes. DRIFT-IR and 
13

C CP/MAS spectra of 

films confirm a similar composition (Fig. D5a and b). Interestingly, the relative intensity of 

aldehyde groups (~ 1700 cm
-1

) compared to the -C=N- (~1610 cm
-1

) in the imidazole ring in 

A1 and A2 samples is higher than that in sample A3 (Fig. 5.4 A), indicating more missing 

links exist in their structures which explains the lower selectivity for sample A1 and A2. 

This is further supported by the higher porosity of samples A1 and A2 (Fig. D5) compared 

to sample A3 (Fig. 5.4C). Overall, the membrane prepared under A3 conditions exhibits 

the best performance. Thus, we mainly focus on the discussion of membrane A3 in the 

main text. Only membranes A2 and A3-1 were further tested for H2/N2 separation.  

 

Table D2 Summary of BILP-101 membranes’ performance tested at different temperatures under 1 

bar absolute feed pressure in the H2 separation of a 50:50 H2/CO2 equimolar.  

Membrane Sample A3-1 

Temperature [K] 423 448 473 498 

PH2 [GPU] 36 57 76 116 

PCO2 [GPU] 1.1 1.9 3.2 6.4 

Selectivity H2/CO2 [-] 34 29 24 18 
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Table D3 Summary of BILP-101 membranes’ performance tested under different absolute feed 

pressures at 423 K in the H2 separation of a 50:50 H2/CO2 equimolar.  

Membrane Sample A3-1 

Temperature [K] 423 448 473 498 

PH2 [GPU]  24 23 22 18 

PCO2 [GPU] 0.61 0.61 0.63 0.71 

Selectivity H2/CO2 [-] 40 37 35 25 
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Table D4. Summary of BILP-101 membranes performance data for the H2 separation of a 50:50 

H2/N2 equimolar mixture at 423 K and different feed pressure conditions. The data were obtained 

for different membranes under several feed pressure conditions. Permeate side at atmospheric 

pressure with helium as sweep gas.  

Membrane Sample A2 

Feed pressure [bar] 2 3 4 10 

PH2 [GPU] 21 20 20 18 

PN2 [GPU] 0.46 0.46 0.46 0.52 

Selectivity H2/N2 [-] 45 44 43 34 

 

 

 

 

 

Membrane Sample A3-1 

Feed pressure [bar] 2 3 4 10 

PH2 [GPU] 21 20 20 18 

PN2 [GPU] 0.24 0.22 0.22 0.24 

Selectivity H2/N2 [-] 87 92 91 75 
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Table D5. Membrane performance of typical PIM, TR-polymer, PBI and BILP presented in Fig. 5.5a. 

The membrane thickness was assumed to be 1 µm when converting the permeability to permeance.  

Membrane material Performance Operation conditions Reference 
PH2 (GPU) 

 
H2/CO2 

selectivity (-) 
Type of analysis T (K) Absolute 

Feed 
Pressure P 

(bar) 

PIMs PIM-EA-TB 
 

7760 1.09 Single gas 298 1 (1) 

7310 1.43 Single gas 

6155 1.29 Single gas/aged 
24h 

PIM-SBI-TB 2200 0.76 Single gas 
Single gas 

" 
TPIM-1 2666 1.72 298 2 (2) 

TPIM-2 655 1.51 

CoPI-TB-1 249 1.6 Single gas 
" 
" 
" 
" 
" 

308 1 (3) 

CoPI-TB-2 403 1.9 

CoPI-TB-3 371 1.9 

CoPI-TB-4 667 2.8 

CoPI-TB-5 334 1.5 

CoPI-TB-6 472 1.4 

TR Polymer TR-1 1200 0.65 Single gas 
" 

298 1 (4, 5) 
TR-6 6000 1.2 

mPBO 206 6.2 Single gas 
" 
" 

483 - (6) 
pPBO, 305 3.8 
6fPBO 505 3.5 

PHBOA(8:2) 1.8 8.4 Single gas 
" 
" 

