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ABSTRACT 

 

Mixed-matrix membranes (MMMs) combining the advantages of polymer and inorganic 

membranes have been intensively studied for gas separations by incorporating molecular sieves 

such as zeolite, silica, and metal-organic framework (MOF) to a polymer matrix. Despite the 

potential, there have been no commercial applications of MMMs due to the several challenging 

MMM processing issues. One of the major challenges is the difficulty of controlling defects of a 

thin selective layer and microstructure of polymer/filler upon the single-step MMM spinning at 

the same time. We investigated a new paradigm of scalable MMM fabrication, named polymer-

modification-enabled in-situ metal-organic framework formation (PMMOF) by decoupling 

polymer membrane fabrication and filler incorporation. PMMOF involves four steps, hydrolysis, 

ion-exchange, ligand treatment, and imidization, enabling in-situ formation of metal-organic 

framework (MOF) fillers inside polymers. The first MMMs by PMMOF were demonstrated by in-

situ forming zeolitic-imidazole framework-8 (ZIF-8) fillers up to 32.9 vol% in the 6FDA-DAM 

polymer. The binary C3H6/C3H8 separation performance of the MMMs showed much higher 

separation factors than conventionally-prepared 6FDA-DAM/ZIF-8 MMMs at similar filler 

loadings, satisfying the commercial C3H6/C3H8 separation performance criteria. For the more in-

depth study of PMMOF, the actual reaction conditions synthesizing MOF crystals in a polymer 

free volume was investigated using the phase transformation of ZIF-7. In addition, the C3H6/C3H8 

separation performance of MMMs by PMMOF was further improved by combining PMMOF with 

linker-doping strategy. Despite these successes, there were several remaining issues for PMMOF. 

Among them, most importantly, as the filler contents increased, the permeability of MMM 

decreased continuously despite the higher separation factors compared with those of MMMs 
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prepared by conventional blending methods. To address this issue, cross-linked polyimides (i.e., 

6FDA-DAM:DABA (3:2)) were used with different cross-linking degrees. It was found that the 

inherent rigidity of polymer as well as the swelling of the polymer followed by chain 

rearrangement were critical to prevent the severe permeation reduction. Finally, the first MMM 

module containing multi-stranded mixed-matrix hollow fiber membranes with submicron-thick 

selective skin layers was demonstrated by transforming a preformed module with PI-coated 

polyethersulfone hollow fibers using the PMMOF. 
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CHAPTER I 

 INTRODUCTION AND OVERVIEW  

 

The attention to membrane-based gas separation is growing fast since it is one of the most 

promising technologies to replace current energy-intensive and high-cost distillation-based gas 

separation processes.2 Polymeric membranes have been dominantly used for commercial 

applications for divers gas separations due to the cheap material cost and high processability 

(Figure 1.1a). Nevertheless, there are fundamental limitations of gas separation performances of 

polymer membranes known as a trade-off between permeability related to productivity and 

selectivity relevant to efficiency. Robeson3 systematically defined the upper-bound curves of 

polymer membranes using the freeman theory based on the transition state theory for diffusion 

and the thermodynamic relationship for solubility.4 Besides, the chemical/thermal stability of 

polymer membranes is poor. Those membranes are often plasticized under a high pressures of 

condensable gases such as CO2, CH4, C3H6, C3H8, and etc, which could result in unfavorable gas 

separation performances.5 Consequently, chemically/thermally robust inorganic membranes with 

well-defined crystal structures such as zeolites have been intensively studied (Figure 1.1b). Due 

to the size-fitting molecular sieving effects, some of inorganic membranes show impressive 

separation performances that are far beyond those of polymer membranes and without the 

restriction imposed on the relationship between permeability and selectivity.6-7 However, a large-

scale fabrication of polycrystalline inorganic membranes is impeded by their high membrane 

processing cost due to the difficulty of controlling microstructure such as grain boundaries and 

their fragile mechanical properties.8-9 To overcome the issues of polymeric and inorganic 

membranes, polymer/inorganic filler mixed-matrix membranes (MMMs) have been studied as a 
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potential breakthrough (Figure 1.1c). By incorporating highly selective inorganic molecular sieve 

fillers in a cheap and processible polymer matrix MMMs simultaneously balance the 

processability and gas separation performance which could surpasses the upper bound curves of 

polymer membranes.  

 

 

Figure 1.1. Illustration of gas separation membranes. 

 

 

Nonetheless, there have been several challenges for MMMs based gas separations. The 

contact between organic phase and inorganic filler is a critical factor for MMM processing. The 

hydrophilic surface of inorganic fillers often establishes an unsatisfactory compatibility with the 

hydrophobic nature of polymer. As a result, a defective sieve-in-a-cage morphology that act as a 

by-pass of gas molecule transports is formed.10 In addition, due to the strong interactions 

between fillers, those fillers are agglomerated. As such, mesoporous spaces are formed within 

the agglomerations, which may allow gas molecules to circumvent molecular sieves.11 The 

particle agglomeration phenomenon becomes deteriorated, as the size of filler decreases that is 

necessary to fabricate ultrathin MMM thickness. Regarding these primary drawbacks of MMMs, 

many researchers have strived to improve polymer/filler interactions and filler distributions to 

achieve scalable and high performance MMMs by using scientific approaches. 
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There have been many noticeable review papers summarizing the current developments of 

MMMs for gas separations from the scientific perspectives. In order to overcome these 

challenges, Dong et al.12 systematically presented the major challenges of MMMs and they 

pointed out the important scientific approaches. The principle of proper matching between 

polymers and fillers was suggested with regard to enhancing the compatibility and potential 

large-scale production. The MMM studies introducing tertiary components as a compatibilizer 

displayed positive effects on the interfacial interactions and separation performances of MMMs, 

demonstrating their potential applications for large-scale MMM fabrications.13 Furthermore, it 

has been investigated in detail that MMMs containing noble inorganic fillers that provide strong 

interactions with polymers and effective molecular sieving properties. Gao et al.14 published a 

review aiming to demonstrate the progress of the properties and application of MXene/polymer 

membranes. Guan et al.15 epitomized the modification of ZIF-based MMMs for CO2 separation. 

Lin et al.16 focused on the filler/matrix interfacial morphology of MOF-based MMMs. In 

addition, the mathematical modeling studies based on the interactions and interfacial 

morphologies of MMMs suggested potential applications and future directions of MMMs for gas 

separations.17 

However, to date, there have been few commercial applicated MMMs for gas separations.18 It 

is likely due to the fundamental engineering challenges of the current MMM processes. Although 

the aforementioned progress of MMM based on the scientific point of view demonstrated the 

potential applicability for large-scale MMM fabrications, there might be considerable gaps 

between the potential and the practical applications. 
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CHAPTER II 

BACKGROUNDS 

 

2.1. Chronological progress of MMM 

The chronological progress of MMM is important to understand the current and future 

directions of MMM developments. The timeline of significant findings of MMM is represented 

in Figure 2.1. The origin of MMM for gas separation is incorporating minerals in a polymeric 

rubber to measure CO2 sorption and permeation in 1912 by Steinitzer.19 After about half 

centuries later, the first porous zeolite filler (i.e., mordenite) containing MMMs using 

polydimethylsiloxane (PDMS) as a continuous polymer phase were reported for O2/N2 

separation in 1971 by Christen et al.20 Followed by the publication of the silicon rubber/zeolite 

5A MMM firstly demonstrated the molecular sieving effect of the immobilized fillers in 1974 by 

Kemp et al.21 The authors described the gas transport phenomenon by dual-mode model and 

reestablished transition-state and steady-state gas permeation models. In 1988, the term ‘mixed-

matrix membrane’ firstly put forward by Kulprathipanja et al.22 in their patent demonstrating 

improved O2/N2 separation performance taking advantage of a cellulose acetate (CA)/silicalite-1 

MMM. Also, they suggested the potential applicability of diverse polymers (polycarbonates 

(PC), polyamides (PA), polysulfone (PSf), and CA) and fillers (zeolites, silicalites, activated 

carbons, and ion-exchange resins) combinations to form MMMs. 
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Figure 2.1. Timeline of MMM developments. 

 

The limitations of polymeric membranes indicating the direction toward MMM separation 

performance improvements were established in 1991.23 It was revised in 2008 by including more 

advanced polymer membranes such as thermally-rearranged (TR) polymers and polymers of 

intrinsic microporosity (PIMs).24 In the same year (1991), although there had been reports for 

MMM prepared by blending fillers with a PDMS polymer, Jia et al.25 demonstrated in-situ 

polymerization of PDMS-based MMMs by crosslinking the cast film containing silicalite 

particles. It was one of the pioneers of in-situ MMM formation. It allows homogeneous filler 

dispersion, efficiently suppressing interfacial void formations and scalable MMM processing in 

current MMM developments. In 1994, Duval and Mulder et al.26 proposed a noticeable 

advancement to improve the interfacial structure of zeolite/glassy polymer MMMs by using 

silane coupling agents and thermal annealing process. Bouma and Drioli et al.27 applied Maxwell 

model which was originally designed for dielectrics to estimate gas separation performance of 

MMMs in 1997. This strong tool is widely accepted even in the current MMM community. In 
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2000, Mahajan and Koros28 proposed the interfacial defect issues of MMMs more scientifically 

based on the three-component interactions of filler-solvent-polymer system. Based on the 

principle, they achieved 40 % of high loading PVAc/ zeolite 4A MMMs without interfacial voids 

using the priming protocol. A year later (2001), carbon molecular sieve (CMS) containing MMM 

was firstly introduced by Corbin et al.29 With increasing attention to MMMs for gas separations, 

the first mixed-matrix hollow fiber membranes prepared by a dry/wet phase inversion approach 

emerged in 2003 by Ekiner et al.30 In 2004, there were the foremost reports of MMMs 

incorporating two types of fillers attracting considerable interest in the current MMM researches. 

One is metal-organic framework (MOF)-based MMM by Yehia and Musselman et al.31 and the 

other is 2-dimensional layered porous material-based MMM by Jeong and Tsapatsis et al.32 As 

an effort to improve the adhesion between polymer and filler without using coupling agents, the 

MMMs were prepared by the melt processing in 2006 by Takahashi and Paul.33 Another strategy 

to improve the interfacial adhesion of MMM without silane coupling agents is Grignard 

treatment by increasing the external surface roughness of inorganic particles reported by Shu and 

Koros et al.34 in 2007.  

For the last decade, there have been noteworthy findings and breakthroughs for MMMs. 

Zeolitic-imidazole framework (ZIF), which is a sub-class of MOF, was firstly used as fillers of 

MMMs ,ZIF-8 and ZIF-90-based MMMs by Ordoñez and Musselman et al.35 , Bae and Jones et 

al,36 respectively in 2010. Those chemically/thermally stable ZIF fillers37 represented effective 

molecular sieving effects for gas separations as well as good adhesions with polymer matrix 

resulted from the presence of organic linkers. Starting from those reports, ZIF containing MMMs 

have been enthusiastically studied to date. In the same year, the first PIM-based MMM was 

developed by Ahn and Guiver et al.38 In recent MMM studies, the highly permeable PIMs are 
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intensively used by matching with diverse molecular sieve materials to achieve higher 

performances. In 2011, for the first time Yu and Wang et al.39 successfully demonstrated the 

applicability of MMM with sub-micron thickness prepared by interfacial polymerization for gas 

separations. In 2013, a novel strategy to fabricate MMM of the one-pot in-situ growth of MOF 

filler in a polymer solution was introduced by Seoane and Coronas et al.40 In 2015, the MMM 

containing 2D graphene, which is evaluated as a next-generation MMM material in many review 

articles,41-48 was firstly reported by Li and Wu.49 Another promising 2D porous material covalent 

organic framework (COF) containing MMMs was studied by Kang and Zhao in 2016.50 

 

2.2. Type of MMMs 

A modulation of gas separation membranes is essential for commercial applications. A 

membrane module is the smallest unit into which membranes are packed. Based on the types of 

membrane modules, the efficiency of gas separation can be varied. In general, there are two 

types of membranes, one is a flat sheet membrane and the other is a tubular-type membrane. 

Modules of flat sheet MMMs can be designed as plate-frame module MMMs (PF-MMMs) and 

spiral-wound module MMMs (SW-MMMs) (Figure 2.2a). MMMs in hollow fiber forms (i.e., 

mixed-matrix hollow fiber membrane (MMHFM)) is the common geometry of tubular-type 

MMMs and its modulated form is hollow-fiber module MMMs (HF-MMMs) (Figure 2.2b). 

From an engineering view, cost of module fabrication and maintenance, packing density, 

surface-area-to-volume ratio, and application area are the main criteria to consider for 

commercial products of MMM modules. The advantages and disadvantages of membrane 

modules are well summarized by Mubashir and Fong et al.51 as shown in Table 2.1. 
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Table 2.1. Comparison of different membrane modules for gas separation.51 Copyright 2018, 

Wiley. 

Property 

Membrane geometry 

PF-MMM SW-MMM HF-MMM 

Manufacturing cost (USD m-2) 100 - 200 30 - 100 5 - 20 

Packing density Low Low High 

Pressure drop Low High Low 

Suitability for high pressure Yes Yes Yes 

Surface area per unit volume Low High High 

Space required Large Large Small 

 

 

2.2.1. Flat sheet type MMMs 

PF-MMMs have been used for decades due to its easy MMM fabrication processes, low 

pressure drops and low operation energy.51 Multiple types of fillers have been embedded into 

various polymeric matrix to form PF-MMMs for different gas separation system, such as carbon 

natubes/PI for CO2/CH4,
52 ZIF-8/PEBAX for CO2/N2,

53 organoclay/PSF for O2/N2,
54 ZIF-

8/6FDA-DAM for C3H6/C3H8 
1 and so on.55-56 By combining these inorganic fillers, the as-

synthesized MMMs exhibit improved property and gas separation performance. For example, 

asymmetric PF-MMMs containing low loading of nano-sized ZIF-8 (up to 1 wt%) fillers and PSf 

were synthesized by a dry/wet phase inversion approach.57 Compared to the neat polymeric 

membrane, the PF-MMMs showed an enhanced CO2 permeability and CO2/CH4 selectivity.57 

For the MMMs at a 0.5 wt% ZIF-8 filler loading, the permeability of CO2 increased by 37 % 



 

9 

 

 

(from 21.27 GPU to 29.22 GPU) and at the same time, the CO2/CH4 selectivity was enhanced by 

19 % (from 19.43 to 23.16).57 The significant improvement in thermal and mechanical stability 

were observed even at a 0.25 wt% ZIF-8 loading.57 

SW-MMMs are consisted of two flat sheet MMMs. These two MMMs are separated by a 

spacer and a hollow is placed in the center to collect permeated gas molecules. Compared to PF-

MMMs, SW-MMMs shows a higher packing density, higher pressure drop, lower cost and 

higher surface area per volume (Table 2.1). Both SW-MMMs and PF-MMMs need large 

operation space. Another disadvantage of SW-MMMs is that they are hard to clean which means 

the maintenance of SW-MMMs will be complicated. 

 

2.2.2. Tubular type MMMs 

Hf-MMMs have the highest packing density and surface-area-to-volume ratio, and the lowest 

manufacturing cost in comparison to PF-MMMs and SW-MMMs, making HF-MMM to be 

attractive for commercial applications among the MMM modules. Despite the advantages, HF-

MMMs often have relatively low pressure tolerance and those are more difficult to repair among 

the MMM modules.51 More importantly, hollow fiber membrane fabrication processes are more 

complicated and challenging than that of flat sheet membranes due to their unique geometry. 

There have been several research works showing the promising gas separation performance of 

lab-scale HF-MMMs. Zahri at al.58 reported HF-MMMs containing graphene oxide and 

polysulfone for CO2 separation. With a 0.25% GO loading, the CO2 permeability of HF-MMMs 

reached 74.47 GPU as well as a 44.4 CO2/N2 selectivity. Liu et al.59 embedded Y-fum-fcu-MOF 

into 6FDA-DAM to fabricate HF-MMMs for the removal of CO2 and H2S from natural gas. 

Nevertheless, the majority of reported MMMs were flat sheet forms rather than hollow fiber 
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forms, likely due to the difficulty of controlling skin layer defects and polymer/filler 

microstructures of MMHFMs by the current fabrication processes.43, 60-61 

 

 

Figure 2.2. Illustration of (a) SW-MMM and (b) HF-MMM. 

 

 

2.3. MMM fabrication strategies 

2.3.1. Solution processing 

Solution processing is the most classical and widely used blending-based method for MMM 

fabrications due to the simplicity. This method was mainly used for flat sheet membranes on a 

lab-scale despite a few reports of MMHFMs. In general, the procedures of solution processing 

involve (1) preparing a polymer/filler dope solution by blending, (2) casting the solution into a 

desirable form, (3) solidifying the MMM by evaporating solvent, and (4) drying the film.16, 62-63 

As shown in Figure 2.3, there are three different routes to prepare the filler suspended mixed-

matrix dope solutions commonly. First, the mixed-matrix dope solution can be prepared by 

adding fillers in a polymer solution, which is prepared by dissolving a polymer completely in a 

proper solvent (route a, Figure 2.3a). After homogeneously dispersing inorganic fillers in a 

solvent, a polymer is dissolved in the filler suspension (route b, Figure 2.3b). A polymer solution 
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and a filler suspension are prepared separately and then the two solutions are blended (route c, 

Figure 2.3c). In this process, the selection of proper solvent is of critical importance to achieving 

successful fabrications of MMMs. Therefore, the following factors might be primarily 

considered; solubility of a certain polymer, volatility, boiling point, and interaction with fillers. 

In particular, the importance of solvent interacted with fillers was emphasized by Koros et al.28, 64 

based on the three-component interaction theory. The balanced solvent-filler interactions enable 

to prevent agglomerations as well as sedimentations of particles along with improved adhesion 

of fillers with a polymer.64-65 Based on the theory, the priming protocol was proposed to enhance 

the wettability of fillers by the polymer solution by dissolving some portion of polymers in a 

filler suspension in the route c.28 In addition, the homogenization of fillers in the suspension was 

able to be accomplished with an aid of outer forces such as a high shear mixing or an ultra-

sonication. Nevertheless, the too strong homogenization may result in a disintegration or an 

Ostwald ripening of fillers.66 As such, the appropriate manners of filler dispersion are required. 

 

 

Figure 2.3. Illustration of different routes for mixed-matrix dope solution preparations. 
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The thickness and uniformity of MMMs using the solution processing varies from several 

micrometers to a few nanometers depending on casting methods and its parameters. There are 

four representative MMM casting methods: solution-casting, knife-casting, spin-coating, and 

dip-coating. In Table 2.2, the MMM casting techniques are compared. The casting methods of 

MMMs are analogous to those of polymer membranes. The well-described explanations of each 

casting method also can be found in the previous review papers associated with polymer 

membranes.67 Solution-casting (or drop-casting) has been widely used since it is one of the 

classical and simple casting methods among the solution processing (Figure 2.4a).68-70 The 

procedure of the solution-casting method is as follows; (1) dropping a mixed-matrix dope 

solution onto the casting mold (i.e., ring or plate), (2) spreading out the liquid solution, which 

fills the casting mold evenly, (3) evaporating the solvent, forming the solidified MMMs. In this 

process, it is desirable to dilute the dope solution with the solvent to decrease viscosity and well 

spread out, nevertheless, which may increase the solvent evaporation time and sedimentation of 

the fillers. When the solution-casting is performed on a porous substrate, a very thin gutter layer 

may be needed to prevent the penetration of the diluted dope solution into the porous layer. The 

thickness of the MMM can be controlled by the solution concentration (i.e., [polymer + 

filler]/[polymer + filler + solvent]), the mold size, and solvent density. However, it is not easy to 

get an ultra-thin (< 1 μm) and uniform thickness without defects using this method. On the other 

hand, knife-casting (or Doctor blade or tape-casting) provides more uniform thicknesses by the 

mechanical slipping of dope solution through the gap between a substrate and a casting knife 

(Figure 2.4b). As a mean to get thinner and more uniform MMMs, spin-coating can be applied. It 

spreads the dope solution through the centrifugal force by spinning the substrate (Figure 2.4c). 

The spinning rate as well as the dope solution concentration are the major parameters to control 
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the thickness of MMM.71 Another advantage of the spin coating  in comparison to others is that 

the process is time-saving since solvent evaporation occurs upon the spinning. Although the 

solution processing is simple and inexpensive, however, they are mostly discontinuous 

processes, which could impede the fast and large-scale MMM fabrications. While knife-casting 

can be used to fabricate spiral wound type membranes, otherwise, dip-coating (Figure 2.4d) is 

almost the sole strategy enabling continuous MMHFM fabrications among the solution process 

based approached. Nevertheless, among the reports introducing dip coating to fabricate MMMs, 

most of they are related to flat sheet membranes rather than hollow fibers.72 More detailed 

discussion about the MMHFM taking advantage of dip-coating is presented in Section 3. To 

control the thickness of MMM during the dip-coating process, the deposition rate, drenched time 

along with the number of dipping cycles should be taken into consideration.73 Besides the above 

mentioned solution process methods, there are uncommon methodologies involving solution 

processing such as spray coating74 and slot die coating.75 

 

 

Table 2.2. Comparisons of different casting techniques. 

Casting method Thickness Uniformity Time Simplicity Continuity 

Solution-casting Moderate Low Slow Very high Low 

Knife-casting Moderate High Moderate Very High Moderate 

Spin-coating Very thin High Fast High Low 

Dip-coating Thin Moderate Fast High High 
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Figure 2.4. Illustration of MMM fabrication methods using solution processing. 

 

 

Furthermore, solvent evaporation affects significantly on forming a uniform and defect-free 

MMMs during solution processing. Rapid solvent evaporation leads to wrinkling, surface 

unevenness, and pin-holes.76 The humidity, atmospheric condition, and temperature also 

contribute considerably to the solidification of polymers. In light of these, the control of solvent 

evaporation rate is an essential factor in fabricating MMMs. The solvents can be classified into 

two main categories based on their volatility. For example, dichloromethane (DCM), chloroform, 

and tetrahydrofuran (THF) are the common volatile solvents and N,N- dimethylacetamide 

(DMAc), N,N- Dimethylformamide (DMF), and 1-Methyl-2-pyrrolidone (NMP) are the common 

non-volatile solvents for MMM fabrications.77 Casting dope solutions in a solvent saturated 

chamber is an beneficial means to slow down the evaporation rates of volatile solvents and to 

maintain low humidity.78 For the non-volatile solvents, MMMs have been fabricated under 

heating and/or vacuum along with a gradual increase in temperature.79 

 

2.3.2. Melt processing 

Compared to solution processing, melt processing is faster, easier to be continuous, and 

especially more economic and environmentally friendly due to the absence of toxic organic 
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solvent and the cost saving of solvent recycling. There are four steps covered in the melt 

processing for MMM fabrications. (1) Solid polymers are transformed into liquids by melting 

with increasing temperature. (2) Molten liquid polymer is blended with fillers under gravity or 

external pressure using extruder, internal mixer, and two-roll mill. (3) The homogeneously 

dispersed fillers containing polymer liquid is cast into molds with desired shapes. (4) By cooling, 

the cast liquid is solidified to MMMs.80 The micropores of membranes fabricated by melt 

processing can be generated by cold-stretching81-82 and salt-leaching.83 

There have been a few reports using melt processing for MMMs of gas separations. Razzaz et 

al.84 incorporated nano-sized zeolite 5A into low-density polyethylene (LLDPE)/polyethylene 

(LDPE) to form MMHFMs by continuous melt extrusions. The process was carried out via a 

twin-screw extruder combined with a calendaring system, as shown in Figure 2.5. With the 

zeolite 5A loading up to 20 wt%, the gas separation performance of the MMHFMs was enhanced 

compared to that of neat polymer membranes. Covarrubias et al.85 also showed the significantly 

increased gas separation performances of polyethylene (PE)/porous layered aluminophosphate 

(ALPO) MMMs prepared by melt compounding. The ALPO swollen by 

cetyltrimethylammonium (CTA) formed the intercalated structure, resulting in that it provided an 

effective gas transport pathway and reduced PE crystal sizes. Nevertheless, Kathuria et al.86 

pointed out the limitations of melt compounding for the fabrication of MMMs. For the case of 

poly(L-lactic acid) (PLLA)/water saturated HKUST-1 MMMs, the crystal structure of the 

HKUST-1 fillers was changed and the PLLA polymer was degraded by the high temperature 

upon the melt extrusion. Likewise, the chemical modification of graphene incorporated in 

MMMs was damaged during melt processing.87 Furthermore, melt processing is only applicable 

to semi-crystalline thermoplastic polymer-based MMMs. Since the crystalline phase of these 
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polymers is mostly impermeable to gas molecules, MMMs prepared by melt processing are more 

promising to use as gas barrier membranes rather than gas separation membranes.88 

 

 

Figure 2.5. Schematic representation of the extrusion set-up to produce hollow fiber mixed 

matrix foamed membranes.84 Copyright 2018, Multidisciplinary Digital Publishing Institute. 

 

For the developments of gas barrier MMMs by melt processing, diverse non-porous fillers 

such as clay,89-90 silica,91 graphene,92-95 and layered silicate96-97 were incorporated into semi-

crystalline polymers. Especially, these fillers with 2D sheet-like morphology enabled to largely 

increase tortuosity of gas molecule diffusion pathway due to their high aspect-ratio, effectively 

improving the gas barrier properties of MMMs.89-90, 92-94, 97 Thereby, the distribution (i.e., 

exfoliation and intercalation) is of critical importance for the successful improvements of gas 

barrier efficiency. For example, Adak et al.89 prepared polyurethane/nanoclay MMMs as gas 

barriers through melt extrusion using two different mixing approaches: direct mixing and master-

batch mixing where nanoclays are formally dispersed in a solvent. Compared to the direct 

mixing where nanoclays were agglomerated, the master-batch mixing enabling to exfoliate 
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nanoclays showed the improved gas barrier properties ~ 30 % due to the increase in the 

tortuosity of gas diffusion pathways. In these regards, to prevent filler agglomerations, the 

optimal loading of fillers in MMMs was commonly less than 5 wt%.89-91, 94, 98 

 

2.3.3. Phase inversion 

For the commercial applications of gas separation membranes, it is critical to achieving a 

selective skin layer to be as thin as possible from several microns up a few nanometers without 

defects for high gas production. To provide enough mechanical stability, the thin skin layer 

should be supported by a relatively thick porous support layer (i.e., > ~ 100 μm) to withstand the 

transmembrane pressure that is the driving force of gas transfer across membranes with 

negligible mass transport resistances. In these regards, an asymmetric structure is the desirable 

form of commercial gas separation membranes. Phase inversion process is an effective mean to 

form asymmetric structures of polymeric materials. As such, it has been widely used to fabricate 

commercial polymeric membranes. Based on the successful fabrications of polymer membranes, 

the phase inversion technique has been moved on to MMMs. Diverse asymmetric MMMs have 

been fabricated by phase inversion process.45 

The key of phase inversion process is the choice of polymer/solvent/non-solvent system 

whose compositions can be elaborated by a ternary phase diagram.99 The cast or spun dope 

solution is immersed into a non-solvent coagulation bath and transformed to the solid membrane 

via liquid (solvent)-liquid (non-solvent) demixing process. The morphologies of membranes are 

determined by ratios and rates of demixing process. A sponge-like membrane morphology is 

formed when the demxing rate is slow by the low miscibility of solvent with the non-solvent. 

Otherwise, a finger-like morphology shows up. On the other hand, for MMMs, the demixing 
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process can be affected by dispersed fillers in dope solutions. For example, the hydrophilic 

HSSZ-13 zeolite dispersed in the mixed-matrix dope solution accelerated locally the rates of 

demixing with water, resulting in that the low polymer concentration around the zeolite led to the 

formation of interfacial voids.100 

There are several challenges of commercially available MMM fabrications using phase 

inversion. Due to the presence of fillers in a dope solution, the defects on membrane skin layers 

can be generated by not only the pinholes of skin layer but also the polymer/filler interfacial 

voids and filler agglomerations. Considering the manufacturing costs of MMMs, the support 

layer can be replaced with an inexpensive polymer, representing that fillers are only present at 

the skin layer. As such, MMHFMs typically consist of a dual-layer asymmetric structure (i.e., a 

shell of a mixed matrix having a thin skin layer and a core of a porous support layer made of 

inexpensive polymer).101 Due to the different phase inversion conditions of shell and core layers, 

the formation of a defect-free skin layer is more challenge upon a dual-layer spinning process 

compared to that of single-layer spinning. Furthermore, the high filler loadings in MMMs are 

limited by the MMM processing factors. For MMHFMs, the high filler contents in a mixed-

matrix dope solution may increase the viscosity and decrease the elasticity, reducing the 

spinnability of dope solutions.101 
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Figure 2.6. Illustration of hollow fiber membrane spinning: (a) wet-spinning and (b) dry-wet 

spinning. 

 

2.3.3.1. Wet-spinning 

The outer layer of wet spun asymmetric MMHFMs solidifies immediately when get in contact 

with the coagulant bath without any air gap (Figure 2.6a). With the increase of air gap, more 

defects may be generated because of large elongation and gravitational stress.102 Dual-layer 

PES/P84 asymmetric MMHFMs containing PES–zeolite beta was fabricated through wet 

spinning process.103 The outer of the wet spun MMHFMs contained less defects compared to the 

MMHFMs spun at 1.5 cm air gap. At the same time, the presence of PES–zeolite beta plays a 

positive role in both pure and mixed gas separation tests.      

 

2.3.3.2. Dry-wet spinning 

In the process of dry-wet spinning, the nascent filaments need to pass through the air gap 

when the solvent evaporation occurs at the same time (Figure 2.6b). Also, the phase inversion 

happens at the interface between dope and bore. A larger air gap means a longer time for 
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evaporation of volatile components in air which will result in the increase polymer concentration 

of the outer layer of spun dope solutions, leading a less pinhole formation on the shell side of 

MMHFMs. In order to investigate the influence of incorporation of inorganic particles to the 

phase inversion process, MIL-53 based asymmetric MMHFMs were fabricated and performed 

gas separation tests.104 The asymmetric MMHFMs containing MIL-53 particles were formed by 

dry-wet spinning process. MIL-53 grouped with EtOH as a non-solvent showed significant effect 

on the phase inversion. With 5 wt% MIL-53 loading, the asymmetric MMHFM demonstrated 

increased gas separation performance. The permeability of CO2 and O2 increased 129 % and 

138 % respectively in comparison to the neat Ultem hollow fiber membrane while the selectivity 

of O2/N2 and CO2/CH4 remained constant. 

 

2.3.4. In-situ approach 

Recently, the in-situ bottom-up approaches have attracted many MMM researchers’ interests 

as promising strategies to overcome the issues of MMMs (i.e., polymer/filler adhesion and filler 

dispersion). Their flexibility and scalability provide great potential for the development of 

advanced MMMs for gas separations. The in-situ approach can be mainly categorized as in-situ 

polymerization and in-situ filler formation.105 For in-situ polymerization methods, polymer 

precursors (i.e., monomers, oligomers, solvent, and/or additives including crosslinker or 

polymerization initiator) are blended with filler particles and then sequent polymerization occurs 

via in-situ manner. The in-situ polymerization is distinguished into in-situ crosslinking, post-

synthetic polymerization, and interfacial polymerization. In stark contrast, the in-situ filler 

formation methods involve the growth of filler crystals either inside the cast dope solutions or 

inside the solidified polymer membranes. 
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2.3.4.1. In-situ crosslinking 

Despite the recent attention on the in-situ polymerization, the conventional in-situ 

crosslinking-based MMM fabrications has been used since the early 1990s.106-107 One of the 

primary applications of the in-situ crosslinking was that the precursors of silicone rubber blended 

with silicalite-1 zeolite fillers followed by in-situ crosslinking upon the film formation.25 Taking 

the advantages of the in-situ polymerization approach and the flexibility of polymer chains, the 

filler loading was reached up to 70 wt% without defects. The as-synthesized MMMs established 

the improved permeability for He, H2, CO2, and O2 along with selectivity from 2.14 and 11.6 to 

2.92 and 17.1 for O2/N2 and CO2/N2 separations, respectively. As a more recent study, Ma et 

al.107 prepared poly(PEGMA-co-PEGDMA)/UiO-66 type MOF MMMs by in-situ crosslinking 

PEG containing monomers, poly(ethylene glycol) methacrylate (PEGMA) and poly-(ethylene 

glycol) dimethacrylate (PEGDMA) (Figure 2.7). The CO2/CH4 separation performance of in-situ 

crosslinked membranes was enhanced by incorporating filler loading up to 35 wt%. 

 

 

Figure 2.7. Schematic Illustration of the synthetic approach for the preparation of MMM-based 

on cross-linked poly[(ethylene glycol) methacrylate] and MOF.107 Copyright 2018, American 

Chemical Society. 
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2.3.4.2. Post-synthetic polymerization 

The post-synthetic polymerization (PSP) (also known as grafting-from approach), which is in-

situ polymerization from a solid surface,67 seems to resemble with the in-situ crosslinking since 

both methods employ in-situ polymerization by crosslinking of small molecules blended with 

fillers. However, the key difference of the PSP from the in-situ crosslinking is the functional 

groups on the surface of fillers, which are polymerizable by strong covalent bonds with 

oligomers.105 The functionalization of filler surface enables copolymerization of monomers and 

fillers. Due to the interconnection of oligomer and filler by chemical bonds, the MMMs 

fabricated by the PSP method displayed significantly enhanced particle dispersion and adhesion 

between polymer and fillers compared to that of in-situ crosslinking.108-110 

A novel strategy to fabricate MMMs made of covalently linked fillers and a polymer by the 

photoinduced PSP was successfully demonstrated by Feng and Wang et al.111 As a first step, 

UiO-66-NH2 fillers were functionalized with vinyl functional groups, which are polymerizable 

(Figure 2.8a). The subsequent in-situ copolymerization of vinyl functionalized UiO-66-NH2 

fillers and butyl methacrylate monomers was performed by the irradiation of UV-light (Figure 

2.8a). The enhanced interaction between MOF fillers and polymer chains enabled the formation 

of crack-free MMMs with the uniform filler distribution. Another example of the PSP using 

vinyl group induced polymerization for MMM fabrications was reported by Molavi and Shojaei 

et al.108 They synthesized the MMMs by in-situ copolymerization of vinyl functionalized UiO-66 

and methyl methacrylate (MMA) monomers, achieving the high degree of grafting between 

PMMA and UiO-66. The high degree of grafting provided the stronger interfacial adhesion and 

the more uniform filler distribution compared to that of counterpart MMMs prepared without 
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polymer-filler grafts. As a result, the grafted PMMA/UiO-66 MMMs showed the highest gas 

selectivity among the tested MMMs. 

Applying the PSP to glassy polymers with high fractional free-volumes is a great interest to 

achieve high gas separation performances with the improved microstructure of MMMs. 

Cadmium (Cd)-based MOF fillers that were made of 6FDA, as an organic ligand, were 

introduced to the in-situ copolymerization of 6FDA and ODA monomers, resulting in the grafted 

6FDA-ODA/Cd-6FDA MMMs (Figure 2.8b).109 The polymer/filler interfaces of MMMs were 

significantly enhanced by the formed bonds between the COO- group of Cd-6FDA filler surface 

and the NH2 group of ODA monomer at the end of 6FDA-ODA polymer chain. As such, the 

resulting in-situ polymerized MMMs showed improved polymer/filler interface morphology, 

exhibiting 4 times higher CO2/N2 and CO2/CH4 selectivity than those of other MMMs by 

blending. In addition, Tien-Binh and Kaliaguine et al.110 grafted UiO-66-NH2 fillers with a 

monomer of PIM-1 (i.e., DCTB), fabricating UiO-66 grafted PIM-1 MMMs via the PSP. The 

MMMs consisting of 20 wt% UiO-66-NH2 crosslinked with PIM-1 enabled to increase the CO2 

separation performance ~ 250 % and revealed the considerably intensified anti-aging effects 

compared to those of MMMs prepared by blending. The strong interactions between 

homogeneously dispersed UiO-66-NH2 fillers and PIM-1 matrix enabled to significantly 

suppress the physical aging of PIM-1. 

Recently, the attention to ionic liquid (IL) has been grown due to the non-volatility, the 

favorable solubility for various large molecules, and the high sorption capacity for polar 

vapor/gas molecules such as H2O and CO2.
112 Yao and Dong et al.113 adopted IL as a 

polymerizable grafting agent between UiO-66 and polyurethane oligomer to synthesis MMMs 

via PSP (Figure 2.8c). The modification of UiO-66 with IL provided covalent bonds with the 
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isocyanate terminal groups of polyurethane oligomers. The filler loading of 50 wt% in the 

grafted MMMs enabled to increase CO2 permeance by ~ 600 % and CO2/N2 separation factor ~ 

500 %. 

 

 

Figure 2.8. (a) Post-synthetic modification of UiO-66-NH2 with methacrylic anhydride and 

subsequent polymerization with butyl methacrylate by irradiation with UV light.111 Copyright 

2015, Wiley. (b) Diagram of designed interaction between Cd-6FDA and 6FDA-ODA in the 

grafted MMM.109 Copyright 2014, American Chemical Society. (c) Chemically cross-linked 

membrane-based on UiO-66-IL-ClO4 nanoparticles and the polyurethane oligomer.113 Copyright 

2017, American Chemical Society. 
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2.3.4.3. Interfacial polymerization 

Interfacial polymerization (IP) is another promising MMM fabrication strategy to 

commercialize MMMs. IP is applied to synthesize an ultrathin polymer layer at the interface of 

two separated phases (i.e., aqueous and organic phases) rapidly.114 Thin film composite (TFC) 

membranes are polymer membranes prepared by IP. Besides, thin film nanocomposite (TFN) 

membranes are MMMs fabricated by incorporating fillers during the synthesis of IP. These 

membranes show a thickness of less than a few hundred nanometers in general and are supported 

by porous substrates, which is normally prepared by phase-inversion methods.115 Although IP is 

one of the highly scalable techniques for MMM fabrications, currently, its applications are 

mostly liquid separations rather than gas separations. This is likely due to the agglomeration 

derived defects on the ultrathin layers.115 Nonetheless, there have been a few reports claiming 

that TFNs were used as gas separation membranes.39, 116-118 

The restriction of pinhole formation during IP with the presence of fillers is of critical 

importance for the utilization of TFNs as gas separation membranes. Wong and Goh et al.117 

fabricated the TFN of PEO-based polyamide containing carbon nanotube (CNT) functionalized 

with polymethyl methacrylate (PMMA) by grafting for CO2 separations by using IP. The 

dispersion and adhesion of CNT fillers were enhanced by the grafted PMMA. However, the 

TFNs showed uncovered areas with polyamide, sacrificing the gas selectivity. On the other hand, 

the polyamide/carbide-derived-carbon (CDC) TFNs prepared by IP for gas separations were 

reported by Awad and Aljundi.118 Forming the layer-by-layer structure of polyamide film by 

multi-cycles of IP, the CO2/CH4 selectivity of polyamide/CDC TFNs increased from ~20 to ~24 

resulting from the sealing of pinholes. However, as a consequence, the increase in membrane 

thickness compromised the CO2 permeance by ~ 43 %. 
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Besides from the carbon-based TFN studies, there were TFNs for gas separations combining 

ZIF-based fillers, which enabled the integrity of polyamide layers. Sánchez-Laínez and Coronas 

et al.119 demonstrated the applicability of TFNs by IP for gas separations using ZIF-8 as a filler. 

The synthesized TFN was ~ 50 ~ 100 nm in thickness and it contained ZIF-8 of 30 nm in size 

with filler loadings of 0.2 ~ 0.8 % w/v (Figure 2.9). It was pointed out that the amount of ZIF-8 

required to fabricate TFNs was substantially reduced by using IP comparing with that of MMMs 

using other fabrication strategies. The TFN showed the increased H2/CO2 selectivity and the 

decreased H2 permeance compared to those of the TFC, indicating the integrity of the polyamide 

layer in the TFN. Nevertheless, due to the filler agglomeration, the optimal ZIF-8 loading was 

relatively small (i.e., 0.4 w/v). To enhance the compatibility and dispersion of fillers, Yu and Liu 

et al.116 fabricated TFNs via IP using amine-functionalized ZIF-8 fillers. The amine-functional 

groups on ZIF-8 fillers formed covalent bonds and hydrogen bonds with the organic phase 

monomers and the aqueous phase monomers, respectively. As a result, the optimal filler loading 

of TFN was ~ 1.0 w/v, showing 228 % and 106 % increase in CO2 permeance and CO2/N2 

selectivity, respectively, in comparison with that of the corresponding TFC. 
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Figure 2.9. SEM characterization of TFCs & TFNs prepared on polyimide P84®  supports. (a) 

Image of the cross-section of a TFC with an inset at higher magnification. (b) Image of the 

surface of the TFC with a zoom as inset. (c) EDX analysis of a TFN containing a 0.8 % w/v of 

ZIF-8. Schematic representations of (d) ZIF-8 and (e) the TFN membrane.119 Copyright 2018, 

Wiley. 

 

2.3.4.4. In-situ filler formation in solution 

One of the first attempts to fabricate MMMs using in-situ filler formation was the in-situ 

synthesis of silica through the sol-gel process of silica precursors (e.g., tetraethyl orthosilicate 

(TEOS)) in a polymer solution.120-121 After years, Seoane and Coronas et al.40 fabricated MOF-

based MMMs by using the in-situ formation of MIL-68 (Al) fillers in a PSf solution. The in-situ 

MOF formation in the polymer solution was accomplished by developing the new synthesis 

method of MIL-68 (Al) in THF solvent, which was also used as a solvent of PSf. The loading of 

MOF fillers in the resulting MMMs was estimated by the yield of MIL-68 (Al) particle in the 

same synthesis conditions of the in-situ filler formation. The in-situ MIL-68 (Al) formation 

enabled to effectively prevent particle agglomeration, achieving a uniformly distributed fillers in 

the polymer at the filler loading of 8 wt%. Due to the uniform filler distribution as well as the 

enhanced polymer/filler interaction, the H2/CH4 and CO2/CH4 selectivities were increased with 

the increase in filler loadings. In stark contrast, the PSf/MIL-68 (Al) MMMs prepared by the 

conventional blending methods exhibited severe particle agglomeration, resulting in a decrease 

in the gas selectivity compared to that of the neat polymer membrane. 

Unlike the Seoane and Coronas et al.’s work,40 of which in-situ filler formation was 

conducted in the bulk polymer solution before film casting, recently, Matrimid® /UiO-66 MMMs 
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were prepared by the in-situ filler formation inside the cast polymer solution (Figure 2.10).122 

This straightforward MMM fabrication strategy provided the synthesis of UiO-66 and the film 

formation simultaneously by using the dope solution prepared through dissolving a polymer in 

the MOF precursor solution. It is important to note that the one-step approach significantly 

reduced the MMM preparation procedures compared to other MMM fabrication strategies, 

making it favorable for a large-scale MMM production. In addition, the resulting MMMs showed 

the improved interfacial interaction and filler distribution compared to the MMMs prepared by 

the conventional blending methods at the lower filler loading of ~ 2 wt%. Unfortunately, at the 

higher filler loading of ~ 11 wt%, it was inevitable to form the severe particle agglomeration. As 

such, despite the separation performance improvement compared to that of neat polymer 

membranes, the CO2/N2 selectivity of MMMs prepared by the in-situ filler formation was lower 

than that of MMM prepared by the blending method from the filler loading of above 6 wt%. 

 

 

Figure 2.10. Schematic illustration of Matrimid® /UiO-66 MMMs fabrication via in-situ 

synthesis of UiO-66 in the polymer solution while simultaneous solvent evaporation by 

heating.122 Copyright 2018, American Chemical Society. 

 

2.3.4.5. In-situ filler formation in solid  
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Although the in-situ filler formation in polymer solutions demonstrated their potential by the 

improving filler distribution, polymer/filler interfacial interaction, and scalability, the 

applications of these approaches were limited in a low filler loading (< 10 wt%).122 It is possible 

to explain that since the polymer solution may provide enough mobility to rearrange the in-situ 

formed crystals, in order to minimize the surface energy, the in-situ formed crystals that are 

originally distributed at the molecular level tend to agglomerate. Hence, as the concentration of 

in-situ formed fillers increases in a solution, the distance between in-situ formed fillers 

decreases, undermining the distribution of in-situ formed fillers. In these regards, recently, the 

in-situ filler formations in a solid polymer membrane have been reported. These approaches 

generated more uniform filler distribution even at the higher filler loading (> 25 wt%) through 

fixing position of the in-situ formed fillers.123-125 

Ma and Tan et al.123 proposed a new concept of MMM fabrication using the in-situ filler 

formatting in a crosslinked polymer matrix. The cross-linkable precursors of PEO-based polymer 

and the precursors of ZIF-8 (i.e., Zn(NO3)2·6H2O and 2-methylimidazole) were blended without 

solvents (Figure 2.11). After the polymerization, the ZIF-8 fillers were in-situ formed in the 

crosslinked polymer upon the polymer swelling in water at room temperature. However, the in-

situ formed ZIF-8 fillers were partially agglomerated, even though those MMMs showed the 

much uniform filler distribution compared to that of MMMs prepared by the in-situ filler 

formation in a solution. To prevent the agglomerations potentially occurred by the random 

distribution of ZIF-8 precursors, the polymer membrane containing ZIF-8 precursor was 

thermally treated at the temperature above the melting point of the polymer. The in-situ formed 

ZIF-8 fillers from the rearranged ZIF-8 precursors by the thermal treatment were uniformly 

distributed with the high compatibility with the polymer, achieving ZIF-8 loading up to 60 wt%. 
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It is noted that the size of in-situ formed ZIF-8 increased by the thermal treatment and it was 

continuously increased with the increase in the concentration of ZIF-8 precursors (i.e., from ~ 

100 nm to ~ 800 nm in size). The resulting MMMs showed considerable CO2 permeability 

enhancements. 

 

 

Figure 2.11. Schematic illustrations of the preparation of ZIF-based mixed matrix membranes 

using the in-situ growth approach. Copyright 2019, The Royal Society of Chemistry.  
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CHAPTER III 

HIGHLY PROPYLENE-SELECTIVE MIXED-MATRIX MEMBRANES BY IN-SITU MOF 

FORMATION USING A POLYMER-MODIFICATION STRATEGY  

 

3.1. Introduction 

Membrane-based gas separation has attracted tremendous research interests as a cost and 

energy-efficient alternative to conventional gas separation technologies such as cryogenic 

distillation. C3H6/C3H8 separation,126-127 in particular, is one of the most challenging separations 

due to the very similar physical and chemical properties of the two gas molecules. It has been 

shown that membrane-based separation or distillation-membrane hybrid system can significantly 

save the annual utility cost for C3H6/C3H8 separation by 32–66 % or 18–47 %, respectively.128 In 

addition, the same study found that the cost saving efficiency largely depends on membrane 

materials and the processing of the materials into membranes.128 Polymer membranes have been 

extensively studied and commercially successful primarily due to the low cost of polymers and 

their cost-effective processing. However, polymer membranes suffer from their performance 

limitations, known as upper bounds, making polymeric membranes less attractive for C3H6/C3H8 

separation.129 On the other hand, polycrystalline molecular sieve membranes such as ZIF-8 

membranes showed high C3H6/C3H8 separation performances.130-131 Nevertheless, there have been 

no polycrystalline molecular sieve gas separation membranes commercialized due to their 

prohibitively high cost stemming mainly from difficulty of large scale fabrication.132 In these 

*Modified and reprinted with permission from “Highly propylene-selective mixed-matrix 

membranes by in-situ MOF formation Using a polymer-modification strategy” by 

Sunghwan Park, Mohamad Rezi Abdul Hamid, and Hae-Kwon Jeong, ACS applied 

materials & interfaces, 2019, 11 (29), 25949-25957, Copyright 2019 American Chemical 

Society 
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regards, mixed-matrix membranes (MMMs) combining the advantages of polymer membranes 

and inorganic molecular sieve membranes by incorporating inorganic molecular sieve particles 

within a polymer matrix have been intensively investigated for the past two decades.60, 61 

There have been many MMMs reported,61, 133-134 showing improved gas separation 

performances comparing with those of polymer membranes upon the addition of selective 

molecular sieves such as zeolites, carbon molecular sieves, and metal-organic frameworks (MOFs), 

ordered mesoporous materials, layered silicates, covalent organic framework, and etc. Zeolitic-

imidazole framework-8 (ZIF-8) is among the most actively investigated molecular sieve filler for 

MMMs for gas separations, in particular, C3H6/C3H8 separation1, 135-140 due to its well-fitted 

effective aperture size of 4.0–4.2 Å  (cf. van der Waals diameters of C3H6 and C3H8 are 4.03 Å  and 

4.16 Å , respectively).141 Koros et al.1 fabricated MMMs based on 6FDA-DAM polyimide by 

blending ZIF-8 nanoparticles up to 48 wt% and showed 258 % enhancement in C3H6 permeability 

and 150 % increase in C3H6/C3H8 ideal selectivity. Later, the same group extended their earlier 

work and successfully demonstrated the first C3H6-selective 6FDA-DAM/ZIF-8 mixed-matrix 

hollow fiber membranes (MMHFMs) with 30 wt% of ZIF-8 loading,142 which is a major step 

towards the large-scale applications of MMMs. It is worthy of mentioning here that the improved 

C3H6/C3H8 separation performance of 6FDA-DAM/ZIF-8 MMHFMs was only possible after post 

treatment of the MMHFMs with polydimethylsiloxane (PDMS) and/or polyaramid. Even though 

there have been a few reports on ZIF-8 based MMMs in the form of hollow fiber membranes 

(HFMs) for separations of other gases,143 to the best of our knowledge, the 6FDA-DAM/ZIF-8 

MMHFM by the Koros group142 is the only MMHFM, despite the presence of additional polymer 

coatings, that showed improved C3H6/C3H8 separation. This rarity of scalable MMHFMs attests to 

significant challenges of conventional MMM processing. Among major challenges are interfacial 
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void formation between polymer and inorganic particles and particle agglomerations to list a 

few.60-61 Though many of these challenges have been addressed in the case of relatively simple 

planar MMMs, these are daunting challenges when it comes to HFM fabrications due to the 

complicated variables and conditions of fiber spinning processes.142 144 These issues are expected 

to become even more pronounced at higher sieve loadings, limiting the concentration of 

incorporated filler particles.142 The sizes of inorganic fillers investigated were normally greater 

than 100 nm in order to avoid particle agglomerations, rendering it fundamentally challenging to 

fabricate ultra-thin MMM selective skin layers on hollow fibers (ca. ≤ 500 nm).142 It is, therefore, 

highly desirable to develop new processing methods for scalable production of defect-free MMMs 

and eventually asymmetric MMHFMs with sub-micron selective skin layers. 

Very recently, our group reported a new strategy to grow ZIF-8 layers on polymer substrates 

based on a polymer modification strategy, namely polymer-modification-enabled in-situ metal-

organic framework formation (PMMOF).145 First, Kapton®  polyimide (poly-oxydiphenylene-

pyromellitimide) films were hydrolyzed and doped the hydrolyzed films with Zn ions through ion 

exchange. Upon treating the ion-exchanged polymer substrates in a ligand solution solvothermally, 

ZIF-8 layers were formed on the modified polymer substrates. Interestingly, a few ZIF-8 

agglomerates of ~ 300 nm in size were found inside the polymer substrates. We envisioned that, 

by controlling diffusion and reaction rates, this polymer-modification method would enable to be 

applied to form MMM by in-situ growth of MOF (ZIF) mostly inside polymers at the entire 

membrane thick range uniformly. There are several advantages of in-situ growing molecular sieve 

fillers inside polymers for MMMs: 1) potential elimination of interfacial voids, 2) formation of 

monodispersed fillers, 3) well dispersion of fillers, and 4) potentially higher molecular sieve 

loadings.146 More importantly, the in-situ MOF formation in polymer enables decoupling of 
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polymer HFM processing step (i.e., spinning) from MOF incorporation step. It is quite challenging 

to spin filler-containing polymer dopes into asymmetric MMHFMs with defect-free ultra-thin 

MMM selective skin layers. By decoupling HFM and MMM formation processes, it is expected 

possible to facilely transform low-cost off-the-shelf polymer HFMs and their modules to high-

value asymmetric MMHFMs and their modules without disturbing current optimized polymer 

HFM spinning/module formation processes. The first in-situ grown UIO-66 containing MMMs by 

simply dissolving a polymer and MOF precursors all together followed by thermal curing has been 

reported by Marti et al. 122 This approach is, however, not compatible with current polymer 

processing technologies and the resulting membranes showed significant particle agglomeration, 

resulting in the lower gas separation performance than those of conventionally prepared MMMs.122 

In this work, we report the preparation of high-quality planar MMMs and asymmetric 

MMHFMs with ultrathin selective skin layers using polymer-modification-enabled in-situ metal-

organic framework formation (PMMOF). Each polymer modification step upon PMMOF and the 

resulting MMMs based on in-situ growing of ZIF-8 inside polymer were fully characterized. The 

C3H6/C3H8 gas separation performances of the MMMs by PMMOF were measured and compared 

with those of MMMs by conventional physical blending methods. General applicability of the 

PMMOF concept was demonstrated by preparing MMMs containing ZIF-67 and HKUST-1. 