308 10 (7) 

PBOA(8:2) 3.4 5.4 

PBOA(5:5) 4.2 5.6 

PHBOA(8:2) 26.8 8 Single gas 
" 
" 

483 

PBOA(8:2) 22.3 6 

PBOA(5:5) 26.9 6.5 

PBI 0.09 9 Single gas 293 3.4 (8, 9) 
13 20 Mixed gas 

" 
433  

11 3 623  
3.7 8.6 Single gas 308 3.5 (10) 
2.9 7.1 Mixed gas 308 7 (11) 
75 8.6 " 453 " 
30 3.8 Mixed gas 423 5 (12) 
2.9 7.9 Single gas 

" 
" 
" 

373 5-8 (13) 
5.5 12.8 473 
8.7 21.7 573 

22.9 27.3 673 
27 16 Single gas 423 8 (14) 
50 19 Single gas 623~723 7 (15) 
20 27.5 Single gas 623~723   

162 5 Single gas 523 3.5 (16) 
89 7 "    

24.5 6.5 "    
 22.5 6.6     
 3.7 23     
 35.6 20.3 Mixed gas 523 6 (17) 

BILP-101 
(400 nm)  

Fresh A3-1 24.2 39.5 Mixed gas 
" 

423 
 

2 This work 
Fresh A3-2 30.1 31.6 1 

A3-2 a 36.4 34.2 Dry gas mixture 
A3-2 b 25.6 37.6 Wet gas 

mixture 
BILP-101 

(assumed 1 µm 
thickness) 

A3-1 9.7 39.5 Mixed gas 
" 

423 
 

2 
A3-2 12.0 31.6 1 

A3-2 a 14.6 34.2 Dry gas mixture 
A3-2 b 10.2 37.6 Wet gas 

mixture 

a
 and 

b
 correspond to A3-2 sample measured after ~800 h on stream under alternating dry gas and 

wet gas  
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SUMMARY 

Membrane-based separation has become a promising alternative to traditional separation 

processes to capture CO2 owing to the great features such as energy efficiency and 

environmental friendliness. Polymers are easy to process and have been commercialized. 

However, most commercial polymer membranes suffer from a trade-off relation between 

gas permeability and selectivity, expressed as the Robeson upper bound
1
. Porous organic 

frameworks (POFs) are an emerging class of microporous polymers, which may have high 

CO2 permeability and selectivity when being processed into membranes due to their 

intrinsic porosity and strong CO2 adsorption ability. However, using POFs as membranes 

are still at the infancy stage due to their insolubility in most common solvents.  

Thus, this thesis focusses on the development of porous organic frameworks (POFs) 

membranes for various CO2 separation applications, including biogas upgrading, (Chapter 

2), post-combustion CO2 capture (Chapter 3 and 4) and pre-combustion capture (Chapter 

5). The fully organic nature together with the excellent thermal and chemical stabilities 

make POFs promising to be used as membranes for CO2 separation. 

Part I (Chapter 1) gives an introduction on different types of POFs along with their 

structures and applications in gas separation either in the form of mixed-matrix 

membranes (MMMs) or pure POF membranes. Some basic definitions and separation 

mechanisms are also discussed for better understanding the following chapters. POFs can 

have a crystalline or amorphous structure, thus we choose two types of POFs for 

membrane preparation. One is a crystalline POF, azine-linked covalent organic 

frameworks (ACOF-1) (Part II) and the other is an amorphous POF, benzimidazole-linked 

polymers (BILP-101) (Part III). 