Lastly, as a proof-of-concept, we presented fabrication of asymmetric MMHFMs with sub-micron 

thick selective skin layers by PMMOF. To the best of our knowledge, the asymmetric MMHFMs 

presented here exhibit the thinnest skin layers among reported MMHFMs. 

 

3.2. Experimental 

3.2.1. Materials 
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Commercial polyimide-based polymer, 6FDA-DAM (4,4-(Hexafluoroisopropylidene) 

diphthalic anhydride 2,4,6-trimethyl-1,3-phenylenediamine, Mw: 148k, PDI: 2.14) was used. 

6FDA-DAM was purchased from Akron Polymer Systems Inc. Polyethersulfone (PES) 

ultrafiltration hollow fiber membranes were purchased from Spectrum Laboratories. To dissolve 

polymers, N,N-dimethylformamide (DMF) (C3H7NO, > 99.8 %, Alfa Aesar), and N-methyl-2-

pyrrolidone (NMP) (C5H9NO, ≥ 99 %, Sigma-Aldrich) were used as solvents. For the PMMOF 

process, sodium formate (HCOONa, ≥ 99 %), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98 %), 

cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O, 98 %), copper(II) nitrate trihydrate (Cu(NO3)2 · 

3H2O, ≥ 99%), and 2-methylimidazole (Hmim) (C4H6N2, 99 %) were obtained from Sigma-

Aldrich. As other reagents, 1,3,5-benzene tricarboxylic acid (H3BTC) (C9H6O6, 98 %, Alfa 

Aesar), methanol (CH3OH, > 99.8 %, Alfa Aesar), ethanol (C2H5OH, 94–96 %, Alfa Aesar), and 

hexane (C6H14, ≥ 98.5 %, VWR International) were used. All chemicals were used as-received 

without further purification. 

 

3.2.2. Preparation of polymer films 

Thin polymer films were coated on porous α-alumina supports (diameter of 2.2 cm) by using 

a drop-casting method with the uniform film thickness of 8.0 ± 1.5 µm. Preparation of α-alumina 

supports is described elsewhere.131 In a typical procedure for 6FDA-DAM films, 2 wt% of a 

polymer dope solution was prepared by dissolving 0.25 g of polymer powder in 12.25 g of DMF 

by stirring using a magnetic bar until the solution became homogeneous. 2.4 ml of the polymer 

dope solution was dropped on the polished side of an α-alumina support using a micropipette, 

fully covering the support surface. Immediately after, the sample was placed in a vacuum oven 
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pre-heated at 150 oC and baked at the same temperature for 24 h under vacuum to evaporate 

DMF. The sample was naturally cooled down to room temperature in the vacuum oven. 

 

3.2.3. Fabrication of mixed-matrix membranes  

To hydrolyze a polyimide-based polymer film coated on an α-alumina support, an aqueous 

sodium formate solution was prepared by dissolving 100 mmol of sodium formate in 30 ml of 

deionized (DI) water. A supported polyimide film prepared above was vertically placed using a 

custom-made Teflon holder in a Teflon-lined autoclave containing the sodium formate solution. 

The autoclave was then heated at 120 oC for 5 h. After cooling down the autoclave at room 

temperature for 2 h, the hydrolyzed polymer film (i.e., PAA(polyamic acid)-Na salt film) was 

removed and rinsed in 80 ml of DI water overnight in a lab shaker to completely remove 

physically absorbed Na ions and formate ions. Na ions in the hydrolyzed polymer were then 

exchanged with Zn ions (Cu ions for HKUST-1 or Co ions for ZIF-67) by vertically immersing 

the film into a metal ion solution. The metal ion solution was prepared by dissolving 16 mmol of 

zinc nitrate hexahydrate (copper(II) nitrate trihydrate for HKUST-1 or cobalt(II) nitrate 

hexahydrate for ZIF-67) in 40 ml of water at room temperature for an hour. After the ion-

exchange step, the zinc containing sample (i.e., PAA-Zn salt film) was quickly rinsed in 80 ml of 

methanol for 10 sec and then positioned vertically in a Teflon-lined autoclave containing an 

organic ligand solution. The ligand solution was prepared by dissolving 28.4 mmol of 2-

methylimidazole (9.47 mmol of 1,3,5-benzene tricarboxylic acid for HKUST-1) in 30 ml of 

methanol. The zinc containing film was then treated in the ligand solution at 40 oC for 2 h, 

followed by 2 h of cooling to room temperature. The resulting ZIF-8 containing film was washed 

in fresh methanol overnight. To minimize surface tension during solvent evaporation,147 the 
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sample was subjected to solvent exchange in methanol and in hexane for 30 min each. The 

sample was then dried at room temperature for 1 h and then at 60 oC for over 2 h. Lastly, the 

sample was thermally imidized at 250 oC for 4 h in a convection oven. 

 

3.2.4. Polymer coating on hollow fibers 

6FDA-DAM coating on PES hollow fibers was performed by dip-coating method at a glove 

bag saturated with ethyl acetate. The polymer dope solution was prepared by ethyl acetate 

solvent with the polymer concentration of 4 wt%. After immersing PES hollow fibers in the 

prepared polymer dope solution, immediately, the hollow fibers dipped in the polymer solution 

were taken out and dried in the glove bag vertically for 7 h. The resulting 6FDA-DAM coated 

PEH hollow fibers were further dried at 60 oC overnight under convection. 

 

3.2.5. Polymer swelling experiments 

A polymer swelling experiment was conducted by soaking a free-standing polymer in 

water for 1 h and in methanol for 2 h at room temperature. Weight of the swollen polymer was 

measured after carefully blotting the surface using Kimwipes. 

 

3.2.6. Plasma etching experiments 

A plasma etching of MMMs were performed by PDC-32G (Harrick Plasma) under 

vacuum for 10 min intervals. The air flow rate was adjusted to the maximum intensity of 

plasma. 
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3.2.7. Characterizations 

Scanning electron microscope (SEM) images were collected using a JEOL JSM-7500F at 

acceleration voltage of 5 keV and working distance of 15 mm after freeze fracturing samples in 

liquid nitrogen. Transmission electron microscope (TEM) was conducted by JEOL JEM-2010 

TEM at an operation voltage of 200 keV. Thin TEM specimens were prepared by microtoming 

epoxy-sealed membrane samples. X-ray photoelectron spectroscopy (XPS) was performed by an 

Omicron ESCA+ with Mg X-ray source at 300W. Crystallinities and phases of samples were 

determined by X-ray diffraction (XRD) patterns using a Miniflex II (Rigaku) with Cu-Kα 

radiation (λ = 1.5406 Å) in the 2 θ range of 5 – 40 o. Attenuated total reflectance Fourier 

transform infrared (ATR-FTIR) spectra were collected by Nicolet iS5 spectrophotometer 

equipped with iD7 ATR (Thermo Scientific) at a resolution of 2 cm -1 with 16 scans in the 

span of 4000 – 400 cm-1. Thermogravimetric analysis (TGA) using a Q50 (TA instruments) 

was conducted from 25 oC to 800 oC at the heating rate of 10 oC min-1 under air flow of 60 

cm3 min-1. Before conducting TGA, each sample was dried at 100 oC for 12 h under vacuum 

to remove any absorbed water.  

 

3.2.8. Gas permeation measurements 

Gas permeation properties of pristine polyimide membranes as well as MMMs were 

measured using the Wicke-Kallenbach technique at room temperature under atmospheric 

pressure. A feed gas mixture was provided at 20 cm3 min-1 while the permeate side was swept 

using argon at 20 cm3 min-1. Steady-states were declared after 12 h of operation when difference 

in the measured propylene permeance of a sample was less than 1 % in an hour interval. 
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Composition of the permeated gases was determined by gas chromatography (GC 7890A, 

Agilent) equipped with a flame ionized detector (FID) and a HP-plot Q column. 

 

3.3. Results and discussion 

3.3.1. Polymer modification enabled in-situ metal-organic framework formation (PMMOF) 

 

 

 

Figure 3.1. Schematic of PMMOF using 6FDA-DAM. (a) pristine PI, (b) PAA-Na, (c) PAA-Zn, 

(d) PAA-Zn/ZIF-8, and (e) PI/ZIF-8. 
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The key concept of PMMOF is to enlarge and modify polymer free volumes where MOF 

precursors can be accommodated, thereby providing ideal environments inside polymer for in-situ 

growth of MOFs. As illustrated in Figure 3. 1, the first step of the process is hydrolysis of a 

polyimide by cleaving heterocyclic imide rings in a base solution (i.e., deimidization). This 

deimidization step turns a polyimide (PI) into a poly(amic acid) sodium salt (PAA-Na)  (Figure 3. 

1b). The subsequent step is exchange of Na ions with Zn ions, forming poly(amic acid) zinc salt 

(PAA-Zn) (Figure 3. 1c). Solvothermal treatment of the PAA-Zn in an organic ligand, 2-

methylimidazole, solution leads to in-situ formation of ZIF-8 in the PAA-Zn (PAA-Zn/ZIF-8) 

(Figure 3. 1d). Finally, the PAA-Zn containing ZIF-8 is thermally imidized, resulting in a PI/ZIF-

8 composite film (Figure 3. 1e). 

 

 

 

Figure 3.2. ATR-IR spectra of samples at each PMMOF step. The overlapped dotted lines are the 

ATR-IR spectra of 6FDA-DAM for the comparison. 
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The hydrolysis step, where a polyimide (PI) is partially transformed to a poly(amic acid) 

(PAA), is essential to the success of PMMOF. To show the importance of the hydrolysis, two 

different PIs, Matrimid and 6FDA-DAM, were tested with and without hydrolysis. Without 

hydrolysis, no ZIF-8 were formed in the Matrimid while there were very little ZIF-8 appeared in 

the 6FDA-DAM. In a stark contrast, substantial amounts of ZIF-8 were found in the hydrolyzed 

PIs, indicating the critical role of the hydrolysis. It is surmised that when imide rings are open by 

the hydrolysis, polymer backbone chains become more flexible,148 thereby enlarging polymer free 

volumes149 as well as making polymer hydrophilic.150 Consequently, Zn ions can easily diffuse 

inside, eventually leading to formation of ZIF-8 inside polymer. It is clear that under the same 

hydrolysis condition, 6FDA-DAM is more amenable to form ZIF-8 than Matrimid likely due to 

the fact that it has inherently larger free volume. Furthermore, 6FDA-DAM is known for its 

excellent gas separation performance and in particular for its C3H6/C3H8 separation property match 

with ZIF-8 in MMMs.151 Based on these, 6FDA-DAM was chosen as a model polyimide. 

It was found possible to control the degree of deimidization of 6FDA-DAM by simply 

changing the hydrolysis time in sodium formate at a fixed temperature of 120 oC. Upon hydrolysis, 

as presented in Figure 3. 2, it was observed slight shifts in the ATR-IR peaks at 1356-1361 cm-1 

and 1720-1724 cm-1 assigned to the C-N stretching and the symmetric C=O stretching in the imide 

rings, respectively. Also, the relative intensities of those peaks decreased comparing with that of 

the C-C stretching in the aromatic rings at a wavenumber of 1485 cm-1 (Figure 3. 2). To quantify 

imidization, the degree of imidization (DI) was commonly used as an indicator and calculated as 

below:152-154 

DI (%) =  
(𝐴1358/𝐴1485)𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛

(𝐴1358/𝐴1485)𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
× 100                                       ( 2 . 1 ) 
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where A is the intensity of IR absorbance and the subscripts are the wavenumbers of the assigned 

IR peaks. A pristine 6FDA-DAM film was used as a standard, assuming 100% imidization. 

Conversely, the degree of deimidiziation (DD) was calculated by using the following equation: 

DD (%) =  [1 −
(𝐴1358/𝐴1485)𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛

(𝐴1358/𝐴1485)𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
] × 100                                  ( 2 . 2 ) 

The DD was linearly augmented with an increase in the hydrolysis time. As the DD increased, 

PAA-Na formation was promoted, consequently increasing the uptake of Zn ions, thereby 

enhancing formation of ZIF-8. However, too high DD can damage and eventually disintegrated 

polymer films. It was found that when the DD was greater than ~ 50 %, there formed undesirable 

micro-voids which are detrimental to gas separations (Figure 3. 3). For these reasons, an optimized 

hydrolysis time was set to 5 h with the DD of 35.3 ± 4.6 %. 

 

 

Figure 3.3. Cross-sectional SEM images of (a) PI, (b) PI/ZIF-8 hydrolyzed for 5 h, and (c) PI/ZIF-

8 with hydrolyzed for 8 h. 

 

Table 3.1. At% of elements for PAA-Na and PAA-Zn samples measured by XPS. 

Unit: at % Carbon Oxygen Nitrogen Fluorine Sodium Zinc 

PAA-Na 71.20 18.36 3.98 5.84 0.62 0.00 

Unwashed PAA-Zn 71.97 19.84 3.83 3.10 0.00 1.27 

Washed PAA-Zn 75.54 17.17 2.99 3.13 0.00 0.29 
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Upon ion exchange, ionically coordinated monovalent Na ions in PAA-Na are replaced with 

divalent Zn ions forming PAA-Zn. To confirm complete exchange of the Na ion coordinated to 

the polymer, an elemental analysis using XPS was performed. The amounts of Na in the PAA-Na 

and Zn in the PAA-Zn were estimated ~ 0.62 at% and ~ 1.27 at%, respectively (Table 3.1). The 

ratio of Na to Zn was ~ 0.5:1, which is much lower than the expected stoichiometric ratio of Na to 

Zn of 2:1, indicating the presence of excess Zn ions in the PAA-Zn. To verify the presence of 

excess Zn ions, the narrow scan of the XPS spectra of Zn 2p3/2 in an as-prepared PAA-Zn was 

compared to that of the PAA-Zn extensively washed in methanol. Excess Zn ions that are not 

coordinated are expected to be removed by extensive washing. The Zn 2p3/2 peak of the as-

prepared PAA-Zn was deconvoluted into three peaks at 1023.0 eV, 1022.1 eV, and 1021.3 eV, 

which were assigned to Zn ion coordinated to water (Zn-water), Zn ion coordinated to polymer 

(Zn-polymer), and free Zn ion (Zn2+), respectively (Figure 3. 4a).155-156 In contrast, the 

deconvoluted Zn 2p3/2 peaks of the  extensively washed sample showed only two peaks, Zn-

polymer and Zn2+, indicating that Zn-water ions were completely washed out by methanol (Figure 

3. 4b). In addition, the intensity of the Zn2+ comparing with that of the Zn-polymer substantially 

decreased upon washing, confirming that the excessive Zn ions were present in the forms of free 

ions as well as ions coordinated with water. The atomic percentage of Zn in the PAA-Zn after 

washing displayed a noticeably lower value of 0.29 at% compared to that of the unwashed PAA-

Zn (1.27 at%). For the PAA-Zn sample with excessive Zn ions removed, the Na-to-Zn ratio was 

close to the stoichiometric ratio of 2:1, confirming that coordinated Na ions were replaced by Zn 

ions upon the ion-exchange. 
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Figure 3.4. Zn 2p3/2 XPS spectra and curve fits of PAA-Zn: unwashed PAA-Zn (b) and washed 

PAA-Zn (c). 

 

We attempted to find out which one(s) of the three zinc sources (i.e., Zn-water, Zn-polymer, 

and free Zn2+) was responsible for the in-situ formation of ZIF-8 inside polymer. If Zn-polymer 

are a primary zinc source for ZIF-8 formation, even after extensive washing right after ion 

exchange, the sample is expected to contain ZIF-8 crystals once PMMOF is completed. As seen 

in Figure 3. 5, however, the washed PI/ZIF-8 sample (i.e., washed after ion exchange) only showed 

broad amorphous polymer peaks while the unwashed PI/ZIF-8 presented ZIF-8 peaks. This result 

strongly suggests that Zn ions that were not coordinated with polymer were responsible for ZIF-8 

formation. This is ascribed to the fact that Zn-polymer is not as mobile due to their strong 

electrostatic interactions with the carboxylate anions in polymer via multiple bonds (i.e., one Zn 

ion interacts with two car boxylate anions). These multiple coordinations might create 

crosslinking-like states in PAA.157-159  
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Figure 3.5. XRD patterns of PI/ZIF-8 washed and unwashed after ion exchange. 

 

As seen in Figures 2.6a and b, the cross-sectional SEM images of PI/ZIF-8 revealed densely 

packed ~ 100 nm sized fillers that were uniformly dispersed without interfacial voids inside 

polymer and large clusters bonded on the top surface. Despite the formation of ZIF-8 upon the 

ligand (i.e., Hmim) treatment confirmed by XRD diffraction patterns, it should be clarified that 

those fillers inside polymer were ZIF-8 by demonstrating the location of the diffraction patterns 

coming from ZIF-8. First, the absence of ZIF-8 in the α-alumina support was verified by dissolving 

the polymer from the PI/ZIF-8 in 80 oC NMP for one day and confirming a negligible amount of 

ZIF-8 in the support. The surface-bound clusters were easily removed by gently wiping the surface 

with a diluted acid solution (i.e., 0.1 M HNO3), since the clusters were ZIF-8, which is very 

sensitive to acid.160 As exhibited in Figure 3. 6c, even though the ZIF-8 on the surface were entirely 

eliminated by the surface acid treatment, the characteristic peaks of ZIF-8 were almost maintained 

(Figure 3. 6c). This confirms that most of ZIF-8 were grown inside polymer as fillers during the 

ligand treatment, thereby forming high quality MMMs. 
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Figure 3.6. (a-b) SEM images of cross-section view and top view (inserted at left bottom) of 

PI/ZIF-8 (a) and surface treated PI/ZIF-8 by acid (b). (c) XRD patterns of PI/ZIF-8 w/ and w/o 

surface acid treatment. 

 

For MMMs containing ZIF-8 to perform stably and to recover an original gas separation 

performance of PI, the deimidized PI (i.e., PAA) needs to be imidized. Nevertheless, the very 

stable coordination bond between zinc cations and carboxylate anions is expected to hamper 

complete imidization.161 Previous studies154, 161 showed that Zn ions coordinated polymer (PAA-

Zn), in particular, exhibited a lower DI (Equation 1) than PAA as well as PAAs coordinated with 

other metal ions. Kim et al.154 found that a relatively high imidization temperature (≥ 250 oC) was 

required in order to disengage coordinated Zn ions from chelate complexes and to form imide 

groups. As shown in the TGA weight loss and its derivative curve in Figure 3. 7, the imidization 

started from ~ 150 oC with the maximum rate at ~ 250 oC. The DI was attained at 88.0 ± 5.0 % by 

conducting the thermal imidization at 250 oC for 4 h (Figure 3. 2). While detached Zn ions during 

the imidization were possibly transformed into ZnO, it was not observed in this study likely due 

to the very small amount.162 In addition, the (110) peak intensity of the PAA-Zn/ZIF-8 gradually 

decreased over several weeks as shown in Figure 3. 8a. The acidic components of PAA presumably 
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degraded ZIF-8 since ZIF-8 is known unstable in an acid condition.160 The acidic components of 

PAA were generated probably by some carboxylic acid groups formed during PMMOF. This 

observation is consistent with the previous study of a ZIF-8 containing MMM with a benzoic acid 

containing polymer (i.e., 6FDA-DAM/DABA).163 Upon imidization, however, the (110) peak 

intensity of the PI/ZIF-8 remained unchanged during the same time span (Figure 3. 8b), strongly 

indicating importance of post-imidization in stabilizing the membranes. 

 

Figure 3.7. TGA curves and the corresponding derivative curves. Solid lines indicate before 

imidization (PAA-Zn/ZIF-8) and dashed lines are after imidization (PI/ZIF-8). 
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Figure 3.8. Time-dependent evolution of the (110) XRD peak. (a) PAA-Zn/ZIF-8 (before 

imidization) and (b) PI/ZIF-8 (after imidization). 

 

3.3.2. Structure control and characterization of MMMs by PMMOF 

The distribution of in-situ formed ZIF-8 fillers is influenced by the diffusion of organic linkers 

(i.e., Hmim) into a polymer matrix. The diffusion of Hmim through polymer can be controlled by 

the type of solvents: size of solvents and affinity of solvents with polymer. To characterize the 

distribution of ZIF-8, an oxygen plasma etching was conducted. The XRD peaks of two PI/ZIF-8 

samples, one Hmim-treated in methanol (named PI/ZIF-8_MeOH) and the other in ethanol (named 

PI/ZIF-8_EtOH), were taken as a function of oxygen plasma etching time. Figure 3. 9 presents the 

relative (110) peak intensities of the samples normalized by those of the as-prepared samples. The 

linear decrease of the (110) peak intensity likely indicates the uniform distribution of ZIF-8 fillers 

in polymer. For the PI/ZIF-8_MeOH, there observed a quite linear decline of the relative (110) 

peak intensity (Figure 3. 9). On the other hand, in the case of the PI/ZIF-8_EtOH, the relative (110) 

intensity was sharply dropped for 20 min of initial oxygen plasma etching. The precipitous 

decrease of the (110) intensity of the PI/ZIF-8_EtOH was possibly due to the relatively high 

concentration of ZIF-8 near the surface of the sample. It should be mentioned that both samples 

showed comparable changes in their (110) peak intensities after the removal of surface bonded 

ZIF-8 by the acid treatment, indicating that the sharp decrease upon the etching is not owing to the 

decomposition of surface grown ZIF-8. Since ethanol is bulkier and less polar compared to 

methanol, the diffusion of Hmim in ethanol inside polymer is restrained as compared with that in 

methanol, thereby forming more ZIF-8 near the surface. 
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Figure 3.9. Normalized crystal peak intensity of the (110) plane of PI/ZIF-8 films treated in 

methanol and ethanol-based linker solutions as a function of oxygen plasma etching time. 

 

The shape and size of ZIF-8 fillers within a polymer was confirmed by the TEM images of 

PI/ZIF-8 samples. As shown in Figure 3b, the morphology of the in-situ grown individual ZIF-8 

crystals was an anisotropic rod-like structure with a high aspect ratio. Those individual ZIF-8 

nanoparticles were agglomerated, forming ZIF-8 clusters ~ 100 nm in size (Figure 3. 10). This size 

was consistent with the observation by SEM (Figure 3. 6a) and significantly smaller than that of 

ZIF-8 formed on the surface. It is noteworthy that rod-shaped ZIF-8 have been reported in few 

previous work.135  Interestingly, the (110) peak intensity of XRD patterns was notably decreased 

relative to the (112) peak intensity after removing the surface grown ZIF-8 (Figure 3. 6c). To 

quantify, crystallographic preferred orientation (CPO) was determined by taking the ratio of the 

(112)/(110) of the samples normalized by that of a randomly oriented sample.164 The estimated 

CPO(112)/(110) of the PI/ZIF-8 after removing surface grown ZIF-8 (~ 2.85) was 1.65 times 

greater than that of the PI/ZIF-8 with the surface grown ZIF-8 (~ 1.73). There were similar 

observations that an anisotropic shaped ZIF-8 showed a relatively high CPO(112)/(110).135 The 
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previous study by Yang et al.135  showed the shape of ZIF-8 was controllable by using a shape-

inducing agent, cetyltrimethylammonium bromide (CTAB), which adsorbed preferentially onto 

certain surface facets of ZIF-8, thereby decreasing the crystal growth of those facets. Anisotropic 

nano-rod- and interpenetrated twin-shaped ZIF-8 crystals showed relatively low (110) peak 

intensity, resulting in the higher CPO(112)/(110) than that of other shapes,135 consistent with our 

observation. The differences in the shape and size of ZIF-8 crystals formed inside polymer and at 

the interface are probably because the growth of ZIF-8 inside polymer occurs in confined spaces 

while the interfacial growth of ZIF-8 happens in unconfined spaces. 

 

 

Figure 3.10. TEM image of in-situ grown ZIF-8 fillers in PI/ZIF-8 and its selected-area electron 

diffraction (SAED) pattern in left bottom. 

 

The concentration of in-situ grown ZIF-8 in a polymer was controlled by varying the 

concentration of zinc in an ion exchange solution since the excess Zn ions are the main source for 

ZIF-8 fillers forming in a polymer as mentioned earlier. It is noted that the concentration of Zn-
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polymer is expected independent of the concentration of a zinc solution, rather depending on the 

DD. The zinc content in the solution was varied at 8, 16, 24, 32, and 40 mmol in 40 ml water and 

the zinc concentration was denoted as Zn(mmol). As the zinc concentration increased, TGA 

analysis presented in Figure 3. 11 showed an increase in ZnO residues upon thermal oxidization, 

indicating that the concentration of ZIF-8 increased. 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. TGA thermogram of PAA-Zn, ZIF-8, and PI/ZIF-8 with different zinc concentrations. 

 

The amount of ZIF-8 in-situ grown in a polymer was determined using TGA measurement by 

thermally oxidizing PI/ZIF-8 samples under air flow (Table 3.2). The resulting residues are 

assumed to ZnO since organic components including polymer and linkers of ZIF-8 are almost 

completely decomposed at the final temperature of 800 oC.1, 165-166. There are two possible sources 

generating ZnO upon the thermal oxidization: ZnO (I) from ZIF-8 and ZnO (II) resulting from the 

oxidization of remaining free and coordinated Zn ions. Also, ZnO (III) formed by the Zn ions 

detached from polymer coordination bonds during the imidization can already exist in a polymer. 

To clarify the quantity of ZnO (I), the amount of residue of PI/ZIF-8 was subtracted from that of 



 

52 

 

 

washed PAA-Zn consist of ZnO (II). Moreover, it should be mentioned that the ZIF-8 on the 

polymer surface, which does not give influence upon gas transport, was removed by the surface 

acid treatment. The quantity of ZIF-8 inside polymer, hence, was calculated by dividing the 

amount of ZnO (I) by that of pure ZIF-8, as follow: 

𝑍𝐼𝐹– 8 𝑤𝑡% 𝑖𝑛 𝑃𝐼/𝑍𝐼𝐹– 8 =
𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑃𝐼/𝑍𝐼𝐹–8−𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑃𝐴𝐴−𝑍𝑛

𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑝𝑢𝑟𝑒 𝑍𝐼𝐹–8
× 100(%)            ( 2 . 3 ) 

where W is a residual weight percentage of thermal decomposition. High ZIF-8 content in a 

polymer matrix can be obtained due to the expanded volume of polymer upon the hydrolysis, 

consequently increasing the uptake of metal and ligand sources during PMMOF. The bulk volume 

of PAA-Zn increased 7.7 ± 2.0 % and 14.3 ± 1.9 % when swollen in water and in methanol, 

respectively. 