Part II includes Chapter 2 and 3. In Chapter 2, we first focus on the synthesis and 

characterization of an ACOF-1. ACOF-1 was chosen because of its relatively small pore size 

(~ 9.4 Å) and high CO2 adsorption capacity. Diffusion reflectance infrared Fourier 

transform (DRIFT) and solid-state 
13

C cross-polarization magic-angle spinning 

(CP/MAS) NMR spectroscopy confirms the successful synthesis of ACOF-1 with the 
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formation of characteristic C=N band. N2 adsorption suggests a microporous structure. 

powder X-ray diffraction (PXRD) pattern reveals the good crystallinity. The CO2 uptake 

of ACOF-1 at 1 bar, 3.92 mmol·g
-1

, is much higher than that of CH4, 0.92 mmol·g
-1

, 

which demonstrates its selectivity towards CO2. ACOF-1 was incorporated into 

Matrimid® to prepare MMMs. Cross-sectional scanning electron microscopy (SEM) images 

and Raman spectroscopy of the resulting membranes indicate a good dispersion of ACOF-

1 in the polymer matrix. The ACOF-1 containing mixed-matrix membranes (MMMs) were 

tested for CO2/CH4 separation at 308 K. The gas permeability increases with ACOF-1 

loading and the 16 wt.% COF loading MMM shows an increase of more than doubling of 

the CO2 permeability compared to the bare Matrimid® membrane, together with slightly 

higher CO2/CH4 selectivities. The increase in gas permeability is attributed to the 

additional gas transport pathways introduced by the porous ACOF-1 network, while the 

slightly higher CO2/CH4 selectivities can be rationalized by the selective adsorption of CO2 

over CH4 in the N-rich ACOF-1 through dipole-quadrupole interactions. 

In Chapter 3, ACOF-1 was further incorporated into 3 different polymer matrices (low flux-

mid selectivity Matrimid®, mid flux-high selectivity Polyactive™ and high flux-low 

selectivity 6FDA:DAM) to investigate the influence of polymeric components on post-

combustion CO2 capture. For Matrimid® and 6FDA:DAM, an overall enhancement of the 

polymer's separation properties could be achieved, in case of Polyactive™ penetration of 

the more flexible polymer into the COF porosity resulted in a decreased membrane 

permeability. The best improvement was obtained for Matrimid®-based MMMs, for which 

the CO2/N2 selectivity increases from 29 to 35, together with an enhancement in CO2 

permeability from 9.5 to 17.7 Barrer for 16 wt.% COF loading, was observed. All the 

composite membranes show a higher selectivity, which is attributed to the favorable CO2 

adsorption ability of ACOF-1. This chapter demonstrates that the combination of the filler-

polymeric matrix pair chosen is crucial for POF based MMMs. Overall, Part II presents 

ACOF-1 as an interesting candidate to prepare MMMs for CO2 separation.  

Part III comprises Chapter 4 and 5. In this part, the main focus is on the development of 

BILP membranes for post-combustion (Chapter 4) as well as for pre-combustion (Chapter 

5). BILP-101 was selected because of its ultra-microporous structure (reported pore size ~ 
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5.4 Å) and high stability. In Chapter 4, BILPs with high and low porosity (BILP-101 and RT-

BILP-101) were synthesized through controlling the initial polymerization rate. RT-BILP-

101 with lower porosity was synthesized at room temperature, increasing the nucleation 

rate and resulting in smaller particle size and porosity. The incorporation of both BILPs 

into Matrimid® to prepare MMMs resulted in an increased gas permeability with loading 

for both CO2 and N2, attributed to the introduction of fast transport ways by porous BILPs. 

MMMs fabricated with RT-BILP-101 exhibits a higher gas permeability than BILP-101 

MMMs at the same loading. The best improvement was achieved by 24 wt.% RT-BILP-101 

MMMs, for which the CO2 permeability increases 2.8 times, from 9.6 to 26.5 Barrer. The 

selectivity remained constant upon BILP addition and is still determined by the polymer 

matrix. 

Chapter 5 describes the further engineering of BILP-101 into pure POF membranes. Using 

the interfacial polymerization method, free standing BILP-101 films were formed at a 

benzene-water interface. DRIFTS and 
13

C CP/MAS) NMR spectroscopies confirm the 

same chemical connectivity as BILP spherical particles synthesized in Chapter 4. 