 

Table 3.2. Weight and volume percentages of ZIF-8 in PMMOFed MMMs. 

Sample Weight percentage (wt %) Volume percentage (vol%) 

PAA-Zn(8) 4.2 5.9 

PAA-Zn(16) 9.2 12.8 

PAA-Zn(24) 15.9 21.4 

PAA-Zn(32) 20.3 26.8 

PAA-Zn(40) 25.5 32.9 

 

 

3.3.3. C3H6/C3H8 separation performance of MMMs by PMMOF 

The C3H6/C3H8 separation performances of the PI/ZIF-8 MMMs prepared by PMMOF 

(PMMOFed MMMs) were investigated and compared with conventional MMM counterparts 

prepared by blending ZIF-8 fillers with polymer. The conventional MMMs exhibited an increase 

in C3H6/C3H8 separation factor as well as C3H6 permeability as the ZIF-8 loading in polymer 
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increased (Figure 3. 12a and Table 3.3).1 The PMMOFed MMMs, surprisingly, showed a slight 

decrease in the C3H6 permeability with a more dramatic increase in the C3H6/C3H8 separation 

factor of up to 38.0 ± 7.1 (Figure 3. 12a and Table 3.3). The C3H6 permeability remained 

unchanged at the ZIF-8 loading increasing up to ~13 vol% and then decreased as the ZIF-8 loading 

further increased. The decreasing permeability as increasing ZIF-8 loading is ascribed possibly to 

the decrease in the permeability of the continuous polymer phase with increasing ZIF-8 loading. 

This is likely due to a decrease in the polymer free volume (i.e., densification), leading to a 

decrease in the permeability of the PMMOFed MMMs with increasing ZIF-8 loading. It is not 

unreasonable to assume that the in-situ growth of ZIF-8 in the polymer free volume enlarged by 

hydrolysis and swelling might decrease the polymer free volume (Figure 3. 12b). 

 

 

 

Figure 3.12. (a) Gas transport results of 6FDA-DAM and PMMOFed MMMs for C3H6/C3H8 

separation. C3H6 permeability versus C3H6/C3H8 separation factor plot with the C3H6/C3H8 upper 

bond curve.129 The closed circles are the experimental data of PMMOFed MMMs and the open 

circles are the literature data of conventional filler blending based MMMs.1 The arrows direct the 



 

54 

 

 

increase of ZIF-8 concentration and the annotated percentage is the volume percentage of ZIF-8 

in MMMs. (b) Illustration of ZIF-8 formation in a free volume by steps. 

 

 

Table 3.3. Summary of C3H6/C3H8 separation results of PMMOFed MMMs and the 6FDA-DAM 

polymer membrane. 

 C3H6 permeability (Barrer) C3H6/C3H8 separation factor 

PI 7.79 ± 0.24 11.40 ± 0.44 

PI/ZIF-8 Zn(8) 8.60 ± 1.44 14.55 ± 0.85 

PI/ZIF-8 Zn(16) 9.17 ± 1.95 16.22 ± 2.91 

PI/ZIF-8 Zn(24) 5.51 ± 1.10 23.95 ± 5.54 

PI/ZIF-8 Zn(32) 5.21 ± 1.69 30.67 ± 5.52 

PI/ZIF-8 Zn(40) 3.42 ± 0.95 38.04 ± 7.07 

 

 

To qualitatively estimate the densification effect of the polymer, the C3H6 and C3H8 

permeabilities of the polymer in the corresponding PMMOFed MMMs were evaluated using 

Maxwell equation.167 While both of the C3H6 permeability and the C3H6/C3H8 separation factor of 

ideal MMMs were continuously enhanced with increasing ZIF-8 loading as observed in 

conventional MMMs, the predicted C3H6/C3H8 separation of polymer phases showed a decreasing 

trend in the C3H6 permeability and an increasing trend in the C3H6/C3H8 separation factor, 

following the polymeric upper bound (Figure 3. 13). The estimated C3H6/C3H8 separation 

performance of the polymer slightly outperforms the upper bound likely due to the uncertainty of 

Maxwell model at high ZIF-8 loadings: Maxwell model is valid at loadings less than 20 vol%.60, 

167 
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Figure 3.13. C3H6/C3H8 separation performance of PMMOFed MMMs, ideal MMMs, and 

predicted polymers based on PMMOFed MMMs with the upper bound curve.129 The same color 

represents the same zinc concentration; red for Zn(8), orange for Zn(16), green for Zn(24), cyan 

for Zn(32), blue for Zn(40). 

 

The PMMOFed PI/ZIF-8 MMMs represented much higher C3H6/C3H8 separation factor than 

that of the conventionally prepared PI/ZIF-8 MMMs even at the lower ZIF-8 concentration (Figure 

3. 12a). These higher C3H6/C3H8 separation factor and moderate C3H6 permeability marginally 

satisfied the commercially-attractive region in the Robeson plot at the ZIF-8 concentration of 32.9 

vol%.129, 168 Furthermore, to the best of our knowledge, the PMMOFed MMMs show the highest 

C3H6/C3H8 mixed-gas separation factor among the reported polymer-based MMMs. Despite the 

compromise in the permeability, the exceptionally high separation factor of the PMMOFed MMMs 

as compared to conventional MMMs is likely due to not only better adhesion and enhanced 

distribution of ZIF-8 in a polymer matrix but also densification of polymer matrix induced by the 

in-situ growth of ZIF-8 fillers in polymer free volume. 
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3.3.4. General applicability of PMMOF 

General applicability of PMMOF was tested using other MOFs including ZIF-67 and 

HKUST-1. As shown in Figure 3. 14, depending on the type of MOFs, the colors of the MMMs 

by PMMOF were varied; white for PI/ZIF-8, violet for PI/ZIF-67, and turquoise for PI/HKUST-1 

MMMs. The crystal phases of the in-situ grown MOFs inside polymers well-matched with the 

corresponding simulated patterns, supporting the general applicability of PMMOF (Figure 3. 14). 

PMMOF is, therefore, expected to enable facile formation of a myriad number of MOF/polymer 

composite films/membranes by combining various MOFs and polyimide-based-polymers. This 

makes a stark contrast in that conventionally prepared MOF/polymer composite films have been 

limited to certain MOFs and polymer combinations often due to the poor compatibility between 

certain polymers and MOFs.169 Not only are MOF-polymer composite films prepared by PMMOF 

very useful for separation applications, but also polymer composites with a various kind of MOFs 

with different functionalities can also be applied in the diverse areas such as gas/liquid 

adsorption,170 capacitive sensors,171 and proton exchange membranes for fuel cell.172 
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Figure 3.14. Photographs of PMMOFed MMMs ZIF-8, ZIF-67, and HKUST-1. The corresponding 

XRD patterns. 

 

 

3.3.5. Scalability of MMMs by PMMOF 

Finally, even though this work mainly focused on flat membranes supported on porous α-

alumina disks, as a proof-of-concept, we attempted to demonstrate the scalability of MMMs by 

PMMOF using off-the-shelf porous PES (polyethersulfone) ultrafiltration HFMs coated with 

submicron thick 6FDA-DAM skin layers (Figure 3. 15). The 6FDA-DAM HFMs with ~ 750 nm 

thick skin layers were then transformed into 6FDA-DAM/ZIF-8 MMHFMs with the same 

thickness (Figure 3. 15). It is noted that this finding is of great significance for large-scale 

applications of MMMs since one can transform low-cost ultrafiltration HFMs and their modules 
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into high-value gas separation HFMs and their modules. The C3H6/C3H8 separation performances 

of the MMHFMs were encouraging with C3H6 permeance of 2.17 GPU and C3H6/C3H8 separation 

factor of ~ 20, which is triple as high as that of 6FDA-DAM-coated HFM. To the best of our 

knowledge, the MMHFMs by PMMOF exhibit one of the highest C3H6/C3H8 separation 

performances among MMHFMs without additional defect plugging steps. 

 

 

Figure 3.15. SEM images of (a) 6FDA-DAM HFM and (b) 6FDA-DAM/ZIF-8 MMHFM formed 

by PMMOF and (c) corresponding XRD diffraction patterns. 

 

 

3.4. Conclusion 

In summary, we demonstrated in-situ formation of ZIF-8 fillers inside polymers by a new 

potentially scalable MMM fabrication process, namely PMMOF. The first step of PMMOF, 

hydrolysis of 6FDA-DAM polyimide, enlarged the polymer free volume, making spaces to grow 

ZIF-8. The ZIF-8 were grown mostly inside polymer by physically absorbed excessive Zn ion 

sources. Moreover, the in-situ grown ZIF-8 clusters made of rod-like shaped individual 

nanocrystals ~100 nm in size were uniformly dispersed inside the polymers. By varying the zinc 

concentration in an exchange solution, the ZIF-8 concentration increased up to 32.9 vol%. The 

resulting 6FDA-DAM/ZIF-8 MMMs showed much higher C3H6/C3H8 separation factor than the 
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conventionally prepared 6FDA-DAM/ZIF-8 MMMs. This significant enhancement is attributed to 

the better adhesion, the better dispersion, and the densification of polymer. Therefore, the 6FDA-

DAM/ZIF-8 MMMs enabled not only to potentially overcome the current challenging processing 

issues of MMM formation but also to exhibit superior C3H6/C3H8 separation performances. 

PMMOF was found potentially general, applicable to other MOFs. Finally, we successfully 

demonstrated scalability of PMMOF by transforming low-cost off-the-shelf ultrafiltration HFMs 

into asymmetric MMHFMs with ultrathin selective skin layers, the thinnest among reported. 

PMMOF reported here is expected to bring MMMs close to their commercial applications by 

lowering the cost of MMMs and their modules due to its decoupling of MMM formation from 

fiber spinning process. 
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CHAPTER IV 

POLYIMIDE/ZIF-7 MIXED-MATRIX MEMBRANES: UNDERSTANDING IN-SITU 

CONFINED FORMATION OF ZIF-7 PHASES INSIDE POLYMER AND THEIR EFFECTS 

ON GAS SEPARATIONS 

 

4.1. Introduction 

Metal-organic frameworks (MOFs) consist of metal nodes ligated by organic bridging 

ligands with unique features of uniform pore structures, large surface areas, chemical and 

thermal stability, and tunable properties.173-174 Due to these unique features, MOFs have 

attracted extensive attention for diverse applications including drug delivery, optics, 

catalysis, gas separation, and etc.175-178 In particular, the well-defined molecular scale pores 

and the tunable properties of MOFs make them an ideal membrane material for gas 

separations.179 Of particular interest is their potential as functional fillers in mixed-matrix 

membranes (MMMs), which could overcome limitations of polymeric membranes by 

taking advantages of both polymers and molecular sieving fillers.61 Despite their promises 

and successes in literatures,180 MMMs have never been commercialized for industrial-scale 

applications. This is primarily due to the several challenging issues in the conventional 

blending-based MMM fabrication methods, including poor interfacial adhesion between 

MOF and polymer, agglomeration of MOF fillers, limited filler loadings, and difficulty in 

forming MOF nanoparticles (smaller than 100 nm).181 Even after addressing the above-

*Modified and reprinted with permission from “Polyimide/ZIF-7 Mixed-Matrix 

Membranes: Understanding in-situ Confined Formation of ZIF-7 Phases inside Polymer 

and Their Effects on Gas Separations” by Sunghwan Park, Kie Yong Cho, and Hae-Kwon 

Jeong, Journal of Materials Chemistry A, 2020, 8, 11210-11217, Copyright 2020, Royal 

Society of Chemistry 
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mentioned issues, conventional blending-based methods are hardly scalable since it is 

tremendously challenging to spin dope solutions containing fillers into commercially viable 

hollow fibers with sub-micron thick selective skin composite layers.61, 142 

Recently, we developed and reported polymer-modification-enabled in-situ metal-

organic framework formation (PMMOF).124 PMMOF enables MOF nanoparticles to in-situ 

form inside polymers, effectively suppressing several issues that conventional blending-

based MMMs face. Moreover, since PMMOF decouples the filler incorporating step and 

the MMM fabrication step, PMMOF is expected to be applied directly to large-scale 

commercially available polymer membranes, thereby enabling a simple upgrade of 

relatively cheap polymer membranes to more valuable MMMs. Properties of MMMs are 

greatly influenced by microstructures (i.e., phase, size, shape, etc.) of fillers, which often 

affect microstructures of composites (i.e, interface, distribution of fillers, etc.). Filler 

microstructures are determined by the synthesis reaction conditions (e.g., precursor 

concentration, precursor diffusion, chemical interactions, etc.).182-183 Since the actual 

conditions for in-situ MOF formation by PMMOF are expected quite different from those 

for MOF synthesis in a bulk solution, the investigations for the actual synthesis conditions 

are very important, yet quite challenging because of the nature of in-situ synthesis in 

confined spaces. 

Zeolitic-imidazole framework-7 (ZIF-7, Zn(bIm)2) consists of zinc tetrahedrally 

coordinated with benzimidazole forming six-membered rings with a sodalite (SOD) 

topology.174 ZIF-7 has been considered as one of the most important ZIFs reported because 

of its unique gate opening phenomenon, intrinsic hydrophobic and thermally-stable 

properties, and excellent molecular sieving effects for mostly hydrogen over other light 
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gases.174, 184-185 Moreover, ZIF-7 undergoes phase transformation with three different 

crystal phases:186 a symmetric structure with a large-pore structure (ZIF-7-I), a distorted 

structure of Phase I with a narrow-pore structure (ZIF-7-II), which is transformed from 

Phase I when guest molecules such as DMF, water, and CO2 are removed, and a layered 

structure with a nonporous structure (ZIF-7-III), which is induced by hydrolysis of Phase I 

or II. While transformation between Phases I and II is reversible, transformation of Phase I 

or II to Phase III is irreversible. It is noteworthy to mention that formation of the three 

crystal phases of ZIF-7 is governed by synthesis parameters including precursor 

concentration, solvents, and post-treatments.187 As such, the aforementioned unique 

features of ZIF-7 give a unique opportunity to investigate how the actual reaction 

conditions in PMMOF differ from those in solution precipitation.  

There are a few reports on ZIF-7-based MMMs prepared by a conventional physical 

blending method. Li et al.188 prepared poly(ether-block-amide)1657 (Pebax® 1657)/ZIF-7 

MMMs and showed their promising separation performances for CO2/N2 and CO2/CH4 

mixtures despite a decrease in CO2 permeation. Also, Yang et al.189 successfully 

incorporated ZIF-7 nanoparticles of < 50 nm in size in polybenzimidazole (PBI) up to 50 

wt%. The resulting MMMs showed considerable performance improvement in H2/CO2 

separation at the temperature up to 180 oC. They attributed the significantly enhanced H2 

permeability to the enlarged polymer free volume as ZIF-7 loading increased. Recently, 

enhanced gas separations were observed in MMMs with functionalized ZIF-7.190-191 

Here, we take systematic approaches to understand in-situ growth of ZIF-7 inside a polymer 

thin-film by PMMOF. 6FDA-DAM/ZIF-7 MMMs are fabricated by PMMOF and the crystal 

phase of in-situ formed ZIF-7 is compared with that of ZIF-7 precipitated in a bulk solution. A 
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crystal phase diagram for solution-precipitated ZIF-7 is constructed by varying important 

synthesis parameters in solutions. Based on the ZIF-7 phase diagram, the reaction condition of 

each ZIF-7 crystal phase is determined during PMMOF, which eventually leads to form 6FDA-

DAM/ZIF-7 MMMs with three different ZIF-7 crystal phases. Lastly, the gas separation 

properties of the resulting MMMs are examined under both single and mixed gas conditions to 

investigate tunable gas separation performances of MMMs with different ZIF-7 crystal phases. 

 

4.2. Experimental 

4.2.1. Materials 

6FDA-DAM (Mw: 148k, PDI: 2.14) was purchased from Akron Polymer Systems Inc. 

Sodium formate (HCOONa, ≥ 99 %, Sigma Aldrich), zinc nitrate hexahydrate 

(Zn(NO3)2·6H2O, 98 %, Sigma Aldrich), and benzimidazole (HbIm) (C7H6N2, ≥ 98 %, 

Sigma Aldrich) were used for ZIF-7 synthesis. Ethanol (C2H5OH, 94–96 %, Alfa Aesar) 

and N,N-dimethylformamide (DMF) (C3H7NO, > 99.8 %, Alfa Aesar) were used as 

solvents. Methanol (CH3OH, > 99.8 %, Alfa Aesar) was used for washing. All chemicals 

were used as received. 

 

4.2.2. ZIF-7 particle synthesis 

A crystal phase diagram of ZIF-7 was constructed based on solvothermal synthesis of 

ZIF-7 particles in a bulk solution. Both metal and linker precursor solutions were prepared 

by varying precursor compositions ranging between 0.1 – 100 mmol of zinc nitrate 

hexahydrate and 0.1 – 75 mmol of benzimidazole in ethanol/DMF co-solvents (30 ml, 99/1 



 

64 

 

 

v/v). A metal and a linker solution were mixed and the precursor mixture solution was 

placed in a Teflon-lined stainless-steel autoclave. The synthesis was carried out at 100 oC 

for 2 h without stirring. The resulting ZIF-7 powder was decanted after centrifugation with 

8000 RPM for 20 min. The powder sample was then purified by re-dispersing in methanol 

under sonication followed by centrifugation. This purification step was repeated two more 

times. The acquired ZIF-7 powder was dried at 60 oC for overnight before characterizations. 

 

4.2.3. Fabrications of 6FDA-DAM/ZIF-7 MMMs by PMMOF 

A 2 wt% 6FDA-DAM solution in DMF was prepared as a stock polymer solution and 

used for polymer thin films on porous α-alumina substrates. 2.4 ml of the polymer solution 

was slowly dropped onto the polished side of a home-made α-alumina disk. Porous α-

alumina disks (22 mm in diameter, 2 mm in thickness, and 46 % porosity with an average 

pore diameter of ~ 200 nm) were prepared by following a previously reported recipe.131 

Thereafter, the sample was immediately placed into a vacuum oven and then dried at 150 

oC for 24 h under vacuum. For hydrolysis, the 6FDF-DAM coated α-alumina disk was 

vertically loaded on a custom-made Teflon holder and placed in a Teflon-lined autoclave 

containing a sodium formate solution (100 mmol of sodium formate in 30 ml of D.I. water). 

The hydrolysis reaction was performed at 120 oC for 5 h, followed by natural cooling to 

room temperature. The hydrolyzed polymer thin film was then washed with D.I. water for 

overnight using a lab shaker to remove physically absorbed sodium and formate ions. A Zn 

ion exchange step was carried out by immersing the hydrolyzed polymer film into an ion 

exchange solution (10, 25, or 50 mmol of zinc nitrate hexahydrate in 30 ml of D.I. water) 

at room temperature for 3 h followed by a simple rinsing with ethanol. The ligand treatment 
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was performed by immersing the Zn ion adsorbed film into the benzimidazole solution (25 

mmol of HbIm in 30 ml of ethanol/DMF, 99/1 v/v) in a Teflon-lined autoclave at 100 oC 

for 2 h without stirring. After slow cooling the reactor to room temperature, the resulting 

film was washed with methanol for overnight. Lastly, the imidization reaction was 

conducted by heating at 220 oC for 3 h in a pre-heated convection oven. 

 

4.2.4. Characterizations 

Scanning electron microscope (SEM) measurements were conducted using a JEOL 

JSM-7500F at an acceleration voltage of 5 keV with 15 mm working distance. 

Transmission electron microscope (TEM, JEOL JEM-2010) was operated at a voltage of 

200 keV. X-ray diffraction (XRD, Rigaku Miniflex II) was performed in the 2 θ range of 5 

– 40 o with Cu-Kα radiation (λ =1.5406 Å). Fourier transform infrared spectra (FT-IR) 

were taken using a Nicolet iS5 spectrometer (Thermo Scientific) equipped with 

attenuated total reflectance (ATR, iD7) accessory. X-ray photoelectron spectroscopy 

(XPS) measurements were conducted by an Omicron ESCA+ with Mg X-ray source at 

300W. Thermogravimetric analysis (TGA, Q50 TA instruments) were carried out under 

air at the temperature ranging from 25 oC to 800 oC with a heating rate of 10 oC min-1. 

 

4.2.5. Gas permeation measurements 

Gas permeation tests were performed using the Wicke-Kallenbach technique at room 

temperature under atmospheric pressure. For single gases of H2, CO2, N2, and CH4, a feed gas 

was provided at 20 cm3 min-1 while the permeate side was swept by argon gas with the flow rate 
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of 20 cm3 min-1. Similarly, for equal-molar binary gas mixtures of H2/CO2, H2/CH4, and CO2/N2, 

the total feed flow rate was kept at 20 ml min-1. The composition of the permeated gases was 

determined using a gas analyzer (QGA, Hiden Analytical). 

 

4.3. Results and discussion 

4.3.1. Fabrication and characterization of PI/ZIF-7 MMMs by PMMOF 

6FDA-DAM/ZIF-7 MMMs were fabricated using our polymer-modification-enabled 

in-situ metal-organic framework formation (PMMOF) process reported recently.192 A 

6FDA-DAM polyimide (PI) thin film was prepared on an α-alumina disk by a drop-casting 

method, resulting in a PI film with a thickness of 7.9 ± 2.0 µm. As represented in Chapter 

3, ZIF-7 was in-situ formed inside the PI thin film by PMMOF which consists of four steps: 

hydrolysis, ion-exchange, ligand treatment, and imidization. The XRD patterns of the 

PI/ZIF-7 MMM match with the simulated pattern of ZIF-7-I, which has a symmetric large-

pore structure (Figure 4.1a).186 The cross-sectional SEM image of the PI/ZIF-7-I exhibits a 

grainy surface, which may or may not be ZIF-7, compared with the relatively smooth cross-

section of the PI (Figure 4.1b). Also, relatively large clusters were found on the top surface 

of the PI/ZIF-7-I (Figure 4.1b). The cross-sectional TEM image of the sample in the inset 

of Figure 4.1b shows poorly defined ZIF-7-I crystals of less than 100 nm in size. Based on 

these observations, it was concluded that ZIF-7-I nanoparticles less than 100 nm in size 

were formed mostly inside the PI film by PMMOF. 
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Figure 4.1. (a) XRD patterns and (b) cross-sectional SEM images of as-prepared PI/ZIF-7-

I by PMMOF. The insert is the TEM image of in-situ formed ZIF-7-I in the polymer. (c) 

SEM image of ZIF-7-III (solution). 

 

In PMMOF process, crystallization happens in confined spaces inside the polymer (i.e., 

free volumes),192-193 thereby affecting the diffusion of precursor species inside the polymer 

film as well as interactions of reacting species. In other words, ZIF-7 crystallization inside 

a PAA-Zn film proceeds in a different environment than in a bulk solution. To confirm this, 

ZIF-7 was synthesized in a solution under the same reaction condition as PMMOF. The 

obtained ZIF-7 powders exhibited ZIF-7-III (dense layered structure) phase with several 

microns in size (Figure 4.1a and c). Formation of a different ZIF-7 crystal phase in a bulk 

solution vs. in PMMOF strongly suggests that the actual reaction conditions are very 

different. On the other hand, the much smaller particles of in-situ grown ZIF-7-I by 

PMMOF can be attributed mainly to the unique confined environments inside the polymer. 

It was, therefore, hypothesized that the concentrations and ratios of both absorbed Zn and 

bIm precursors inside the polymer film can be an important parameter to determine the 

ZIF-7 crystal phase.  
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4.3.2. ZIF-7 crystal phase diagram and PMMOF reaction conditions 

To confirm our hypothesis on the effect of precursor concentrations and ratios inside 

the polymer film on ZIF-7 crystal phase, a ZIF-7 crystal phase diagram was established by 

varying the concentrations and ratios of Zn ions and bIm ligands using bulk solution 

reaction. The acquired ZIF-7 particles were characterized by SEM and XRD to investigate 

their crystal phases (Figure 4.2 and 3.3). Four distinctive regions were identified in the 

crystal phase diagram (see Figure 4.4a): 1) ZIF-7-I phase (marked with red spots), 2) ZIF-

7-mix mixed-phase containing both ZIF-7-I and ZIF-7-III phases (marked with yellow 

spots), 3) ZIF-7-III phase (marked with green spots), and 4) undefinable region due to the 

lack of precipitations (marked with a dashed line). Representative SEM images and XRD 

patterns for the three distinctive ZIF-7-I, ZIF-7-mix, and ZIF-7-III samples collected from 

bulk solutions were displayed in Figure 4.2 and 3.3, respectively. The SEM images 

presented a spherical shape of ZIF-7-I with sub-micron in size and a planer shape for ZIF-

7-mix and ZIF-7-III with microns in size (Figure 4.2). ZIF-7-III showed a smooth surface. 

In the case of ZIF-7-mix, however, ZIF-7-III seemed covered with debris of ZIF-7-I, 

suggesting that the two different crystal phases including ZIF-7-I and ZIF-7-III were 

seemingly physically mixed (Figure 4.2). 
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Figure 4.2. SEM images of ZIF-7 particles prepared using solution reaction. (a) ZIF-7-I, (b) 

ZIF-7-mix, and (c) ZIF-7-III (the inset images exhibited surface of particles). 

 

 

 

 

Figure 4.3. XRD patterns of ZIF-7 (solution). 