SEM, TEM and AFM supported the formation of sheet-like morphology. BILP-101 

membrane films were further fabricated in a similar manner onto porous α-Al2O3 supports 

with a top layer of -Al2O3. The obtained membranes demonstrated a high potential for 

pre-combustion CO2 capture with an ultrahigh H2 selectivity (up to 40) at elevated 

temperature (423 K) together with high-pressure resistance. Even at 10 bar absolute feed 

pressure and 423 K the membrane still exhibits a H2/CO2 selectivity of 25. In addition, the 

membrane remained stable under alternating dry and humidified gas mixtures at 423 K 

during 800 h of operation. The separation performance was even slightly improved during 

this 800 h long hydrocycling test. The supported BILP membranes were also selective in 

the H2/N2 separation with selectivity values up to 87. All results point to the interpretation 

that these membranes are operated by molecular sieving and can be used for a wider 

range of gas separation applications. 
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Overall, the obtained results in this thesis demonstrate that POFs are promising 

candidates to be applied in membrane fields for CO2 separation. The fully organic nature 

makes POFs attractive and easy to be incorporated into polymers to prepare defect-free 

MMMs due to their excellent compatibility. Another alternative method, interfacial 

polymerization, offers an interesting outlook for the preparation of defect-free pure POF 

membranes. The combination of the above two preparation methods with the rich 

chemistry of POFs may open the door to the rational design of versatile POF membranes 

for a wide range of separations. 

 

1. L. M. Robeson, Journal of Membrane Science, 2008, 320, 390. 
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Samenvatting 

Membraanscheiding is een veelbelovend alternatief geworden voor traditionele 

scheidingsprocessen om CO2 af te vangen. Dit komt doordat membraanscheiding energie-

efficiënt en milieuvriendelijk is en een kleine fysieke 'footprint' heeft. De meeste 

membranen zijn gebaseerd op polymeren. Polymeren zijn gemakkelijk te verwerken en 

reeds gecommercialiseerd. Echter, de meeste commerciële polymeermembranen 

vertonen een negatieve correlatie tussen de gaspermeabiliteit en selectiviteit, wat tot 

uitdrukking komt in the zogenaamde 'Robeson limit'
1
. Porous Organic Frameworks (POF’s) 

zijn een opkomende klasse van microporeuze polymeren, die een hoge CO2 permeabiliteit 

en selectiviteit kunnen vertonen wanneer ze worden verwerkt in membranen vanwege 

hun intrinsieke porositeit en sterk CO2-adsorptievermogen. Echter, het gebruik van POF’s 

in of als membranen staat nog steeds in de kinderschoenen vanwege hun 

onoplosbaarheid in de meeste oplosmiddelen. 

Dit proefschrift richt zich daarom op de ontwikkeling van Porous Organic Framework (POF) 

membranen voor een variëteit aan CO2 scheidingstoepassingen, waaronder: biogas 

zuivering (Hoofdstuk 2), CO2 afvang uit rookgas ('post-combustion', Hoofdstuk 3 en 4) en 

uit synthesegas ('pre-combustion', Hoofdstuk 5). De volledig organische aard samen met 

de goede thermische en chemische stabiliteit maken POF’s veelbelovend om te gebruiken 

voor CO2-scheiding.  

Deel I (Hoofdstuk 1) introduceert de verschillende typen POF’s samen met bijbehorende 

structuren en toepassingen in gasscheiding, zowel in de vorm van mixed-matrix 

membranen (MMMs) als zuivere POF membranen. Enkele basisdefinities en 

scheidingsmechanismen worden toegelicht voor beter begrip van de volgende 

hoofdstukken. POF’s hebben een kristallijne of een amorfe structuur, dus er zijn twee 

typen POF’s voor membraan bereiding. De kristallijne POF is een azine-linked covalent 

organische framework (ACOF-1) (Deel II) en de amorfe POF is een benzimidazole-linked 