 

Based on the ZIF-7 crystal phase diagram, the reaction conditions of in-situ synthesis 

of ZIF-7 in the polymer by PMMOF were evaluated by tracking precursor concentrations 

at three stages: (1) when a PAA film was immersed in the zinc solution, (2) when the 

polymer film was saturated with Zn ions, (3) when a PAA/ZIF-7 was formed after ligand 

treatment. The concentration of Zn ions was determined by the amount of evaporated 

solvents and zinc oxide residues formed by thermal oxidization of dried samples. It is noted 

that the determined amounts of zinc sources are based on mobile Zn ions rather than 

immobile Zn ions coordinated to the polymer as mentioned in Chapter 2. This is because 
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the mobile zinc sources mainly contribute to form ZIF inside the polymer.124, 193 Initially, 

as indicated at the point (1) in Figure 4.4a, the concentration of Zn ions in the mother 

solution was 0.42 mol kg-1. By immersing a PAA film in the zinc solution, Zn ions were 

absorbed into the polymer free volume (Figure 4.4b (1)). When the polymer was fully 

saturated with the Zn ions, as shown in Figure 4.4b (2), the total concentration of Zn ions 

in the PAA film was 1.51 ± 0.08 mol kg-1, and the concentration of mobile Zn ions was 

0.89 ± 0.05 mol kg-1 (see the point (2) in Figure 4.4a). The Zn ion concentration in the 

polymer (i.e., 0.89 ± 0.05 mol kg-1) was two times higher than that of the mother solution 

(i.e., 0.42 mol kg-1). This relatively high zinc concentration inside the PAA film can be 

explained by the fact that Zn ions were thermodynamically preferred inside the film while 

solvent molecules were preferred in solution, probably due to 1) the electrostatic interaction 

of Zn ions with charged polymer and 2) the much smaller size of Zn ions as compared to 

ethanol (i.e., 0.74 Å  of zinc ionic radius vs. 4.5 Å  of ethanol critical diameter).194 After the 

ligand treatment using the bIm solution with the bIm concentration of 1.05 mol kg-1, the 

concentration of mobile Zn ions was reduced to 0.053 ± 0.012 mol kg-1 (See the point (3) 

in Figure 4.4a). As depicted in Figure 4.4b (3), the majority of Zn ions were drained from 

a PAA free volume and bIm ligands were absorbed into the polymer upon the ligand 

treatment possibly due to the applied electric potential gradient of the precursors inside and 

outside the polymer.195 The remaining Zn ions inside the polymer free volume were 

simultaneously reacted with the absorbed bIm ions upon solvothermal ligand treatment, 

resulting in the nucleation and growth of ZIF-7 nanocrystals in the PAA free volume 

(Figure 4.4b (3)). At the final mobile Zn ion concentration (i.e., 0.053 ± 0.012 mol kg-1), it 

was found that ZIF-7-I phases were presented in the very narrow bIm concentrations 
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ranging from 0.65 mol kg-1 to 1.05 mol kg-1 in the ZIF-7 phase diagram (Figure 4.4a). Since 

PI/ZIF-7 by PMMOF exhibited ZIF-7-I phase (Figure 4.1a), the synthesis conditions (i.e., 

concentrations of Zn ions and bIm ligands) for ZIF-7 by PMMOF was estimated in the 

region (3) in Figure 4.4a. 
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Figure 4.4. (a) ZIF-7 crystal phase diagram as a function of concentrations of zinc and bIm. 

(b) Illustration of the ZIF-7 systhesis stages and the corresponding conditions upon 

PMMOF process. 

 

4.3.3. Engineering of ZIF-7 crystal phase of PI/ZIF-7 MMM 

The performances of ZIF-7-containing MMMs are expected to be greatly affected by 

the ZIF-7 phase in-situ formed by PMMOF. As such, we attempted to test if the ZIF-7 

phase diagram and the evaluated PMMOF reaction conditions can be used to control the 

formation of not only ZIF-7-I but also the other phases (i.e., ZIF-7-mix and ZIF-7-III). As 

discussed above, PI/ZIF-7-I MMMs were formed when the zinc concentration in a mother 

solution is 0.42 mol kg-1 (see the α region in Figure 4.5). As the zinc concentration in an 

ion exchange solution increased to 1.05 mol kg-1, ZIF-7-mix mixed-phase was acquired 

(see the β region in Figure 4.5) with the crystal phase composition of ZIF-7-I (51 %) and 
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ZIF-7-III (49 %) (Figure 4.6). It is noted that the percentages of each ZIF-7 phase were 

calculated by integrating the intensive XRD peaks of (101) and (110) for ZIF-7-I and (002) 

for ZIF-7-III. When the zinc concentration in an ion exchange solution further increased to 

2.11 mol kg-1, ZIF-7-III phase was formed (see the γ region in Figure 4.5), confirmed by 

the absence of (101) and (110) peaks in the XRD pattern (Figure 4.6). ZIF-7 phases present 

in MMMs by PMMOF well corresponded to those estimated in the phase diagram. This 

indicates that the phase diagram and the estimated reaction conditions inside the polymer 

free volume can give a reasonable guideline to control the ZIF-7 phase in PI/ZIF-7 MMMs 

by PMMOF. 
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Figure 4.5. ZIF-7 crystal phase diagram and the traced PMMOF reaction conditions at different 

zinc concentrations in ion exchange solutions. 
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Figure 4.6. XRD patterns of PI/ZIF-7 MMMs by PMMOF with three different ZIF-7 crystal 

phases. 

 

Interestingly, both PI/ZIF-7-mix and PI/ZIF-7-III MMMs exhibited almost identical 

cross-sectional morphology as PI/ZIF-7-I (Figure 4.7). Regardless of the crystal phase, the 

size of in-situ grown ZIF-7 nanoparticles was seemed to be significantly smaller than those 

crystals synthesized by the solution reaction (i.e., > 1 μm) (Figure 4.2). Suppression of 

micro-sized particle formation was attributed to confined growth inside polymer (i.e., free 

volume). It is highly desirable to have nano-sized fillers for ultra-thin MMM layers, in 

particular, asymmetric mixed-matrix hollow fiber membranes.142 In addition, it was found 

that total ZIF-7 loading in MMMs could increase with changing ZIF-7 phases from ZIF-7-

I to ZIF-7-III (Table 4.1). ZIF-7 loadings in PI/ZIF-7 MMMs by PMMOF were determined 

using TGA analysis, which is described in Chapter 2. ZIF-7-I content in a PI/ZIF-7-I MMM 

was estimated at 2.78 wt%. With an increase in Zn concentration relative to that for PI/ZIF-
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7-I, 7.00 wt% for ZIF-7-mix in PI/ZIF-7-mix and 9.96 wt% for ZIF-7-III in PI/ZIF-7-III 

were formed (Table 4.1). 

 

 

Figure 4.7. SEM images of PI/ZIF-7 MMMs with different crystal phases: (a) PI/ZIF-7-I, (b) 

PI/ZIF-7-mix, and (c) PI/ZIF-7-III. 

 

 

Table 4.1. Weight percentages of ZnO induced by thermal oxidization and that of calculated ZIF-

7 in a polymer. 

Sample 
Total ZnO 

wt% 

ZIF-7 derived 

ZnO wt% 

ZIF-7-I 

wt% 

ZIF-7-III 

wt% 

Total ZIF-7 

wt% 

Washed PAA-

Zn 
1.38 0.00 0.00 0.00 0.00 

ZIF-7-I 25.5 25.5 100 0.00 100 

ZIF-7-III 26.3 26.3 0.00 100 100 

PI/ZIF-7-I 2.09 0.71 2.78 0.00 2.78 

PI/ZIF-7-mix 3.19 1.81 3.63 3.37 7.00 

PI/ZIF-7-III 4.00 2.62 0.00 9.96 9.96 
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4.3.4. Gas transport properties of PI/ZIF-7 MMMs by PMMOF 

The single gas permeation of a pristine 6FDA-DAM polymer membrane exhibited 

similar properties to the reported results for H2, CO2, N2, and CH4 (Figure 4.8 and Table 

4.2).141, 196 When compared with pristine 6FDA-DAM polymers, PI/ZIF-7-I MMMs by 

PMMOF showed increased permeabilities for non-condensable gases (i.e., H2 and N2) and 

decreased permeabilities for condensable gas molecules (i.e., CO2 and CH4) (Figure 4.8a 

and Table 4.2). This result can be ascribed to the presence of microporous ZIF-7-I which 

allows a fast diffusion for non-condensable gases and a retarded diffusion of condensable 

gases via relatively strong sorption.197-198 The ideal selectivities of H2/CO2, H2/N2, and 

H2/CH4 pairs of MMMs increased from 1.36, 30.62, and 40.23 to 2.26, 36.12, and 67.42, 

respectively. In contrast, there was a slight decrease in the ideal selectivity of CO2/N2 (22.54 

→ 15.97) (Figure 4.8b and Table 4.2). The increased ideal selectivities of H2/CO2, H2/N2, 

and H2/CH4 pairs are likely due to the molecular sieving effect of ZIF-7-I, whose 

crystallographically-defined aperture size is ~ 3.0 Å ,199 given the kinetic diameter of 

hydrogen (2.89 Å ). Since the kinetic diameters of both CO2 and N2 are 3.3 Å  and 3.64 Å , 

respectively, both molecules can be excluded by ZIF-7-I (Figure 4.8b and Table 4.2). As 

such, the decreased CO2/N2 selectivity can be primarily due to the fact that CO2 and N2 

interact with ZIF-7-I differently (i.e., CO2 interacts more strongly than N2). 
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Figure 4.8. Single gas transport results of PI/ZIF-7 MMMs by PMMOF. (a) Permeability, (b) 

selectivity of 6FDA-DAM and PI/ZIF-7 MMMs with the different ZIF-7 phases. 
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Table 4.2. Summary of single gas permeation results at 1 atm and room temperature. 

Sample 
Permeability (Barrer) Selectivity 

H2 CO2 N2 CH4 H2/CO2 H2/N2 H2/CH4 CO2/N2 CO2/CH4 

6FDA-DAM 
589.17 

± 59.05 

433.63 

± 105.38 

19.24 

± 4.81 

14.65 

± 1.18 

1.36 

± 0.19 

30.62 

± 4.59 

40.23 

± 0.80 

22.54 

± 0.16 

29.61 

± 4.82 

PI/ZIF-7-I 
921.44 

± 100.46 

407.41 

± 50.05 

25.51 

± 1.57 

13.67 

± 1.20 

2.26 

± 0.03 

36.12 

± 1.72 

67.42 

± 1.45 

15.97 

± 0.98 

29.81 

± 1.05 

PI/ZIF-7-mix 
478.27 

± 44.76 

116.83 

± 28.09 

15.08 

± 3.06 

5.59 

± 0.52 

4.09 

± 0.60 

31.71 

± 3.46 

85.54 

± 0.01 

7.75 

± 0.29 

20.90 

± 3.06 

PI/ZIF-7-III 
322.01 

± 28.66 

74.08 

± 1.73 

5.42 

± 1.24 

1.87 

± 0.07 

4.35 

± 0.29 

59.45 

± 8.27 

172.24 

± 8.50 

13.68 

± 2.80 

39.63 

± 0.65 
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As discussed above, ZIF-7 loading increased in the following order: PI/ZIF-7-I < 

PI/ZIF-7-mix < PI/ZIF-7-III (Table 4.1). Nevertheless, the gas permeabilities increased in 

the opposite order for all gases tested: PI/ZIF-7-I > PI/ZIF-7-mix > PI/ZIF-7-III (Figure 

4.8a). This decreasing trend of gas permeability with an increase in ZIF-7 filler loading can 

be most likely due to the presence of less permeable ZIF-7-III phase in MMMs (i.e., ZIF-

7-III works as a gas barrier).186 Nevertheless, the ideal gas selectivities of the PI/ZIF-7-III 

except for CO2/N2 were higher than those of the ZIF-7-I MMM (Figure 4.8b). This can be 

explained that ZIF-7-III nanoparticles in-situ grown in the polymer free volume might be 

loosely stacked, thereby showing possible molecular sieving effect of ZIF-7-III. 

Furthermore, polymer matrices in PI/ZIF-7 MMMs might become less permeable as ZIF-

7 loadings increase since ZIF-7 crystals were formed in polymer free volumes, resulting in 

the reduction of PI free volume.124 

For mixed gas separations, three representative gas pairs (CO2/N2, H2/CO2, and H2/CH4) 

were tested for 6FDA-DAM and PI/ZIF-7-I MMMs. As compared with the single gas 

separation, the mixed gas separation factors were depressed except for H2/CH4 likely due 

to the competition between two different gas molecules (Figure 4.9).200 In particular, the 

substantial decrease in CO2/N2 separation factor (~ 60 %) was observed as shown in Figure 

4.9a. For H2/CO2 binary gas mixture, 6FDA-DAM showed relatively higher H2 

permeability than that for single gas (Figure 4.9b). Meanwhile, the PI/ZIF-7-I MMMs 

exhibited lower H2 permeability in binary gas permeation than in single gas permeation 

(Figure 4.9b). As such, the H2/CO2 separation factor of 6FDA-DAM showed slightly lower 

in binary gas (Figure 4.9b). In contrast, the PI/ZIF-7-I MMMs showed lower separation 

factor in binary gas (Figure 4.9b), possibly resulting from stronger sorption competition 
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between H2 and CO2 in PI/ZIF-7-I than that in 6FDA-DAM.201 Similarly, although both 

6FDA-DAM and PI/ZIF-7-I showed an increase in the binary H2/CH4 separation factor, 

6FDA-DAM exhibited a larger increment than that shown by PI/ZIF-7 (Figure 4.9c) 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Mixed gas separation results of 6FDA-DAM and PI/ZIF-7-I for binary gas mixtures 

of (a) CO2/N2, (b) H2/CO2, and (c) H2/CH4. 

 

Since the filler content has a great effect on the gas transport properties of MMMs, it 

is important to compare the transport properties of MMMs with the same filler content in 

order to discern the effects of fillers. Due to the nature of PMMOF, it is, however, not 

straight forward to fabricate PI/ZIF-7 MMMs made of three different ZIF-7 phases with 

the same filler contents. To examine the filler effects, PI/ZIF-7-III MMMs were prepared 

by a post-phase-transformation from ZIF-7-I containing MMMs using the hydrolysis 

process in water at 150 oC for 3 h. Initially, we attempted to perform hydrolysis on PI/ZIF-

7-I. Unfortunately, 6FDA-DAM is hydrophobic, impeding sufficient water adsorption in 

MMMs, resulted in incomplete hydrolysis regardless of the reaction time.29 Meanwhile, 

relatively more hydrophilic PAA/ZIF-7-I, where PAA (i.e., poly(amic acid)) is deimidized 

PI, resulted in complete hydrolysis, leading to transformation of ZIF-7-I to ZIF-7-III in the 

polymer. This phase transformation was confirmed by XRD (Figure 4.10).30 PAA/ZIF-7-
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III was then imidized to obtain PI/ZIF-7-III, which is denoted as PI/ZIF-7-III* to 

distinguish from PI/ZIF-7-III, whose ZIF-7-III is in-situ formed via PMMOF. 

 

 

Figure 4.10. XRD patterns of PAA/ZIF-7-I, PAA/ZIF-7-III*, and PI/ZIF-7-III*. 

 

Gas permeation properties of PI/ZIF-7-III* MMMs were tested and compared with 

those of PI/ZIF-7-I. As presented in Figure 4.11, PI/ZIF-7-III* MMMs showed higher H2 

permeability with similar CO2 permeability, which is ascribed to the intrinsic property of 

ZIF-7-III. Peng et al.202 showed that the disorderly stacked exfoliated ZIF-7-III nanosheets 

showed the exceptionally high H2/CO2 separation performance. They claimed that the four-

membered rings of ZIF-7-III nanosheets consisting of flexible organic linkers allowed high 

H2 permeation while excluding larger CO2.
202 Hence, PI/ZIF-7-III* showed greater H2/CO2 

selectivity by ~ 70 % than PI/ZIF-7-I, which can be attributed to better molecular sieving 

effect of ZIF-7-III than ZIF-7-I for H2/CO2 separation.199, 202 
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Figure 4.11. Comparison of H2/CO2 separation properties of PI/ZIF-7-I and PI/ZIF-7-III* 

 

When compared with other reported MMMs, the PI/ZIF-7 MMMs by PMMOF showed high 

H2 permeability and H2/CO2 ideal selectivity, effectively surpassing the polymeric upper bound 

(Figure 4.12).3, 189, 203-218 While most of the reported MMMs showed mediocre H2/CO2 ideal 

selectivity improvement from their corresponding pristine polymers, the PI/ZIF-7 MMMs by 

PMMOF exhibited up to ~ 220 % enhancement in the H2/CO2 ideal selectivity (Table 4.3). 

Those enhancements are quite surprising considering the relatively low filler loadings (i.e., ~ 10 

wt%), indicating the exceptionally high filler efficiency (Table 4.3). In particular, the PBI/ZIF-7 

MMMs prepared by conventional physical blending method, even with 50 wt% ZIF-7-I loading, 

showed improvement in the H2/CO2 ideal selectivity from 8.7 to 14.9 (~ 70 % improvement).189 

On the contrary, the PI/ZIF-7 MMMs by PMMOF with 2.78 wt% ZIF-7 loadings exhibited ~ 

66 % and ~ 180 % improvement for ZIF-7-I and ZIF-7-III*, respectively, (Table 4.3). However, 

the separation performance of other gas pairs rarely exceeded the corresponding upper bounds 

(Figure 4.13). 
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Figure 4.12. H2/CO2 separation performance of PI/ZIF-7 MMMs by PMMOF (●) in comparison 

with those of the MOF-based (○), zeolite-based (△), carbon-based (□), and silica-based (◇) 

MMMs reported.20,36-73 

 

Table 4.3. H2/CO2 separation performances of the reported MMMs. 

Polymer Filler 
Wt% of 

filler 

H2 

permeability 

H2/CO2 

selectivity 
Ref. 

Matrimid® 5218 C-MOF-5 30 
53.8 

(120.5 %) 

2.66 

(-1.8 %) 
203 

PES SAPO-34 20 
12.57 

(82.2 %) 

2.45 

(2.1 %) 
204 

Matrimid® 5218 hollow silicalite-1 8 
38.4 

(26.3 %) 

2.1 

(46.2 %) 
205 

PBI ZIF-7 50 
26.2 

(608.1 %) 

14.9 

(71.3 %) 
189 

Matrimid® 9725 Zeolite 4A 30 
101.60 

(464 %) 

2.10 

(-16 %) 
206 

6FDA:DSDA/4MP

D:4,4′-SDA 
NH2-MIL-101 10 

114 

(26.7 %) 

1.6 

(3.3 %) 
207 

6FDA-durene ZIF-8 15 
2136.6 

(312.1 %) 

1.4 

(27.3 %) 208 
X-linked 6FDA-

durene 
ZIF-8 33.3 

283.5 

(444.1 %) 

12.0 

(-90.8 %) 
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Polymer Filler 
Wt% of 

filler 

H2 

permeability 

H2/CO2 

selectivity 
Ref. 

PEI C-MOF-5 25 
28.32 

(181.2 %) 

5.25 

(-12.4 %) 
209 

PPO Silica 10 
548.7 

(567.8 %) 

3.6 

(111.9 %) 
211 

Matrimid® 5218 MIL-53-ht 37.5 
103.0 

(300.8 %) 

2.02 

(-34.2 %) 210 

Matrimid® 5218 MIL-53-as 37.5 
66.0 

(156.8 %) 

1.68 

(-45.3 %) 

VTEC™ NH2-MIL-53 20 
5.1 

(13.3 %) 

7.0 

(16.7 %) 
213 

6FDA-DAM ZIF-11 20 
272.45 

(1173.1 %) 

1.06 

(2.9 %) 
212 

PI MWCNT@GONRs 2 
42.5 

(42 %) 

1.7 

(-15 %) 
214 

Matrimid® 5218 ZIF-11 40 
28.36 

(63.6 %) 

2.84 

(-31.2 %) 
218 

CA C-MOF-5 12 
14.95 

(247.7 %) 

1.78 

(61.8 %) 215 

CA T-MOF-5 12 
13.90 

(223.3 %) 

1.79 

(62.7 %) 

6FDA-TTM Si-H 10 
76.5 

(86.1 %) 

2.1 

(40.0 %) 
216 

P84 Nanodiamond 1 
6.7 

(-16.3 %) 

4.1 

(13.8 %) 
217 

PAI MOF-1 30 
191 

(141.2 %) 

1.8 

(5.9 %) 
219 

PSf HKUST-1 10 
15.0 

(53.1 %) 

1.9 

(18.8 %) 220 

PSf Mn(HCOO)2 10 
10.5 

(7.1 %) 

1.6 

(0.0 %) 

Matrimids5218 Cu-BPY-HFS 30 
20.3 

(16.0 %) 

2.0 

(-16.7 %) 
221 

Matrimids5218 MOF-5 20 
114.9 

(247.1 %) 

3.0 

(-9.1 %) 

222 Ultems1000 MOF-5 20 
16.9 

(50.9 %) 

5.7 

(0.0 %) 

Matrimids5218 HKUST-1 30 
66.9 

(102.1 %) 

3.0 

(-9.1 %) 

Matrimids MOF-5 30 
53.8 

(120.5 %) 

2.7 

(0.0 %) 
223 

Matrimids ZIF-8 60 
35.8 

(23.9 %) 

4.4 

(41.9 %) 
35 

PPEEs ZIF-8 30 
92.3 

(1068 %) 

1.8 

(28.6 %) 
224 
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Polymer Filler 
Wt% of 

filler 

H2 

permeability 

H2/CO2 

selectivity 
Ref. 

Matrimids ZIF-8 30 
112.1 

(242.8 %) 

3.9 

(-2.5 %) 
225 

PBI ZIF-8 30 
105.4 

(2749 %) 

12.3 

(43.0 %) 
226 

PBI ZIF-8 30 
82.5 

(1912 %) 

12.0 

(34.8 %) 
227 

PIM-1 ZIF-8 43 
6680 

(309.8 %) 

1.1 

(450.0 %) 
228 

PBI ZIF-90 45 
24.5 

(497.6 %) 

25 

(180.9 %) 
229 

PPO HKUST-1 40 
119 

(58.7 %) 

1.0 

(-9.1 %) 
230 

6FDA:DSDA-

4MPD:4,4'-SDA 

(1:1) 

NH2-MIL-53(Al) 15 
100 

(11.0 %) 

1.8 

(12.5 %) 

40 

NH2-MIL-101(Al) 10 
114 

(26.5 %) 

1.6 

(0.0 %) 

6FDA-4MPD:4,4’-

SDA (1:1) 

NH2-MIL-53(Al) 10 
175 

(3.6 %) 

1.3 

(0.0 %) 

NH2-MIL-101(Al) 10 
191 

(13.0 %) 

1.3 

(0.0 %) 

PMMA NH2-CAU-1 15 
11 000 

(120.0 %) 

13 

(333.3 %) 
231 

PSf 
Silica-ZIF-8 core–

shell 
32 

224.1 

(540.3 %) 

3.9 

(14.7 %) 
232 

PBI-BuI ZIF-8 30 
22.1 

(256.5 %) 

4.2 

(55.6 %) 

233 DMPBI-BuI ZIF-8 30 
127.5 

(896.1 %) 

2.4 

(-29.4 %) 

DBzPBI-BuI ZIF-8 20 
180.3 

(193.6 %) 

2.0 

(-16.7 %) 

PBI ZIF-11 39.5 
464.7 

(2602 %) 

3.6 

(-28.0 %) 
234 

Matrimid® 5218 

Silicalite 10 
34.0 

(12.2 %) 

3.2 

(0.0 %) 

235 SAPO-34 10 
40.2 

(32.7 %) 

3.2 

(0.0 %) 

ZIF-8 10 
51.1 

(68.6 %) 

3.0 

(-6.3 %) 

Matrimid® 5218 ZIF-11 

25 
95.9 

(335.9 %) 

4.4 

(41.9 %) 236 

10 
535 

(52.9 %) 

9.1 

(13.8 %) 

PBI Cu2(ndc)2(dabco) 20 
6.13 

(152.0 %) 

26.7 

(181.1 %) 
237 
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Polymer Filler 
Wt% of 

filler 

H2 

permeability 

H2/CO2 

selectivity 
Ref. 

6FDA-DAM 

ZIF-7-I 2.78 
921.44 

(56.4 %) 

2.26 

(66.2 %) 

This 

work 

ZIF-7-mix 7.00 
478.27 

(-18.8 %) 

4.09 

(200.7 %) 

ZIF-7-III 9.96 
322.01 

(-45.4 %) 

4.35 

(219.9 %) 

ZIF-7-III* 2.78 
1630.44 

(176.7 %) 

3.82 

(180.9 %) 

Note: the unit of permeability is Barrer (i.e., 1 Barrer = 10-10 cm3(STP) cm cm-2 cmHg-1 sec-1). 

The percentages in the round bracket of H2 permeability and H2/CO2 selectivity indicate the 

changing percentages of MMMs from its corresponding polymer. 
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Figure 4.13. Upper bound plot of 6FDA-DAM and PI/ZIF-7 MMMs. (a) H2/N2 separation, (b) 

H2/CH4 separation, (c) CO2/N2 separation, and (d) CO2/CH4 separation.3 

 

 

4.4. Conclusion 

In conclusion, we prepared 6FDA-DAM/ZIF-7 MMMs using PMMOF by in-situ 

growing ZIF-7 nanoparticles inside the polymer. To understand the different synthesis 

conditions between confined and bulk synthesis, a ZIF-7 phase diagram was constructed 

based on bulk solution synthesis. The ZIF-7 phase diagram was utilized to estimate and 

design 6FDA-DAM/ZIF-7 MMMs by PMMOF, resulting in controlled synthesis of three 

different ZIF-7 phases (i.e., ZIF-7-I, ZIF-7-mix, and ZIF-7-III. Among the MMMs, the 

ZIF-7-III*-based MMM where ZIF-7-III* was transformed from ZIF-7-I, even with 2.78 

wt% filler loading, showed the best H2/CO2 separation performances, exhibiting the 

dramatic improvements. The PI/ZIF-7-III* MMMs exhibited improved H2 permeability 

and enhanced H2/CO2 selectivity by ~ 176 % and ~ 180 %, respectively, as compared with 

6FDA-DAM and by ~ 77 % and ~ 69 %, respectively, as compared to PI/ZIF-7-I with the 

same filler loading. This enhancement was likely due to the more efficient molecular 

sieving property of ZIF-7-III than that of ZIF-7-I. The current findings are expected an 

important stepping stone for further development of PMMOF process for in-situ formed 

MOF-based MMM and scalable MMMs. 
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CHAPTER V 

IN-SITU LINKER DOPING AS AN EFFECTIVE MEANS TO TUNE ZIF-8 FILLERS IN 

MIXED-MATRIX MEMBRANES FOR PROPYLENE/PROPANE SEPARATION 

 

5.1. Introduction 

Propylene/propane (C3H6/C3H8) separation is one of the most energy-intensive processes in 

the petrochemical industry.128 Membrane-based C3H6/C3H8 separation requires only ~ 10 % 

energy of the conventional thermally-driven distillation process.238 In particular, mixed-matrix 

membranes (MMMs), consisting of a continuous polymer phase and a dispersed molecular sieve 

phase, have been considered as a promising next-generation membrane concept by combining the 

advantages of both polymer and molecular sieve membranes.151  

Among several promising fillers for propylene-selective MMMs, zeolitic-imidazole 

framework-8 (ZIF-8) is one of the most promising and investigated fillers due to its effective 

aperture size (i.e., 4.0 ~ 4.2 Å ).141 ZIF-8 consists of Zn2+ nodes bridged by flexible 2-

methylimidazole (mIm) linkers, forming sodalite (SOD) topology. Among a number of ZIF-8 

containing MMMs, however, there are only a handful of MMMs reported for C3H6/C3H8 

separation. Koros et al.1, 142 successfully demonstrated the applicability of MMMs for C3H6/C3H8 

separation by preparing 4,4′-(hexafluoroisopropylidene) diphthalic anhydride-2,4,6-trimethyl-1,3-

diaminobenzene (6FDA-DAM)/ZIF-8 MMMs in the form of both flat sheet membranes and 

hollow fiber membranes. The MMMs showed improved C3H6/C3H8 separation performances 

attributed to the well-matching of the polymer and ZIF-8.151 Nevertheless, even with ZIF-8 loading 

*Modified and reprinted with permission from “In-situ linker doping as an effective means to 

tune ZIF-8 fillers in mixed-matrix membranes for propylene/propane separation” by Sunghwan 

Park and Hae-Kwon Jeong, Journal of Membrane Science, 2020, 596, 117689-117696, 

Copyright 2020, Elsevier 
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as high as 48 wt%, the 6FDA-DAM/ZIF-8 MMMs fell short of meeting the commercial viability 

criteria (i.e., minimum C3H6 permeability of 1 Barrer and selectivity of 35).239 It is noted that the 

intrinsic propylene and propane permeabilities of ZIF-8 are reported ~ 210 and ~ 2.5 Barrer, 

respectively.141 As such, the minimum ZIF-8 loading in 6FDA-DAM required to meet the 

commercial viability criteria is estimated ~ 60 wt% based on Maxwell model. This strongly 

suggests the need to find better molecular sieving fillers and/or to further improve composite 

microstructures by developing better processing methods. 

In general, it is quite time-consuming, expensive, and often impossible to find or synthesize 

more propylene-selective molecular sieving fillers including new ZIFs than ZIF-8.240 A more 

rational strategy is to fine-tune the effective aperture size of ZIF-8 by introducing additional metal 

centers and/or linkers (known as hybrid ZIFs).241-242 For example, Jeong et al.242 showed mixed-

metal CoZn-ZIF-8 membranes exhibited enhanced C3H6/C3H8 separation performance than mono-

metallic ZIF-8 membranes. Computational studies by Krokidas et al.243-244 revealed that mixing 

cobalt and zinc metal centers led to shortening of the metal-linker bond length and to increasing 

of the bond stiffness between metal centers and mIm linkers, consequently reducing the effective 

aperture size of ZIF-8 framework. Nair et al.241, 245 first reported mixed-linker ZIFs, ZIF-8-90 and 

ZIF-7-8, via de novo synthesis and showed continuous control of effective aperture size and 

polarity 245 and drastic enhancement of their molecular sieving properties for light gas 

separations.246-249 Very recently, Jeong et al.250 reported doped-linker ZIF-8 showing tunable 

molecular sieving properties. Unlike mixed-linker ZIF-8 where both linkers are capable of forming 

isostructures of SOD-ZIF-8, doped-linker ZIF-8 has an additional linker (i.e., dopant linker) which 

alone is not capable of forming SOD-ZIF-8 structures. ZIF-8 particles doped with 2-
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ethylimidazolate (eIm) showed restricted metal-linker flexibility, implying reduced effective 

aperture size. 

Besides, microstructures of MMMs (i.e., interfacial structures and filler dispersion) play 

critical roles for their gas separation performances.61, 251-252 Conventional physical blending 

methods for MMM preparation pose several challenges that often lead to poor microstructures 

including interfacial void formation and agglomeration of filler nanoparticles.253 Recently, we 

reported the polymer-modification-enabled in-situ metal-organic framework formation (PMMOF) 

process as a scalable MMM fabrication strategy.193 Since MOF filler nanoparticles formed in-situ 

inside a modified polyimide, the PMMOF was found highly effective in addressing some of the 

challenges of conventional MMM processing. The resulting 6FDA-DAM/ZIF-8 MMMs showed 

much higher C3H6/C3H8 separation than conventionally-prepared MMMs due to the better 

adhesion and dispersion of ZIF-8 as well as polymer densification. Moreover, the PMMOF 

decouples membrane fabrication from filler incorporation process, thereby rendering it 

commercially more attractive. 

Here, we report eIm-doped ZIF-8-containing MMMs prepared by in-situ forming doped 

ZIF-8 fillers inside 6FDA-DAM polymer by PMMOF. In-situ grown eIm-doped ZIF-8 

nanoparticles inside the polymer were characterized and compared with corresponding eIm-

doped ZIF-8 particles that were solution precipitated. Binary propylene/propane separation 

performance of the 6FDA-DAM/eIm-doped ZIF-8 MMMs was measured and compared with 

that of conventionally prepared MMMs. Lastly, eIm-doped ZIF-8-based mixed-matrix hollow 

fiber membranes were prepared by PMMOF and their C3H6/C3H8 separation performance was 

examined. 
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5.2. Experimental 

5.2.1. Materials 

6FDA-DAM (Mw: 148 k, PDI: 2.14) was purchased from Akron Polymer Systems Inc. 

Sodium formate (HCOONa, ≥ 99 %, Sigma Aldrich), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 

98 %, Sigma Aldrich), 2-methyimidazole (mIm) (C4H6N2, ≥ 98 %, Sigma Aldrich), and 2-

ethylimidaole (eIm) (C5H8N2, ≥ 98 %, Sigma Aldrich) were used. N,N-dimethylformamide 

(DMF) (C3H7NO, > 99.8 %, Alfa Aesar), ethyl acetate (EtOAc) (C4H8O2, ≥ 99.5 %, VWR 

International), and methanol (CH3OH, > 99.8 %, Alfa Aesar) were used as a solvent. All 

chemicals were used as received. 

 

5.2.2. Synthesis of eIm-doped ZIF-8 particles by solution precipitation  

A metal solution and a ligand solution were prepared separatly. The metal solution was 

prepared by dissolving 2.5 mmol of zinc nitrate hexahydrate in 15 ml methanol. The ligand 

solution was made by dissolving total 25 mmol of ligands in 15 ml methanol. The ligand solution 

was added to the metal solution and mixed for about 1 min. The ligand composition of each linker 

solution was as follows; 1) 25 mmol of mIm, 2) 20 mmol of mIm and 5 mmol of eIm, 3) 15 mmol 

of mIm and 10 mmol of eIm, 4) 10 mmol of mIm and 15 mmol of eIm, 5) 5 mmol of mIm and 25 

mmol of eIm. The crystallization was carried out at 40 oC for 2 h in a Teflon-lined stainless-steel 

autoclave. It is noted that the autoclave was used for consistency since the crystallization 

temperature was varied and optimized. The powder samples were collected by centrifugation with 

8000 RPM for 20 min. The samples were re-dispersed in methanol by sonication for 30 min and 

then centrifuged again at the same conditions. The purification steps were repeated two more times 

to achieve high purity particles. After the purification, the powders were dried at 60 oC for 
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overnight. The samples were denoted as eImx-ZIF-8 where the subscript represents the eIm 

fraction of the total linkers present in a linker treatment solution, ranging from 0.2 ~ 0.8. 

 

5.2.3. Preparation of 6FDA-DAM/eIm-doped ZIF-8 MMMs by PMMOF 

Thin 6FDA-DAM polymer films were prepared on porous α-alumina disks (diameter of 2.2 

cm) made according to a previous recipe described elsewhere.246 In a typical preparation, a 

polymer solution was prepared by dissolving 0.25 g of 6FDA-DAM in 12.25 g of DMF. 2.4 ml of 

the polymer solution was slowly dropped onto the polished side of a porous α-alumina disk. 

Immediately, the sample was placed in a vacuum oven pre-heated at 150 oC and dried for 1 day, 

forming a polymer film with a thickness of 8.0 ± 1.5 µm on the α-alumina disk. PMMOF process 

was then applied to the polymer film as detailed in our recent report.193 The hydrolysis of the 

polymer film was carried out in a sodium formate solution (100 mmol of sodium formate in 30 ml 

of D.I. water). The polymer film was vertically located in a custom-made Teflon holder and then 

placed in a Teflon-lined autoclave containing the sodium formate solution. The hydrolysis was 

conducted at 120 oC for 5 h. After washed with deionized (DI) water overnight using a lab shaker, 

the sample was subjected to an ion exchange by immersing it in an ion exchange solution (20 

mmol of zinc nitrate hexahydrate in 30 ml of DI water) for 3 h. After briefly washed with methanol, 

the ion-exchanged sample was put into a ligand solution prepared by dissolving 25 mmol of linker 

mixtures in total in 30 ml of methanol with varying eIm compositions; 0%, 20%, 40%, 60%, and 

80%. A ligand treatment was executed in a Teflon-lined autoclave at 40 oC for 2 h, followed by 

washing with methanol overnight. Lastly, the sample was thermally imidized at 220 oC for 3 h in 

a pre-heated convection oven. Hereafter, the eIm-doped ZIF-8 containing MMMs were named as 

PI/eImx-ZIF-8 (x = 0.2, 0.4, 0.6, or 0.8) where the subscript represents the eIm fraction of total 

linkers in the linker treatment solution. 
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5.2.4. Preparation of PI/eIm-doped ZIF-8 MMMs by physical blending 

For comparison, MMMs were also prepared on porous α-alumina disks using conventional 

physical blending. Preformed eIm-doped ZIF-8 particles of proper amounts (i.e., 4.8 mg of ZIF-8, 

4.6 mg of eIm0.2-ZIF-8, 3.9 mg of eIm0.4-ZIF-8, 2.8 mg of eIm0.6-ZIF-8, 1.2 mg of eIm0.8-ZIF-8) 

were fully dispersed in 0.98 g of DMF under sonication for 30 min. 20 mg of 6FDA-DAM was 

then added to an eIm-doped ZIF-8 suspension, followed by further sonication for 30 min. 2.4 ml 

of the prepared polymer/filler solution was slowly dropped onto an α-alumina disk. Immediately 

after, the sample was placed in a pre-heated oven at 150 oC and dried for 1 day at the same 

temperature under vacuum. 

 

5.2.5. Coating of 6FDA-DAM on polymer hollow fibers 

Polyethersulfone (PES) microfiltration hollow fibers (surface pore size of ~ 200 nm, Repligen 

Co.) were coated with thin 6FDA-DAM layers by dip-coating inside a glove bag saturated with 

EtOAc. A 6FDA-DAM solution was prepared by dissolving 0.50 g of 6FDA-DAM in 12.0 g of 

EtOAc. An as-purchased PES hollow fiber was dipped in the prepared polymer dope solution. 

Immediately after, the fiber was taken out and dried vertically in the glove bag for 7 h. The 

resulting 6FDA-DAM coated PES hollow fiber was dried at room temperature for 1 h and then at 

60 oC overnight in a convection oven. 

 

5.2.6. Characterizations 

Scanning electron microscope (SEM) images were taken using a JEOL JSM-7500F at an 

acceleration voltage of 5 keV with 15 mm working distance. Transmission electron microscope 

(TEM) images were collected using a FEI Tecnai FE-TEM under cryogenic conditions using 
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microtomed samples. Powder X-ray diffraction (PXRD) was collected using a Rigaku Miniflex II 

at a 2 θ range of 5 – 40 o with Cu-Kα radiation (λ = 1.5406 Å). Nitrogen adsorption isotherms were 

obtained using ASAP 2010 (Micromeritics) at 77 K after degassing samples at 150 °C under 

vacuum for 24 h. Solution proton nuclear magnetic resonance (1H-NMR) spectra were obtained 

using a Bruker Avance III (500 MHz system). Solution NMR samples were prepared by dissolving 

ZIF samples in 550 μL of deuterated acetic acid-d4. Fourier transform infrared (FT-IR) spectra 

were measured by a Nicolet iS5 spectrophotometer (Thermo Scientific) equipped with an 

attenuated total reflectance (ATR, iD7) accessory. X-ray photoelectron spectroscopy (XPS) was 

performed using an Omicron ESCA+ with Mg X-ray source at 300W. Thermogravimetric analysis 

(TGA, Q50 TA instruments) was carried out at a temperature range from 25 oC to 700 oC at heating 

rate of 10oC/min. 

 

5.2.7. Gas permeation measurements 

Gas permeation characteristics of membranes were measured by the Wicke-Kallenbach 

technique using equimolar binary C3H6 and C3H8 gas mixture at room temperature under 

atmospheric pressure. Feed gas was provided at 20 cm3 min-1, while the permeate side was 

swept by argon gas with the flow rate of 20 cm3 min-1. A steady-state of gas permeation was 

declared when the deviation of measured gas permeance was less than 1 % with 30 min interval. 

The permeated gas compositions were determined using a gas chromatography (GC 7890A, 

Agilent) equipped with a flame ionized detector (FID) and a HP-plot Q column. 
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5.3. Results and discussion 

5.3.1. Characterizations of MMMs containing 2-ethylimidazole (eIm)-doped ZIF-8 

MMMs containing 2-ethylimidazole (eIm)-doped ZIF-8 (i.e., Zn(mIm)2-x(eIm)x) were 

prepared by in-situ growth of ZIFs in 6FDA-DAM polyimide (PI) using PMMOF. As discussed 

in Chapter 2, PMMOF includes four steps: hydrolysis of PI, ion exchange, ligand treatment, and 

imidization. As detailed in our recent report,193 each step was described and characterization results 

were presented in Chapter 2. Figure 5.1a presents the XRD patterns of the resulting PI/eIm-doped 

ZIF-8 MMMs, showing SOD-ZIF-8 phases regardless of the eIm percentages.250 As shown in the 

scanning electron micrographs of MMMs in Figure 5.1b-f, many particles were found on the 

surface. The substantial fractions of ZIF crystals in-situ formed inside the polymer were confirmed 

by conducting surface acid treatment. 

 

 

Figure 5.1. (a) XRD patterns of as-prepared PI/ZIF-8 and PI/eIm-doped ZIF-8 MMMs by PMMOF. 

SEM images of as-prepared MMMs by PMMOF; PI/ZIF-8 (b), PI/eim0.2-ZIF-8 (c), PI/eim0.4-ZIF-
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8 (d), PI/eim0.6-ZIF-8 (e), and PI/eim0.8-ZIF-8 (f). The inset images on the bottom left are top views 

of the corresponding samples. 

 

As the eIm content increased, the crystal size of surface-bounded eIm-doped ZIF-8 increased 

from ~ 100 nm to ~ 500 nm (Figure 5.1b-f), following the same trend as solvothermally 

synthesized eIm-doped ZIF-8.250 Since the pKa value of eIm (8.00) is higher than that of mIm 

(7.86),254 the higher pKa might decrease the crystal growth rate, forming larger crystals.183 In stark 

contrast, the size of eIm-doped ZIF-8 grown inside the polymer seemed to be not affected by 

changing eIm-doping compositions. Figure 5.2 presents cross-sectional transmission electron 

micrographs and electron diffraction patters of the membranes. As indicated by arrows in Figure 

5.2 a1-d1, spherical shaped eIm-doped ZIF-8 particles of sub-100 nm in size were observed. 

Interestingly, a poorly defined phase was observed as well (Figure 5.2 a1-d1). Considering its 

morphology, the unknown phase seems lacking crystallinity, which might be similar to the so 

called not well-crystallized ZIF deposit formed in confined spaces reported by Ma and Tsapatsis 

et al.255 This is possibly due to the in-situ nucleation and growth of eIm-doped ZIF-8 crystals in 

confined spaces (i.e., polymer free volume).193 It is reminded that a larger filler size fundamentally 

limits the preparation of ultra-thin active layers (i.e., < 1 μm) in MMMs.142 However, the sub-100 

nm size of in-situ formed eIm-doped ZIF-8 fillers, independent of eIm-doping compositions, is 

highly desirable to achieve ultra-thin active layers. 
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Figure 5.2. (a1-d1) TEM images of PI/eIm-doped ZIF-8 MMMs (left column) and (a2-d2) their 

corresponding SAED patterns (right column). PI/eIm0.2-ZIF-8 (a). PI/eIm0.4-ZIF-8 (b). PI/eIm0.6-

ZIF-8 (c). PI/eIm0.8-ZIF-8 (d). 

 
1H-NMR analysis was performed to determine the actual compositions of eIm linkers doped 

in ZIF-8 fillers inside the polymer. Surface-bound crystals were completely removed from the 

samples in order to measure only those embedded inside the polymer. Figure 5.3 shows 1H-NMR 

spectra of the samples with various eIm percentages in the ligand treatment solutions. Based on 

the NMR analysis, the percentages of eIm linkers actually doped in ZIF-8 were estimated 

approximately 7, 16, 31, and 48 mol% with 20, 40, 60, and 80 mol% in the linker treatment 

solutions, respectively. At first, the lower eIm content in ZIF-8 than in precursor solutions was 

attributed due to the different diffusion rates of linkers in the polymer, which can be varied by size, 

solvent, affinity with polymer, and others. The eIm compositions in doped-ZIF-8 were, however, 

comparable with those of solution precipitated ones; approximately 6, 15, 28, and 48 mol%. This 

strongly indicates that the doping of eIm was not significantly affected by diffusion of linkers 
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under the current conditions. Instead, the doping was likely determined by the fact that mIm was 

more favorably incorporated to ZIF-8 than the bulkier eIm.250 Nevertheless, the more eIm present 

in the precursor solutions, the more eIm doped in ZIF-8 frameworks. 

 

 

Figure 5.3. 1H-NMR spectra of PI/ZIF-8 and PI/eIm-doped ZIF-8 MMMs by PMMOF. The ratios 

between mIm and eIm incorporated in the frameworks were noted and determined based on the 

following formula: eIm% = (Aγ/3)/[(Aβ + Aε)/2] where A represents peak area. 

 

It is important to quantify the filler loadings in MMMs to investigate the effect of fillers on 

gas separations.1, 151 The loadings of ZIF-8 and eIm-doped ZIF-8 in MMMs were determined by 

thermal oxidization after eliminating surface-bound ZIFs by the acid treatment (Table 5.1). 

Interestingly, the filler content in MMMs gradually decreased as the content of eIm dopants 

increased (Figure 5.4). This is further confirmed by a gradual decrease in the XRD intensity of 

MMMs as the eIm content increased regardless of the presence of surface-bound eIm-doped ZIF-

8 crystals (Figure 5.1a). The decrease in eIm-doped ZIF-8 loadings with increasing eIm fractions 
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appeared following the same trend as the yields of doped ZIF-8 synthesized in solutions (Figure 

5.4), strongly suggesting the presence of a close correlation between the filler contents in MMMs 

and the yield of solution-precipitated doped crystals. In other words, the filler contents in MMMs 

by PMMOF can be deduced by the yield of solution-precipitated doped fillers. 

 

Table 5.1. Quantification of eIm-doped ZIF-8 in MMMs. 

Sample 
ZnO of MMMs 

(wt%) 

ZnO of ZIFs 

(wt%) 

ZIF loading in MMMs 

(wt%) 

PI/ ZIF-8 8.3 (6.9) 35.9 19.3 

PI/eIm0.2-ZIF-8 8.1 (6.7) 35.8 18.8 

PI/eIm0.4-ZIF-8 7.2 (5.8) 35.2 16.3 

PI/eIm0.6-ZIF-8 5.6 (4.2) 34.6 12.3 

PI/eIm0.8-ZIF-8 3.3 (1.9) 33.8 5.7 

 

 

 

Figure 5.4. Comparison of eIm-doped ZIF-8 loadings in MMMs by PMMOF and yields of 

solution-precipitated eIm-doped ZIF-8 crystals. 
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5.3.2. Propylene/propane separation performance of eIm-doped ZIF-8-based MMMs 

The C3H6/C3H8 separation performances of the PI/eIm-doped ZIF-8 MMMs are presented in 

Figure 5.5 and Table 5.2. Despite the relatively lower loadings of eIm-doped ZIF-8 (12.3 - 18.8 

wt%) in MMMs than that of ZIF-8 (19.3 wt%), the PI/eIm-doped ZIF-8 MMMs exhibited 

improved C3H6/C3H8 separation performances as compared to the PI/ZIF-8 (Figure 5.5). The 

MMMs containing eIm-doped ZIF-8 fillers with the relatively low eIm- dopant content (i.e., 

PI/eIm0.2-ZIF-8) exhibited the C3H6 permeability ~ 62 % higher than the PI/ZIF-8 with a similar 

separation factor (Figure 5.5). On the contrast, the PI/eIm0.6-ZIF-8 showed the opposite trend that 

there was a slight decrease in the C3H6 permeability by ~ 18 % with a significantly enhanced 

separation factor (~ 111 %), meeting the so called commercially-viable performance criteria.129, 

239 (Figure 5.5). It is noted that most of the previous studies on MMMs for C3H6/C3H8 separation 

failed to significantly improve separation factors except a few.1, 135, 138, 256-262 In the case of the 

PI/eIm0.4-ZIF-8, the C3H6/C3H8 separation performance was in between those of the PI/eIm0.2-ZIF-

8 and the PI/eIm0.6-ZIF-8; both the C3H6 permeability (~ 16 %) and the C3H6/C3H8 separation 

factor (~ 75 %) were higher than those of the PI/ZIF-8 (Figure 5.5). The PI/eIm0.8-ZIF-8 showed 

the separation performance lower than the PI/ZIF-8 possibly due to the ~ 3-fold lower ZIF contents 

in polymer (5.7 wt%). In light of this, the higher loading of eIm-doped ZIF-8 in the polymer would 

lead to further improved C3H6/C3H8 separation performances of MMMs as drawn in the arrows in 

Figure 5.5. 

Interestingly, the enhanced separation factor of PI/eIm-doped ZIF-8 MMMs with increasing 

eIm-dopant contents seems to deviate from eIm-doped ZIF-8 polycrystalline membranes recently 

reported by our group.250 For the polycrystalline membranes, a systematic increase in the 

permeance and a decrease in the separation factors were observed as the eIm dopant content 
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increased. This opposite trend might be attributed to the relatively low eIm doping (up to 2.5 % 

eIm in the framework) in the case of the polycrystalline membranes,250 since there exists a 

threshold concentration of doped linker for tuning of effective aperture size.263 More importantly, 

unlike eIm-doped ZIF-8 polycrystalline membranes, the flexibility of ligands is likely restricted 

by a strong interaction with the surrounding polymer, thereby reducing the flip-flopping motion of 

eIm-doped ZIF-8 in MMMs.264  

 

 

Figure 5.5. C3H6/C3H8 upper bound plot of PI/ZIF-8 and PI/eIm-doped ZIF-8 MMMs prepared by 

PMMOF (solid circle) and the MMM data in literatures (open rectangular).5, 28-36 Note: the arrows 

are arbitrarily drawn for illustration purpose to indicate the hypothetical separation performance 

improvement of PI/eIm-doped ZIF-8 MMMs when eIm-doped ZIF-8 loading increases up to ~20 

wt%. 

 

Table 5.2. Propylene/propane separation performances of PI, PI/ZIF-8 and PI/eIm-doped ZIF-8 

MMMs prepared by PMMOF as well as physical blending. 
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MMM 

fabrication 

method 

Sample 

ZIF 

loading 

(wt%) 

Propylene 

permeability 

(Barrer) 

Propane 

permeability 

(Barrer) 

Propylene/prop

ane separation 

factor 

- PI - 7.79 ± 0.24 0.68 ± 0.05 11.4 ± 0.4 

PMMOF 

PI/ZIF-8 19.3 10.23 ± 2.19 0.58 ± 0.25 17.7 ± 3.8 

PI/eIm0.2-ZIF-8 18.8 16.57 ± 2.68 0.93 ± 0.30 17.8 ± 2.9 

PI/eIm0.4-ZIF-8 16.3 11.87 ± 2.27 0.38 ± 0.12 31.0 ± 3.8 

PI/eIm0.6-ZIF-8 12.3 8.21 ± 2.70 0.22 ± 0.06 37.4 ± 2.1 

PI/eIm0.8-ZIF-8 5.7 8.38 ± 2.35 0.59 ± 0.18 14.3 ± 0.4 

Blending 

PI/ZIF-8 19.3 21.88 ± 1.20 1.32 ± 0.11 16.5 ± 0.5 

PI/eIm0.2-ZIF-8 18.8 42.94 ± 1.98 2.92 ± 0.21 14.7 ± 0.4 

PI/eIm0.4-ZIF-8 16.3 28.51 ± 1.25 1.67 ± 0.02 17.1 ± 0.5 

PI/eIm0.6-ZIF-8 12.3 22.99 ± 0.35 1.21 ± 0.01 19.1 ± 0.1 

PI/eIm0.8-ZIF-8 5.7 12.68 ± 0.23 0.90 ± 0.06 14.0 ± 0.6 

 

 

As such, we attributed the systematic enhancement in the C3H6/C3H8 separation performances 

of eIm-doped ZIF-8 containing MMMs to the effective tuning of ZIF-8 apertures resulting from  

relatively high eIm doping 250 and restricted flip-flopping motion of linkers.264 To further 

investigate, N2 adsorption studies were conducted on eIm-doped ZIF-8 crystals that were 

solvothermally synthesized (Figure 5.6). Table 5.3 summarizes the surface areas and the pore 

volumes of the eIm-doped ZIF-8 particles, which are consistent with the previous report.250 As 

shown in Figure 5.6, there were two threshold pressures of sudden increases in N2 adsorption, 

known as “gate-opening”.265 The second gate-opening pressure moved to the higher relative 

pressure with increasing eIm contents and eventually disappeared for the doped ZIF-8 with eIm 

content greater than 31 mol% (eIm0.6-ZIF-8). Since the gate-opening of ZIFs is caused by the 

reorientation of flexible organic linkers,248, 265 this shift in the gate-opening pressure toward higher 

relative pressure strongly suggests that the flexibility of ZIF-8 was restricted by incorporation of 

eIm linkers. Furthermore, the ATR-FTIR spectra shown in Figure 5.7 clearly exhibit blue-shifts of 

the Zn-N vibration of eIm-doped ZIF-8 at ~ 420 cm-1, meaning the enhanced stiffness of Zn-N 
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bonds upon eIm doping, i.e., restricted flexibility of ZIF-8.130, 250 Since the ethyl group in eIm 

exhibits greater electron donating ability than the methyl group in mIm, the Zn-N bond distance 

with eIm is expected shorter and mechanically stiffer than that with mIm. The restricted flip-

flopping motion of eIm-doped ZIF-8 with incorporation of eIm linkers is expected to reduce the 

effective aperture size of eIm-doped ZIF-8.130 On the other hand, as shown in Figure 5.6, the first 

gate-opening pressure decreased with higher eIm contents, indicating that eIm-doped ZIF-8 might 

possess more open micropore structure of eIm-doped ZIF-8 and/or more favorable interaction with 

adsorbates than ZIF-8.265 The more open micropore is likely due to the reconfiguration of the 

aperture structure resulting from the presence of bulkier eIm linkers while the more favorable 

interaction with adsorbates might be owing to the bulkier ethyl groups. The slight increase in the 

C3H6 permeability of the PI/eIm0.2-ZIF-8 compared to that of the PI/ZIF-8 might be attributed 

mostly to the change in the microstructure, not much to do with eIm doping since the actual dopant 

concentration (~ 7%) is much less than a percolation threshold.263 As the dopant concentration 

further increases as in the case of the PI/eIm0.4-ZIF-8 and PI/eIm0.6-ZIF-8, the significantly 

enhanced C3H6/C3H8 separation factors of the PI/eIm-doped ZIF-8 MMMs were observed, which 

were attributed likely to the reduced effective aperture size of the eIm-doped ZIF-8. 
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Figure 5.6. N2 adsorption isotherms of ZIF-8 and eIm-doped ZIF-8 at 77K with log scale abscissa 

plot. 