polymeer (BILP-101) (Deel III). 
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Deel II omvat Hoofdstuk 2 en 3. In hoofdstuk 2, wordt eerst de synthese en 

karakterisering van een ACOF-1 beschreven. ACOF-1 is gekozen vanwege zijn relatief 

kleine poriegrootte (~ 9.4 Å) en hoge CO2  adsorptie capaciteit. Diffuse reflectance 

infrared Fourier Transform (DRIFT) spectroscopie en solid-state 
13

C cross-

polarization magic-angle spinning (CP/MAS) NMR spectroscopie bevestigen de 

succesvolle synthese van ACOF-1 aan de hand van de vorming van de 

karakteristieke C=N verbinding. N2 adsorptie suggereert een microporeuze structuur. 

Poeder X-ray diffractie (PXRD) patronen tonen een goede kristalliniteit aan. De CO2 

opname van een ACOF-1 bij 1 bar is met 3.92 mmol·g
-1

 veel hoger dan die van CH4, 

0.92 mmol·g
-1

, wat de selectiviteit voor CO2 demonstreert. MMMs zijn bereid door 

ACOF-1 in te bedden als 'filler' in Matrimid®. Cross-sectional scanning electron 

microscopy (SEM) afbeeldingen en Raman spectroscopie van de membranen indiceren 

een goede dispersie van ACOF-1 in de polymeer matrix. De ACOF-1 bevattende mixed-

matrix membranen (MMMs) zijn getest op CO2/CH4 scheiding bij 308 K. De gas 

permeabiliteit neemt toe met de ACOF-1 belading en de 16 wt.% beladen MMM heeft een 

meer dan dubbele CO2 permeabiliteit dan het Matrimid® membraan en een iets hogere 

CO2/CH4 selectiviteit. De toename in gaspermeabiliteit wordt toegeschreven aan de extra 

gastransportwegen geïntroduceerd door de poreuze ACOF-1 netwerken, terwijl de 

enigszins hogere CO2/CH4 selectiviteit kan worden verklaard door de selectieve adsorptie 

van CO2 over CH4 door dipool-quadrupole interacties in de N-rijke ACOF-1. 

In Hoofdstuk 3, is ACOF-1 ingebed in 3 verschillende polymeer matrices (lage flux-

gemiddeld selectief Matrimid®, gemiddelde flux-hoog selectief Polyactive™ en hoge flux-

laag selectief 6FDA:DAM) om de invloed van polymeercomponenten op de CO2 afvang uit 

rookgas (post-combustion CO2 capture) te onderzoeken. Voor Matrimid® en 6FDA:DAM, 

werd een algehele verbetering van de scheidingseigenschappen van het polymeer bereikt. 

In het geval van Polyactive
TM

 resulteerde penetratie van dit meer flexibele polymeer in de 

poreuze COF in een verminderde membraanpermeabiliteit. De grootste verbetering werd 

gemaakt met de Matrimid® gebaseerde MMM’s waarbij de CO2/N2 selectiviteit toeneemt 

van 29 tot 35, tezamen met een verhoging van de CO2 permeabiliteit van 9.5 tot 17.7 

Barrer voor 16 wt.% COF belading. Alle composietmembranen vertonen een hogere 
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selectiviteit, die wordt toegeschreven aan het selectieve CO2 adsorptievermogen van 

ACOF-1. Dit hoofdstuk laat zien dat de combinatie van het gekozen filler-polymeer matrix 

paar cruciaal is voor op POF gebaseerde MMM's.  Deel II laat zien dat ACOF-1 een 

interessante kandidaat is voor de bereiding van MMM's  voor CO2-scheiding. 