 

Table 5.3. Micropore volume, and Brunauer-Emmet-Teller (BET) and Langmuir surface areas of 

ZIF-8 and eIm-doped ZIF-8 particles. 

Sample 
Micropore volume 

(cm3 g-1) 

BET surface area 

(m2 g-1) 

Langmuir surface area 

(m2 g-1) 

ZIF-8 0.693 1764.1 1985.8 

eIm0.2-ZIF-8 0.615 1606.2 1823.1 

eIm0.4-ZIF-8 0.524 1593.5 1793.5 

eIm0.6-ZIF-8 0.508 1513.6 1696.4 

eIm0.8-ZIF-8 0.449 1458.6 1624.9 

 

 

 

Figure 5.7. ATR-FTIR spectra of Zn-N bonds of ZIF-8 and eIm-doped ZIF-8 particles. 

 

As comparison, we prepared PI/eIm-doped ZIF-8 MMMs using conventional physical 

blending method. Figure 5.8 and Table 5.2 compare their C3H6/C3H8 separation performances with 

those by PMMOF. Comparing with the MMMs by PMMOF, the PI/eIm-doped ZIF-8 MMMs 
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prepared by blending method showed higher permeabilities and lower C3H6/C3H8 separation 

factors, which might come from the relatively poor adhesion between polymer and filler (Figure 

5.9). The poor adhesion between eIm-doped ZIF-8 and polymer matrix possibly might be owing 

to the eIm concentration as well as the increased particle size with increasing eIm contents. This 

denotes that the PMMOF is more effective in obtaining enhanced MMM microstructures (i.e., 

interfacial structures, filler dispersion, etc.). The PI/ZIF-8 by PMMOF exhibited decreased 

propylene permeability than the PI/ZIF-8 prepared by blending method, likely due to the 

densification of polymer upon PMMOF (i.e., reduced polymer free volume upon in-situ growing 

ZIF fillers).193 The densification of polymer upon PMMOF might also play a role in enhancing the 

separation factors. 

 

 

Figure 5.8. Comparison of C3H6/C3H8 separation performance of PI/eIm-doped ZIF-8 MMMs 

prepared by PMMOF and a conventional blending method. 
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Figure 5.9. SEM images of PI/eIm-ZIF-8 MMMs prepared by physical blending. PI/ZIF-8 (a), 

PI/eIm0.2-ZIF-8 (b), PI/eIm0.4-ZIF-8 (c), PI/eIm0.6-ZIF-8 (d), PI/eIm0.8-ZIF-8 (e), XRD 

diffraction patterns of PI/ZIF-8 and PI/eIm-ZIF-8 MMMs prepared by physical blending (f). 

 

5.3.3. eIm-doped ZIF-8-based mixed-matrix hollow fiber membranes 

For large-scale commercial gas separation applications, hollow fiber membranes are preferred 

than flat sheet membranes.142, 266 As a proof-of-concept, the eIm-doping strategy combined with 

PMMOF was applied on scalable hollow fiber membranes (HFMs). Thin and selective 6FDA-

DAM layers were coated with thicknesses of ~ 1 μm on porous PES hollow fibers (Figure 5.10a). 

The PI coating layers were transformed to PI/ZIF-8 (Figure 5.10b) or PI/eIm0.6-ZIF-8 (Figure 5.10c) 

layers while maintaining membrane thickness. The formation of ZIF-8 and eIm-doped ZIF-8 was 

confirmed by X-ray diffraction (Figure 5.10d). Comparing with the PI/ZIF-8 mixed-matrix hollow 

fiber membranes (MMHFMs), the PI/eIm-doped ZIF-8 MMHFMs showed the improved 
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C3H6/C3H8 separation factor and comparable C3H6 permeance (Figure 5.10e), which is consistent 

with the results of flat membranes. 

 

 

Figure 5.10. SEM images of PI HFM (a), PI/ZIF-8 MMHFM (b), and PI/eIm0.6-ZIF-8 MMHFM 

(c). (d) XRD diffraction patterns of PI HFM and PI/ZIF MMHFMs. (e) C3H6/C3H8 separation 

performance of PI/ZIF-8 and PI/eIm0.6-ZIF-8 MMHFMs. 

 

5.4. Conclusion 

Here, we reported, for the first time, a linker doping strategy as a novel means to improve 

gas separation performances of MMMs. 2-ethylimidazole (eIm) was used as a dopant ligand to 

tune the effective aperture size of ZIF-8 filler in MMMs. eIm-doped ZIF-8 fillers with the dopant 
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content as high as 50 mol% were successfully formed in-situ in MMMs using the PMMOF 

process. The eIm-doped ZIF-8 containing MMMs with a relatively low eIm content (7 mol%) 

enlarged the pore structure of ZIF-8, enhancing C3H6 permeability (~ 62 %) while maintaining 

C3H6/C3H8 separation factor as compared with ZIF-8 containing MMMs. On the contrary, at the 

relatively high eIm content (~ 31 mol%), the eIm-doped ZIF-8 in MMMs dramatically improved 

the C3H6/C3H8 separation factor (~ 111 %) with a small decrease in the propylene permeability 

despite the slightly low filler contents. The improvement in the C3H6/C3H8 separation factor was 

attributed to the restricted flip-flopping motion of ZIF-8, thereby reduced the effective aperture 

size of ZIF-8 owing to the presence of bulkier eIm in the framework. Finally, the linker doping 

strategy along with the in-situ MOF formation based MMM fabrication strategy (PMMOF) was 

successfully applied to prepare eIm-doped ZIF-8-containing mixed-marix hollow fiber 

membranes, showing enhanced C3H6/C3H8 separation factor as compared with those MMMs 

containing undoped ZIF-8. The ability to tune the molecular sieving properties of ZIF-8 fillers in 

MMMs combined with the capability of producing MMHFMs with sub-micron thick selective 

layers is expected a major step toward the scalable applications of high-performance MMMs for 

gas separations.   
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CHAPTER VI 

CONTROLLING PROPYLENE/PROPANE SEPARATION PERFORMANCES FOR MIXED-

MATRIX MEMBRANES DERIVED FROM IN-ISTU FORMATION OF ZIF-8 BY 

CROSSLINKING 

 

6.1. Introduction 

 For gas separation, mixed-matrix membranes (MMMs) are promising alternatives to the 

current polymer membranes whose performances are limited by the trade-off between 

permeability and selectivity.3 A number of studies demonstrated that incorporating highly 

permeable and/or selective molecular sieve fillers in polymer matrices led to the improved gas 

separation performances of polymer membranes, overcoming their intrinsic limitations.43, 48, 105 

Despite their potentials, there have been only a few reports on MMMs in more scalable 

geometries such as hollow fiber forms (i.e., mixed-matrix hollow fiber membranes with 

submicron selective skin layers) for large-scale applications.45 This is probably due to several 

challenges of applying established hollow fiber spinning processes to mixed-matrix hollow fiber 

membrane (HFMMM) fabrication, often leading to poor interface between polymer matrix and 

fillers,267 filler agglomeration,60 several micron-thick selective skin layers,268 and others. It turns 

out extremely difficult to address the above-mentioned challenges when fillers need to be 

incorporated in submicron selective skin layers of HFMMMs.268 

Recently, we reported a novel MMM fabrication technique namely polymer-modification 

enabled in-situ metal-organic framework formation (PMMOF) to address the above-mentioned 

issues associated with scalable MMM formation.124-125, 269 The PMMOF decouples a polymer 

membrane fabrication step from a filler incorporation step by growing MOF fillers in-situ in a 
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modified-polyimide film. The resulting MMMs exhibited excellent C3 separation as compared to 

those MMMs prepared by the conventional blending method. Furthermore, we demonstrated the 

first MMM module containing multi-stranded mixed-matrix hollow fiber membranes with 

submicron-thick selective skin layers by transforming a preformed module with PI-coated 

polyethersulfone hollow fibers using the PMMOF.270  

Unfortunately, the PMMOF led to a significant decrease in the gas permeability.124, 269 The 

low permeability was attributed possibly to polymer densification/rigidification upon the in-situ 

formation of fillers.124 It is known that the gas permeability in polymer decreases due to reduced 

polymer free volume and/or restricted chain mobility.271 Polymer rigidification is expected more 

pronounced in the MMMs prepared by the PMMOF than in those conventional MMMs. This is 

because in-situ filler formation during the PMMOF results in fillers with much smaller in size (< 

100 nm) and enhanced compatibility with polymer, thereby providing larger and more 

compatible polymer/filler interfaces, consequently more restricted polymer chain mobility.272 

Therefore, we hypothesize that polymers with more rigid structures and higher free volumes may 

reduce further rigidification/densification upon the PMMOF, thereby mitigating the permeability 

decrease. 

Cross-linking polymer chains is an effective means to get a more rigid polymer structure. 

Cross-linking has been widely used in polymer gas separation membranes to enhance their 

resistance of plasticization under aggressive condensable gas conditions such as CO2, CH4, and 

C3H6.
273-274 As a derivative of 4,4′-(Hexafluoroisopropylidene)diphthalic anhydride (6FDA)-base 

polyimides, 4,4'-(hexafluoroisopropylidene) diphthalic anhydride- diaminobenzoic acid 2,4,6-

trimethyl-1,3-phenylenediamine (6FDA-DAM:DABA) is a thermally cross-linkable polymer and 

has been extensively studied for gas separations.275-278 Sub-Tg cross-linking of 6FDA-
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DAM:DABA (3:2) led to excellent plasticization resistance.275, 277 Furthermore, the nano-scale 

chain rearrangement upon cross-linking enhanced the gas permeabilities of the polymer several 

times.275 

In this study, we prepared ZIF-8-containing MMMs by the PMMOF using cross-linked 

6FDA-DAM:DABA (3:2) polymer films. The polymer films were cross-linked at different 

temperatures, resulting in different degrees of cross-linking. We investigated the effect of degree 

of cross-linking on the in-situ formation of ZIF-8 filler particles in the cross-linked polymers and 

tested the C3H6/C3H8 separation performances of the MMMs. The results indicated that the 

degree of cross-linking played a key role in mitigating the C3H6 permeability and controlling the 

C3H6/C3H8 separation performances. 

 

6.2 Experimental 

6.2.1. Materials 

4,4'-(hexafluoroisopropylidene) diphthalic anhydride- diaminobenzoic acid 2,4,6-trimethyl-

1,3-phenylenediamine (6FDA-DAM:DABA) (3:2) with Mw of 223k and PDI of 2.37 was 

purchased from Akron Polymer Systems Inc. Polymer of intrinsic microporosity-1 (PIM-1) was 

kindly provided from Hanyang University in Korea. Sodium formate (HCOONa, ≥ 99 %), zinc 

nitrate hexahydrate (Zn(NO3)2·6H2O, 98 %), and 2-methylimidazole (HmIm) (C4H6N2, 99 %) 

were provided from Sigma-Aldrich. Methanol (CH3OH, > 99.8 %), chloroform (CHCl3, > 

99.8 %), and N,N-dimethylformamide (DMF) (C3H7NO, > 99.8 %) were obtained from Alfa 

Aesar. All chemicals were used as-received without further purification. 
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6.2.2. Preparation of polymer membranes 

Polymer films were prepared by a drop casting method on porous α-alumina disks. The 

preparation of α-alumina disks is described elsewhere.279 6FDA-DAM:DABA (3:2) was 

dissolved in DMF with a polymer concentration of 2 wt%. 0.24 ml of the polymer solution was 

slowly dropped onto an α-alumina disk. Immediately after, the sample was placed in a vacuum 

oven pre-heated at 150 oC and dried for 1 day. For a reference, PIM-1 polymer films were 

prepared. 2 wt% of a PIM-1 polymer solution prepared by dissolving the polymer in CHCl3 was 

casted onto an α-alumina disk in a solvent-saturated glove bag. For both samples, the polymer 

layers on α-alumina disks were ~ 8 μm thick. 

 

6.2.3. Heat-treatment of polymer membranes 

The film samples of 6FDA-DAM:DABA (hereafter, PI) were thermally cross-linked at 370 

oC and 420 oC, denoted as X-PI(370) and X-PI(420), respectively, for 120 min with a ramp rate 

of 10 oC min-1 under the argon flow of 200 cm3 min-1 in a tube furnace (Thermo Scientific, 

USA). Before heating, the reactor was purged with UHP argon for at least 1 h at room 

temperature. The gas flow rate was controlled by a mechanical flowmeter (Cole Palmer). 

 

6.2.4. Preparation of MMMs by PMMOF 

The PMMOF process involves hydrolysis, ion exchange, ligand treatment, and 

imidization.124 The cross-linked polymer films were hydrolyzed at different conditions 

depending on the degree of cross-linking. 0.67 M and 3.33 M sodium formate solutions were 

prepared by dissolving 20 mmol and 100 mmol of sodium formate in 30 ml of D.I. water, 

respectively. X-PI(370) was hydrothermally hydrolyzed at 120 oC for 3 h in a Teflon-lined 
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autoclave containing the 0.67 M sodium formate solution with the film vertically placed in a 

custom-made Teflon holder. X-PI(420) was similarly hydrolyzed in the 3.33 M sodium formate 

solution at at 120 oC for 5 h. It is noted that the hydrolysis conditions were chosen to achieve 

similar degree of hydrolysis (i.e., degree of deimidization) for both X-PIs to avoid the sample 

disintegration upon the hydrolysis step. For ion exchange, the hydrolyzed films were saturated 

with zinc solutions of varying concentrations (20 mmol, 40 mmol, and 60 mmol of zinc nitrate 

hexahydrate in 40 ml of DI water) for 2 h. After briefly washing with methanol, the films were 

then immersed into a ligand solution (25 mmol of HmIm in 30 ml of methanol) and the reaction 

was carried out at 40 oC for 2 h. Afterward, the films were washed in flash methanol for 1 day at 

room temperature using a lab shaker. Finally, the thermal imidization was performed at 250 oC 

for 3 h in a pre-heated convection oven. For comparison, PIM-1/ZIF-8 MMMs were prepared by 

slightly modifying the PMMOF process. The prepared PIM-1 films were immersed into the ion 

exchange solutions with the zinc concentration of 20 mmol and 40 mmol. Followed by the brief 

washing step with methanol, the ligand treatment was conducted using the ligand solution 

prepared by dissolving 25 mmol of HmIm in 30 ml of methanol at 40 oC for 2 h. After washing 

the samples with methanol at room temperature overnight, those are dried at 120 oC for 1 h. 

 

6.2.5. Characterizations 

Thermogravimetric analysis (TGA, Q50 TA instruments) was carried out at a temperature 

range from 25 oC to 700 oC with a heating rate of 10 oC/min under air or argon flow of 50 cm3 

min-1. Differential scanning calorimetry (DSC, Q20 TA instruments) was performed by ramping 

the temperature from 25 oC to 420 oC with a rate of 5 oC/min under 100 cm3 min-1 of argon flow 

using Tzero aluminum hermetic pans. All DSC results were taken from 1st scan to avoid polymer 
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thermal hysteresis. Electron micrographs were taken using a scanning electron microscope 

(SEM, JEOL JSM-7500F) operated at an acceleration voltage of 5 keV with a working distance 

of 15 mm. Powder X-ray diffraction (PXRD, Rigaku Miniflex II) patterns were taken using Cu-

Kα radiation (λ = 1.5406 Å) at a 2 θ range of 5 – 40 o. Fourier transform infrared (FT-IR) spectra 

were taken using a spectrometer (Nicolet iS5 Thermo Scientific) equipped with an attenuated 

total reflectance (ATR, iD7) accessory in a wavenumber range of 4000 – 400 cm-1 with a 

resolution of 4 cm-1 and 16 scans. 

 

6.2.6. Gas permeation measurements 

C3 gas permeation tests were conducted by the Wicke-Kallenbach technique using 

equimolar binary C3H6 and C3H8 gas mixture at room temperature under 1 atm. Both feed and 

argon sweep gases were supplied at a flow rate of 20 cm3 min-1. The permeation performances of 

membranes were measured at steady-states. Steady states were declared when the variation of the 

gas permeance reached at less than 1% with 30 min intervals. The gas compositions on the 

permeate side were determined using a gas chromatography (GC 7890A, Agilent) equipped with 

a flame ionized detector (FID) and a HP-plot Q column. 

 

6.3. Results and discussion 

6.3.1. Fabrication of cross-linked-PI/ZIF-8 MMMs by the PMMOF 

Figure 6.1 shows two different approaches to prepare MMMs consisting of ZIF-8 fillers 

embedded in cross-linked 6FDA-DAM:DABA (3:2) polymer (X-PI). The first approach seems 

feasible with either the conventional blending methods or the PMMOF process. It involves the 

incorporation of ZIF-8 fillers in an uncross-linked polymer (PI) followed by the cross-linking of 
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MMMs at temperature below the decomposition temperature of ZIF-8 (i.e., Td of ZIF-8 ~ 300 oC 

and ~ 500 oC under air and inert gas, respectively).280 However, this approach poises a critical 

challenge that ZIF-8 structure can be compromised not only by thermal treatment at high 

temperature of above 330 oC but also by the presence of acidic DABA moieties (i.e., carboxyl 

groups).163, 275 Furthermore, Lively et al.163 reported the gelation of ZIF-8-containing 6FDA-

DAM:DABA (4:1) dope solutions upon sonication, thereby fabricating 6FDA-DAM:DABA 

(4:1)/ZIF-8 MMMs with extra cautions.163 Considering these challenges, we take the second 

approach where the polymer is first cross-linked, followed by the in-situ formation of ZIF-8 

fillers inside the cross-linked polymer via the PMMOF process as illustrated in Figure 6.1. Since 

cross-linked polymers are not easily dissolved in common organic solvents,275, 281 the PMMOF is 

expected much more effective in fabricating X-PI/ZIF-8 MMMs than the conventional blending 

methods. 

 

 

Figure 6.1. Schematic illustration of preparing cross-linked PI polymer/ZIF-8 MMMs with two 

different routes: filler incorporation followed by cross-linking (red) vs. cross-linking followed by 

filler formation (green). 
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6.3.2. Thermal cross-linking of polymer 

Figure 6.2a presents the thermal decomposition behaviors of PI and X-PI at two different 

heat-treatment temperatures of 370 oC and 420 oC, which are below and above of Tg reported (~ 

387 oC), respectively.275, 278 For the PI, a minor weight loss was observed in the temperature span 

of ca. 400 ~ ca. 465 oC with weight change of ~ 3.3 wt% (Figure 6.2a). This minor weight loss is 

attributed to the thermal decarboxylation and subsequent generation of phenyl radicals, 

consequently leading to a decarboxylation-induced polymer cross-linking (Figure 6.2b).275, 282 

Following the minor weight loss, there was a major weight loss resulting from degradation of 

polymer chain backbones in the temperature range of ca. 465 oC ~ 800 oC with the additional 

weight loss of ~ 46 wt% (Figure 6.2a). The X-PI samples treated at 370 oC (hereafter, X-PI 

(370)) and at 420 oC (hereafter, X-PI (420)) showed ~ 2.9 wt% and ~ 0.4 wt% loss in the range 

of ca. 400 ~ ca. 465 oC, respectively (Figure 6.2a). This indicates a partial loss of the carboxyl 

groups of the X-PI (370) and almost complete removal of the carboxyl groups of the X-PI (420). 

 

 

Figure 6.2. (a) TGA thermograms of free-standing 6FDA-DAM:DABA (3:2) (PI), X-PI (370), 

and X-PI (420) and (b) a possible chemical structure of the cross-linked PI in comparison with 

the chemical structure of the PI. 
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To confirm cross-linking, the solubilities of free-standing X-PI films were tested by 

immersing 10 mg of the samples in 2 ml of DMF at room temperature. As expected, the pristine 

PI films were immediately dissolved in DMF, whereas the X-PI films were swollen but 

preserved for at least one day, confirming a decrease in their solubilities upon cross-linking 

(Figure 6.3). The X-PI(370) was swollen more intensely and rapidly than the X-PI(420) likely 

due to its lower degree of cross-linking.283 Figure 6.4 presents the X-ray diffraction patterns of 

the X-PI samples in comparison of that of the PI sample. As shown in the figure, the PI sample 

shows two broad peaks at 2θ of ~ 13.4 o and ~ 15.5 o, suggesting the presence of two inter-chain 

distances, ~ 6.6 Å  and ~ 5.7 Å . Upon cross-linking, the intensity of the peak at ~ 13.4 o increased 

while that of the peak at ~15.5 o decreased. This result is consistent with the previous report that 

the average inter-chain distance was enlarged upon cross-linking (i.e., the portion of the inter-

chain distance of ~ 6.6 Å  was increased relative to that of ~ 5.7 Å ), suggesting an increase in the 

polymer free-volume.275 Furthermore, the Tg of the X-PI samples increased from ~ 367 oC to ~ 

381 oC and ~ 415 oC upon cross-linking at 370 oC and 420 oC, respectively (see Figure 6.5), 

indicating significantly restricted polymer chain flexibility with the increase in the degree of 

cross-linking. 
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Figure 6.3. Photographic images of PI (a), X-PI(370) (b), and X-PI(420) (c) in air and DMF. 

 

 

 

Figure 6.4. XRD patterns of PI and X-PIs coated on α-alumina supports. 
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Figure 6.5. DSC thermogram of PI and X-PIs. 

 

6.3.3. In-situ ZIF-8 formation in cross-linked polymers 

The in-situ formation of ZIF-8 in X-PIs was performed by the PMMOF which involves four 

steps: hydrolysis, ion exchange, ligand treatment, and imidization.124 First, the imide rings of a 

X-PI(420) were cleaved via hydrolysis, turning it into a cross-linked poly(amic acid) (X-PAA). It 

was confirmed that the intensities of the asymmetric C=O stretching (~ 1722 cm-1) and C-N 

stretching (1355 ~ 1359 cm-1) of imide rings decreased as compared with that of the C-C 

stretching of benzene rings (~ 1486 cm-1) upon hydrolysis (Figure 6.6 and Figure 6.7). Based on 

the ratio of the C-N and C-C stretching intensities, the degree of imidization (DI) of the X-PAA 

was estimated at ~ 70 %.124 It is noted that the less cross-linked X-PI(370) samples were more 

prone to hydrolysis than the more cross-linked X-PI(420), requiring milder hydrolysis to achieve 

the similar DI. Due to the similar degree of hydrolysis, the X-PI (370) showed similar FT-IR 

spectra (see Figure 6.7). Once ZIF-8 was in-situ formed, the X-PAA/ZIF-8 was imidized, 

resulting in the increase in the normalized intensities of the asymmetric C=O and C-N stretching 

by that of the C-C stretching of the X-PAA/ZIF-8 (Figure 6.6 and Figure 6.7). It indicated imide 



 

119 

 

 

 

ring formation from the carboxylic salts of the X-PAA/ZIF-8, thereby forming an X-PI/ZIF-8. 

The degree of imidization of the X-PI/ZIF-8 increased to ~ 90 % from ~ 60 % of the X-

PAA/ZIF-8, which is comparable with that reported in our previous work.124 

 

Figure 6.6. FT-IR spectra of the X-PI(420) sample at each polymer modification step in 

comparison with that of the pristine PI.  

 

 

 

Figure 6.7. FT-IR spectra of the X-PI(370) sample at each polymer modification step in 

comparison with that of the pristine PI. 
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To confirm the presence of in-situ formed ZIF-8 inside the X-PIs, all surface-bound ZIF-8 

particles were removed by gently wiping the top sample surface with a Kimwipe soaked with a 

diluted acid solution (i.e., 0.1 M of H2NO3). As shown in Figure 6.8, the XRD intensities of both 

X-PI/ZIF-8 samples were decreased after the acid treatment. The corresponding SEM images 

showed that surface-bound ZIF-8 clusters were eliminated by the acid treatment (Figure 6.9). 

Nevertheless, there remained ZIF-8 diffraction patterns (Figure 6.8), indicating that ZIF-8 

particles were formed inside the X-PI films by the PMMOF. In addition, the XRD showed that 

the (011) peak of the X-PI(370)/ZIF-8 is stronger than that of the X-PI(420)/ZIF-8, indicating 

that more ZIF-8 filler particles formed inside the X-PI(370) than the X-PI(420). On the other 

hand, the broader and very small (011) peak of the PI/ZIF-8 along with unidentified peaks 

strongly suggested the crystallinity of ZIF-8 formed in-situ inside the uncross-linked PI was 

compromised likely due to the decomposition by the acidic DABA moieties of the polymer 

(Figure 6.8). 
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Figure 6.8. XRD patterns of X-PI(370)/ZIF-8, X-PI(420)/ZIF-8, and PI/ZIF-8. The overlapped 

lines in lighter colors are the diffraction patterns of the samples before acid treatments for the 

comparison. 

 

 

 

Figure 6.9. Cross-sectional SEM images of (a) as-prepared and (b) acid-treated X-PI(370)/ZIF-8 

and (c) as-prepared and (d) acid-treated X-PI(420)/ZIF-8. The inset images are the corresponding 

top views. 
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As seen in Figure 6.9a and b, the X-PI(370)/ZIF-8 showed a rough cross-sectional surface, 

which was consistent with the previous observation made in uncross-linked 6FDA-DAM/ZIF-8 

MMMs.124 In stark contrast, the X-PI(420)/ZIF-8 showed a smooth cross-sectional surface 

(Figure 6.9c and d), which might be attributed to the suppressed formation of ZIF-8 as observed 

in the XRD. The high degree of cross-linking likely impeded zinc uptakes in the free volume by 

obstructing a swelling of the polymer,284 thereby leading to the smaller amount of ZIF particles 

forming than in the X-PI(370)/ZIF-8. Under the same ion exchange conditions (i.e., 0.5 M zinc 

solution), the ZIF-8 loadings in the X-PI(370)/ZIF-8 and the X-PI(420)/ZIF-8 were estimated at 

~ 8 wt% and ~ 3 wt%, respectively(the detailed analysis on ZIF-8 loadings is presented in the 

paragraph below). As such, it was surmised that the rough cross-sectional surface of the X-PI 

stemmed likely from an in-situ formation of ZIF-8 particles in the swollen polymer. 