Deel III omvat hoofdstuk 4 en 5. In dit deel ligt de nadruk op de ontwikkeling van BILP-

membranen voor post-combustion CO2 capture (hoofdstuk 4) en voor pre-combustion CO2 

capture (hoofdstuk 5). BILP-101 werd geselecteerd vanwege zijn ultra-micro poreuze 

structuur (gerapporteerde poriegrootte ~ 5.4 Å) en hoge stabiliteit. Voor Hoofdstuk 4 zijn 

BILP's met hoge en lage porositeit (BILP-101 en RT-BILP-101) gesynthetiseerd door de 

initiële polymerisatiesnelheid te regelen. RT-BILP-101 met lagere porositeit werd 

gesynthetiseerd bij kamertemperatuur, waardoor de nucleatiesnelheid toenam, 

resulterend in kleinere deeltjesgrootte en lage porositeit. Het inbedden van beide BILP's in 

Matrimid® om MMM's te bereiden resulteerde in een toename van gaspermeabiliteit met 

belading voor zowel CO2 als N2, toegeschreven aan de introductie van transport 

snelwegen door poreuze BILP's. MMM's gefabriceerd met RT-BILP-101 vertonen een 

hogere gaspermeabiliteit dan BILP-101 MMM's bij dezelfde belading. De beste verbetering 

werd bereikt met 24 gew.% RT-BILP-101 MMM's, waarbij de CO2-permeabiliteit 2.8 maal 

toeneemt, van 9.6 tot 26.5 Barrer. De selectiviteit bleef constant bij toevoeging van BILP 

en wordt nog steeds bepaald door de polymeermatrix. 

Hoofdstuk 5 beschrijft de verdere engineering van BILP-101 in pure POF-membranen. 

Door toepassing van de grensvlakpolymerisatiemethode werden vrijstaande BILP-101-

films gevormd op het grensvlak tussen benzeen en water. DRIFTS en 
13

C (CP/MAS) NMR-

spectroscopie bevestigen dezelfde chemische bindingen als in de bolvormige BILP deeltjes 

gesynthetiseerd in hoofdstuk 4. SEM, TEM en AFM ondersteunen de vorming van een 

gelaagde morfologie. BILP-101 membraanfilms zijn verder op vergelijkbare wijze 

vervaardigd op poreuze α-Al2O3 dragers met een toplaag van -Al2O3. De verkregen 

membranen zijn zeer interessant voor pre-combustion CO2 afvang, zij combineren een 

ultrahoge H2-CO2 selectiviteit (tot 40) bij verhoogde temperatuur (423 K) met 

mechanische weerstand tegen hoge druk. Zelfs bij een absolute voedingsdruk van 10 bar 

en 423 K vertoont het membraan nog steeds een H2/CO2 selectiviteit van 25. Bovendien 
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bleef het membraan stabiel onder alternerende droge en bevochtigde gasmengsels bij 

423 K gedurende een duurtest van 800 uur. De scheidingsprestatie verbeterde zelfs 

lichtjes tijdens deze 800 uur lange hydro-cycling-test. De gedragen BILP-membranen 

waren ook selectief in de H2/N2 scheiding met selectiviteitswaarden tot 87. Alle resultaten 

wijzen erop dat deze membranen werken op basis van moleculair zeven en dat ze kunnen 

worden gebruikt voor een breder scala aan toepassingen in gasscheiding. 

 

Over het algemeen laten de verkregen resultaten in dit proefschrift zien dat POF's 

veelbelovende kandidaten zijn om voor CO2-scheiding in membraan systemen te worden 

toegepast. De volledig organische aard en hun uitstekende compatibiliteit maakt POF's 

aantrekkelijk om ze eenvoudig in polymeren te verwerken tot defectvrije MMM's. Een 

andere alternatieve methode, grensvlakpolymerisatie, biedt interessante perspectieven 

voor de bereiding van defectvrije zuivere POF-membranen. De combinatie van de 

bovenstaande twee bereidingsmethoden met de rijke chemie van POF's kan de deur 

openen naar het rationele ontwerp van veelzijdige POF-membranen voor een breed scala 

aan scheidingen. 

 

1. L. M. Robeson, Journal of Membrane Science, 2008, 320, 390. 
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