 

As the zinc concentration of the ion exchange solution increased from 0.5 M to 1.0 M to 1.5 

M, the ZIF-8 loading in the X-PI increased continuously (Figure 6.10 and Table 6.1).124 The ZIF-

8 loading was determined based on the residual weight of the corresponding free-standing MMM 

sample upon thermal oxidation (Figure 6.11). As shown in Figure 6.10, the X-PI(370)/ZIF-8 

samples showed not only significantly more ZIF-8 loadings but also much sharper increase than 

the X-PI(420)/ZIF-8. This is likely due to the favorable formation of ZIF-8 particles resulting 

from the lower degree of cross-linking of the X-PI(370). 
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Figure 6.10. ZIF-8 loadings in X-PI/ZIF-8 MMMs as a function of the zinc concentrations of ion 

exchange solutions. 

 

 

Table 6.1. Loading percentages of ZIF-8 in-situ formed in cross-linked polymers. 

Sample 
Zinc concentration in ion exchange solution 

0.5 M 1.0 M 1.5 M 

X-PI(370)/ZIF-8 7.6 ± 1.9 wt% 14.9 ± 3.3 wt% 19.7 ± 2.8 wt% 

X-PI(420)/ZIF-8 2.8 ± 1.0 wt% 4.8 ± 0.8 wt% 6.2 ± 1.7 wt% 
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Figure 6.11. TGA thermogram of ZIF-8 and MMMs under air flow. The numbers in a bracket 

are the concentrations of zinc in ion exchange solutions with a unit of molarity. 

 

To check the chain flexibility of the X-PI/ZIF-8 MMMs, differential scanning calorimetry 

(DSC) experiments were performed. As shown in Figure 6.12a, the Tg of the X-PI(370)/ZIF-8 

decreased relative to that of the X-PI(370), suggesting the cross-linked polymer became less 

rigid upon the PMMOF possibly due to the incomplete imidization. Nevertheless, the Tg of the 

X-PI(370)/ZIF-8 remained unchanged regardless of ZIF-8 loading, indicating no further chain 

rigidification. In contrast, the Tg of the uncross-linked 6FDA-DAM/ZIF-8 MMMs increased 

slightly relative to that of the 6FDA-DAM, indicating that the uncross-linked polymer became 

more rigid upon ZIF-8 incorporation (i.e., chain rigidification) (Figure 6.12b). Upon the in-situ 

formation of ZIF-8 fillers, the uncross-linked polymer underwent the more intensive 

rigidification than the cross-linked rigid polymer. As seen in Figure 6.12c, the X-PI(470)/ZIF-8 

MMMs showed no distinct endothermic peaks in the DSC curves in the tested range of 

temperatures (up to 420 oC). Instead, the polymers were decomposed prior to a glass transition 

owing to their rigid structure (Figure 6.12c). 

 

  

Figure 6.12. DSC thermograms of X-PI(370) and X-PI(370)/ZIF-8 MMMs. The numbers in the 

brackets are the ZIF-8 loadings. 



 

125 

 

 

 

6.3.4. C3H6/C3H8 separation performance 

Figure 6.13a represents the C3H6 permeabilities and C3 separation factors of the X-PI and 

the X-PI/ZIF-8 MMMs as a function of ZIF-8 loading.124 Despite the lower ZIF-8 loadings, the 

X-PI(420)/ZIF-8 MMMs showed a more dramatic decrease in the C3H6 permeability than the X-

PI(370)/ZIF-8 MMMs (Figure 6.13a and Table 6.2). The X-PI(420)/ZIF-8 showed a sharper 

increase in the separation factor than the X-PI(370)/ZIF-8 likely due to the more severe polymer 

densification (Figure 6.13a and Table 6.2). While the both X-PI/ZIF-8 membranes showed a 

steady increase in the separation factor at the relatively low ZIF-8 fractions, the X-PI(370)/ZIF-8 

exhibited a sudden reduction in both separation factor and C3H6 permeability when the loading 

was greater than ~ 15 wt% (Figure 6.13a).   

The X-PI/ZIF-8 MMMs, in particular, the X-PI(370)/ZIF-8 MMMs, showed relatively high 

C3 separation factors with relatively low C3H6 permeability in comparison with those MMMs 

reported recently (Figure 6.13b).1, 124-125, 138, 140, 256, 258, 260, 262, 285-291 The C3 separation 

performance of the X-PI(420)/ZIF-8 tended to follow the upper bound with the increased filler 

loadings (Figure 6.13b). In stark contrast, the X-PI(370)/ZIF-8 MMMs showed significantly 

increased separation factor (i.e., from ~ 18 to ~ 43) with a small reduction in the permeability 

(i.e., from ~ 3.1 Barrer to ~ 2.3 Barrer), satisfying the criteria for commercial C3 separation (i.e., 

C3H6 permeability > 1 Barrer and C3 separation factor > 35) (Figure 6.13b).292 Although the X-

PI(420)/ZIF-8 displayed more pronounced permeability reduction than the X-PI(370)/ZIF-8, the 

X-PI(420)/ZIF-8 MMMs showed higher C3H6 permeability than the X-PI(370)/ZIF-8 MMMs 

due to the high permeability of the neat polymers. It is noted that the neat X-PI(420) showed 

higher C3H6 permeability than the neat X-PI(370) possibly due to the increased free volume by 

chain rearrangements, similar to thermally-rearranged polymer (TR-polymer).275, 293 
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To investigate the permeability reduction thoroughly, as shown in Figure 6.13c, the C3H6 

permeabilities of the MMMs using different polymer matrix (i.e., X-PI(370) and X-PI(420), 

6FDA-DAM124, and PIM-1) were normalized based on their neat polymer membranes and 

compared as a function of ZIF-8 loadings. It is reminded that all MMMs were prepared by the 

PMMOF except PIM-1. Since there are no imide groups in PIM-1, the PIM-1/MMMs were 

prepared without hydrolysis and imidization steps. As the ZIF-8 loadings increased, the 

normalized C3H6 permeabilities of all MMMs decreased, showing negative exponential trend 

curves (Figure 6.13c). It was likely due to the decrease in the polymer free volumes and the 

restricted chain mobilities as ZIF-8 particles incorporated in the polymer. Therefore, the slopes 

of trend the curves indicate the extents of change of the polymer properties (i.e., densification 

and rigidification) resulting from the incorporation of ZIF-8. The slopes increased in the order of 

X-PI(370) < 6FDA-DAM << X-PI(420) < PIM-1 (Figure 6.13c). We initially supposed that a 

polymer with a larger free volume and a more rigid structure might mitigate the densification and 

the rigidification upon ZIF-8 incorporation, thereby suppressing permeability reduction. 

However, PIM-1/ZIF-8 exhibited the most dramatic permeability reduction although PIM-1 

possesses an exceptionally large volume and is one of the most rigid polymers (Tg of above 500 

oC).294 Similarly, the more rigid X-PI(420)/ZIF-8 MMMs showed much more dramatic decrease 

in the permeability than the X-PI(370)/ZIF-8 MMMs. 

The considerable permeability reduction of the PIM-1/ZIF-8 and the X-PI(420)/ZIF-8 might 

be attributed to the negligible polymer swellings and the absence of the subsequent chain 

rearrangements upon the PMMOF. Both PIM-1 and X-PI(420) were less likely to be swollen 

during the PMMOF process since PIM-1 did not go through the hydrolysis step and the fully 

cross-linked X-PI(420) was expected to show high resistance to swelling. On the other hands, the 
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less rigid X-PI(370)/ZIF-8 and the uncross-linked 6FDA-DAM/ZIF-8 MMMs showed much less 

permeability reduction. More swellable X-PI(370) and 6FDA-DAM were prone to generate 

additional free volumes upon the chain rearrangements (Figure 6.13d). As such, the regenerated 

free volume by the swelling is likely critical to prevent the blockage of gas transport pathway by 

in-situ formed crystals. On the other hand, despite the lower degree of swelling of X-PI(370) 

than that of 6FDA-DAM due to the partial cross-linking, the X-PI(370) more effectively 

prevented the permeability decrease compared to the 6FDA-DAM (Figure 6.13c). This was 

likely attributed to the higher chain rigidity of X-PI(370) than that of 6FDA-DAM, which 

prevented the rigidification of polymers by fillers, supporting our initial assumption that 

controlled crosslinking degree enable to suppress the permeability reduction.295 
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Figure 6.13. (a) C3H6 permeability (P) and C3 separation factor (SF) of the X-PI/ZIF-8 MMMs 

as a function of ZIF-8 loadings in the MMMs, (b) upper bound plot of the C3 separation 

performances of the X-PI/ZIF-8 MMMs in comparison with those of reported MMMs (○)11, 29-42 

and ZIF-8 (△)1, (c) normalized C3H6 permeabilities of in-situ formed ZIF-8 containing MMMs 

as a function of ZIF-8 loadings, and (d) schematic illustrations of the free volume and chain 

flexibility changes before and after the PMMOF process. 

 

Table 6.2. Summary of C3H6/C3H8 separation performances of polymer membranes and MMMs 

at ~ 1 atm and room temperature. 

Sample ZIF-8 loading (wt%) 
C3H6 permeability 

(Barrer) 

C3H6/C3H8 separation 

factor 

PI - 1.51 ± 0.34 23.9 ± 4.4 

X-PI(370) - 3.06 ± 0.98 17.7 ± 0.6 

X-PI(370)/ZIF-8 

7.6 2.87 ± 0.51 26.9 ± 4.1 

14.9 2.32 ± 0.58 42.7 ± 2.1 

19.7 1.30 ± 0.04 32.0 ±1.2 

X-PI(420) - 8.91 ± 1.48 15.2 ± 0.7 

X-PI(420)/ZIF-8 

2.8 4.71 ± 0.01 22.0 ± 5.0 

4.8 3.23 ± 0.08 28.8 ± 2.7 

6.2 2.59 ± 0.15 32.5 ± 6.9 

 

 

6.4. Conclusion 

In conclusion, we demonstrated a strategy to mitigate the gas permeability reduction of ZIF-8-

containing MMMs by the polymer-modification enabled in-situ metal-organic framework 

formation (PMMOF). The strategy is based on controlling a degree of cross-linking of the 

continuous polymer phases. The cross-linkable polyimide (i.e., 6FDA-DAM:DABA (3:2)) was 
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thermally cross-linked at the sub-Tg (370 oC) and above- Tg (420 oC), denoted as X-PI(370) and 

X-PI(420), respectively. The degree of cross-linking led to variation in the polymer properties 

(i.e. free volume, chain mobility, swelling resistance, and etc.), thereby considerably affecting 

the in-situ formation of ZIF-8 filler particles. The more cross-linked the polymer the more 

restricted the in-situ formation of ZIF-8 particles. As a consequence, the X-PI(420)/ZIF-8 

MMMs showed a considerable decrease in the C3H6 permeability and a moderate increase in the 

C3 separation factor. However, a substantially larger amount of ZIF-8 particles were formed in 

the less cross-linked polymer (i.e., X-PI(370)) than in the more-crosslinked X-PI(420). 

Consequently the X-PI(370)/ZIF-8 MMMs showed a significant C3 separation factor 

improvement (from ~ 18 to ~ 43 at 15wt% of loading) with a minor C3H6 permeability reduction 

(from ~ 3.1 Barrer to ~ 2.3 Barrer), satisfying the commercially attractive C3 separation criteria. 

Furthermore, the permeability reduction of the MMMs prepared by the PMMOF was 

investigated by comparing with MMMs made of uncross-linked 6FDA-DAM and rigid PIM-1. 

The more swellable polymers (i.e., 6FDA-DAM and less cross-linked X-PI(370)) showed much 

less permeability reductions than the other less swellable polymers (i.e., PIM-1 and more cross-

linked X-PI(420)). Besides, the X-PI(370)/ZIF-8 MMMs showed a much smaller permeability 

reduction than the 6FDA-DAM/ZIF-8 MMMs, suggesting the rigidification by the in-situ formed 

ZIF-8 upon the PMMOF was mitigated with the X-PI(370). In other words, there are two 

important factors that interplay to suppress permeability reduction in MMMs prepared by the 

PMMOF: 1) the polymer swelling upon the PMMOF that might regenerate free volume and 2) 

the rigid polymer structures that are resistant to further rigidification upon the PMMOF.  
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CHAPTER VII 

TRANSFORMING POLYMER HOLLOW FIBER MEMBRANE MODULES TO MIXED-

MATRIX HOLLOW FIBER MEMBRANE MODULES FOR POLYLENE/PROPANE 

SEPARATION 

 

7.1. Introduction 

Membrane-based propylene/propane (C3 separation) separation is an energy-efficient 

alternative to conventional thermally-driven technologies such as distillation.238 Nevertheless, 

the efficiency of energy saving depends largely on the separation performance of membranes.128 

The inherent separation performance limitation (i.e., trade-off between permeability and 

selectivity) of cost-effective and scalable polymeric membranes precludes the polymer 

membranes from satisfying the commercial-attractive C3 separation performance criteria (i.e., > 

1 Barrer of C3H6 permeability and > 35 of C3 selectivity).129, 239 Although polycrystalline 

molecular sieve membranes such as ZIF-8 membranes showed surprisingly high C3 separation 

performance,130, 296-297 they are prohibitively expensive mainly due to the difficulty and 

complexity of synthesis among others.298 Thus there have been great research interests in mixed-

matrix membranes (MMMs) combining advantages of both processible polymer and molecular 

sieve membranes by dispersing a molecular sieve phase with a continuous polymer phase.1, 138, 

140, 258 

Despite the impressive advancement over decades, the majority of the reported MMMs were 

in flat sheet forms. Given the area-to-volume ratio, however, hollow fiber forms are much more 

*Modified and reprinted with permission from “Transforming Polymer Hollow Fiber 

Membrane Modules to Mixed-Matrix Hollow Fiber Membrane Modules for Propylene/Propane 

Separation” by Sunghwan Park and Hae-Kwon Jeong, Journal of Membrane Science, 2020, 

612, 118429-118436, Copyright 2020, Elsevier 
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desirable for large-scale applications.61, 251, 299-301 The rarity of mixed-matrix hollow fiber 

membranes (MMHFMs) testifies the engineering challenges associated with spinning high-

quality fibers using filler-containing dope solutions.142, 302 There have been only very few reports 

on MMHFMs, in particular, for C3 separation which requires much fewer defects than other light 

gas separations.142 Koros and his coworkers142 were the first to successfully demonstrate 6FDA-

DAM/ZIF-8 MMHFMs with ZIF-8 loading as high as 30 wt% for C3 separation. Though 

pioneering, the as-spun MMHFMs showed poor C3 separation performance and the relatively 

high C3 separation factor (27.5) could be achieved only after multiple additional coating layers 

were applied.142 It is noteworthy of mentioning that the presence of the additional coatings would 

increase the overall thickness of MMM skin layers. In fact, the propylene permeance of the 

MMHFMs were substantially decreased after the additional coatings. It is, therefore, of critical 

importance to develop new MMM fabrication methodologies that enable facile and scalable 

formation of asymmetric MMHFMs with submicron-thick MMM skin layers exhibiting 

relatively high C3 separation performances without additional coating layers. 

It is extremely challenging to form high-quality asymmetric MMHFMs in a scalable manner 

using conventional physical blending and single-step spinning methods stemming from the 

difficulty of controlling skin layer defects and polymer/filler interfacial structures.101, 303-304 

Recently we proposed the polymer-modification-enabled in-situ metal-organic framework 

formation (PMMOF) as a scalable MMM fabrication method.193, 305-306 The PMMOF decouples 

polymer film deposition and MMM formation steps, thereby enabling scalable formation of 

MMMs with unprecedentedly thin skin layers.193, 305 Furthermore, the PMMOF is more likely to 

produce MMMs with less defects since MOF crystals grow in-situ inside polymer, effectively 

suppressing interfacial void formations and defective particle agglomerations.193, 305 As a proof-
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of-concept, we also reported fabrication of MMHFMs by the PMMOF, showing the 

propylene/propane separation factors of ~ 20.193 It is noted that the MMHFMs reported were 

premade and then assembled into a test module for gas permeation testing.193, 305 Considering the 

difficulty of modulation,307
 it would be quite attractive if one can start with off-the-shelf polymer 

hollow fiber membrane (HFM) modules and transform them to MMHFM modules. 

Here, we report 6FDA-DAM/ZIF-8 MMHFM modules by transforming custom-made lab-

scale modules preformed with commercially-available polyethersulfone (PES) HFMs coated 

with 6FDA-DAM using the PMMOF process. Single-strand 6FDA-DAM/ZIF-8 MMHFM 

modules were fully characterized using a battery of tools. The C3 separation performances of the 

single-strand MMHFM modules were measured and compared with the previously reported 

various types of HFMs including MMHFMs. The stability of the individual membrane strands 

was also investigated with respect to aging and plasticization. Finally, we demonstrated and 

tested the first MMHFM modules consisting of up to seven strands, exhibiting increased 

membrane surface area and decent C3 separation performance. To the best of our knowledge, the 

multi-strand MMHFM modules are the first of its kind. 

 

7.2. Experimental 

7.2.1. Materials 

6FDA-DAM (4,4′-(hexafluoroisopropylidene) diphthalic anhydride-2,4,6-trimethyl-1,3-

diaminobenzene, Mw: 148k, PDI: 2.14) was purchased from Akron Polymer Systems Inc. 

Polyethersurfone (PES) microfiltration hollow fiber membrane modules (MiniKros Sampler) 

were purchased from Repligen corporation. Sodium formate (HCOONa, ≥ 99 %), zinc nitrate 

hexahydrate (Zn(NO3)2·6H2O, 98 %), 2-methylimidazole (Hmim) (C4H6N2, 99 %), and 
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polydimethylsiloxane (PDMS, Sylgard®  184, Dow Chemical) were obtained from Sigma-

Aldrich. Methanol (CH3OH, > 99.8 %, Alfa Aesar), ethyl acetate (C4H8O2, ≥ 99.5 %, VWR 

International), and hexane (C6H14, ACS grade, VWR International) were used as solvents. All 

chemicals were used as-received without further purification. 

 

7.2.2. Polyimide coating on porous hollow fiber supports 

Individual polyethersulfone (PES) hollow fiber strands (OD: ~700 μm, ID: ~500 μm and 

surface pore size: ~0.2 μm) were obtained by disassembling an as-purchased PES module. The 

hollow fiber strands were cut into smaller strands with ~ 10 cm in length. To coat a thin 6FDA-

DAM polyimide (PI) layer on a PES fiber strand, a PI coating solution was prepared by 

dissolving 4 wt% of 6FDA-DAM in ethyl acetate. The PES hollow fiber membrane was then 

dip-coated with the coating solution in a glove bag saturated with ethyl acetate vapor. The HFM 

was taken out and hanged vertically in the glove bag overnight for slow solvent evaporation. The 

resulting 6FDA-DAM coated PES HFM was dried under air for an hour and then further dried at 

60 oC overnight in a convection oven. 

 

7.2.3. Modulation of hollow fibers 

PI-coated HFMs were assembled into a laboratory-scale HFM module. The module was 

made of 316 stainless steel tube fittings (Swagelok): one 1/4 in male union cross, four 1/4 in nuts 

and four 1/4 in ferrule sets. Ferrule sets were connected to 1/4 in Teflon tubing cut into 3 cm and 

two of them were connected to the union cross at opposite sides using nuts. 1 ~ 7 fiber strands 

were put into the connected fitting. Both ends of the Teflon tubing were then sealed with epoxy 

resin (3M Scotch-Weld DP110 flexible temperature resistant gray epoxy) using a syringe. After 
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curing the epoxy, each end of the epoxy sealed Teflon tubing was cut to open both ends of the 

HFM module. The nuts and ferrule sets were connected to the ends of the module. The module 

was ~ 10 cm long with the effective HFM length of ~ 6 cm. Figure 7.2 presents the photographs 

of the prepared HFM module. 

 

7.2.4. Preparation of mixed-matrix hollow fiber membranes using the PMMOF 

The PMMOF proceeded with the following steps: 1) hydrolysis, 2) ion-exchange, 3) ligand 

treatment, and 4) imidization.193 All of the steps proceeded by filling the solutions from the shell 

side of a module loaded with a PI-coated PES hollow fiber membrane. The hydrolysis of the PI-

coated PES HFM was carried out in an aqueous sodium formate solution (20 mmol of sodium 

formate dissolved in 30 ml D.I. water) at 120 oC for two hours. After cooling down, the HFMs 

were washed with water overnight at room temperature. Na ions coordinated to the hydrolyzed 

PI layer were then exchanged with Zn ions. The ion-exchange was performed by treating the 

hydrolyzed HFM in a zinc nitrate hexahydrate solution with a various zinc content (20, 40, and 

60 mmol) in 30 ml of water at room temperature for 3 hours. After the ion-exchange solution 

was drained from the HFM module, a ligand treatment solution (25 mmol of 2-methylimidazole 

dissolved in 30 ml methanol) was filled into the HFM module. The HFM module containing the 

ligand treatment solution was then placed into a convection oven pre-heated at 40 oC for 2 hours. 

Afterwards, the module was taken out and kept at room temperature for additional 2 hours. The 

HFM were then washed with methanol overnight at room temperature. Finally, the HFMs were 

dried at room temperature for an hour and then thermally imidized at 210 oC for 3 hours. It is 

noted that when the HFM module was filled with solutions, both ends of the module were sealed 

with plugs. 
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7.2.5. PDMS coating on hollow fiber membranes 

For the confirmation of the absence of major defects on MMHFMs, PDMS coating was 

applied to the HFM modules. 2wt% solution of Sylgard®  was prepared in hexane at 75 oC for 1 

hours with stirring. The HFM modules were filled with the PDMS solution and the modules were 

shaken for 5 min. The solution was drained out of the modules. Soaking HFMs with the PDMS 

solution was repeated 2 more times. Finally, the module was placed in a vacuum oven and the 

PDMS was cured at 75 oC for 2 hours under vacuum. 

 

7.2.6. Characterizations 

Scanning electron microscope (SEM) images were taken using a JEOL JSM-7500F at 5 keV 

acceleration voltage and 15 mm working distance. SEM samples were prepared by freeze 

fracturing in liquid nitrogen followed by Pt coating with thickness of 5 nm. Transmission 

electron microscopy (TEM) analysis was conducted using a FEI Tecnai FE-TEM under 

cryogenic conditions. TEM samples were prepared by microtoming to ~ 60 nm in thickness 

using a Leica UC7 ultramicrotome at room temperature. X-ray diffraction (XRD) patterns were 

taken using a Miniflex II (Rigaku) with Cu-Kα radiation (λ = 1.5406 Å) in the 2 θ range of 5 – 

40 o. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were obtained 

using a Nicolet iS5 spectrophotometer (Thermo Scientific) equipped with iD7 ATR with a 

resolution of 2 cm-1 and 16 scans in the wavenumber range of 4000 – 400 cm-1. 

Thermogravimetric analysis (TGA) was conducted using a Q50 (TA instruments) at the 

temperature range of 25 – 800 oC with the heating rate of 10 oC min-1 under the air flow of 60 

cm3 min-1. 
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7.2.7. Gas permeation measurements 

The equimolar binary C3H6/C3H8 gas separation properties of prepared HFMs were 

measured using the Wicke-Kallenbach technique at room temperature under atmospheric feed 

pressure. The feed gas was supplied at 20 cm3 min-1 while the argon sweeping gas was flowed at 

20 cm3 min-1 on the permeate side. Steady-states were declared when the difference in the 

measured C3H6 permeance of a sample was less than 1 % in a 30 min interval. Composition of 

the permeated gases was determined by gas chromatography (GC 7890A, Agilent) equipped with 

a flame ionized detector (FID) and a HP-plot Q column. C3H6 single gas was used to determine 

the effect of the feed pressure on the permeation property of HFMs. The feed pressure was 

controlled using a back-pressure regulator located at the end of HFM modules. 

 

7.3. Results and discussion 

7.3.1. Transforming polymer HFM modules to PI/ZIF-8 MMFHM module by the PMMOF 

The PMMOF enables transformation of a polymer hollow fiber membrane (HFM) module to 

a mixed-matrix hollow fiber membrane (MMHFM) module.193 To perform the PMMOF, a thin 

6FDA-DAM polyimide (PI) layer was dip-coated on a commercial polyethersulfone (PES) 

hollow fiber membrane, several of which were then assembled into a module with both of the 

ends open (see Figure 7.1 and 7.2). PES HFMs were selected as supports due to their low 

material cost (~ 20 USD/kg), mechanical,308 chemical (mostly inert to the PMMOF),309 and 

thermal stability (Tg of ~ 220 oC)310 as well as their compatibility with fluorinated polyimides.311 

Ethyl acetate was carefully chosen as a solvent since it dissolves 6FDA-DAM while PES HFMs 
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were intact in ethyl acetate (Figure 7.3). The PI-coated HFMs were assembled into a module by 

sealing both ends with epoxy (Figure 7.2). 

 

 

Figure 7.1. Schematic illustration of evolution of commercial polymer (PES) HFMs to PI-coated 

polymer HFMs to a PI-coated HFM module to a PI/ZIF-8 MMHFM module. 

 

 

 

Figure 7.2. Photographs of a polymer hollow fiber membrane module. 
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Figure 7.3. Commercial PES hollow fiber membranes immersing in ethyl acetate. 

 

The PMMOF process involves four steps: hydrolysis, ion exchange, ligand treatment, and 

imidization (Figure 3.1). We demonstrated the potential of the PMMOF to transform flat 

polymer membranes or single polymer hollow fiber membranes into high-quality MMMs in 

Chapter 3. There were, however, several processing issues that should be addressed in order to 

apply the PMMOF to HFM modules. One such issue has to do with properly controlling 

hydrolysis reaction. Hydrolysis reaction partially deimidized a PI layer to form a poly(amic acid) 

sodium salt (PAA-Na) layer (Figure 3.1). This hydrolysis step is essential to provide 

environments inside polymer, enabling accommodation of MOF precursors and eventually in-

situ MOF formation inside polymer.193, 312 Since the PI coating layer on a  PES HFM was much 

thinner (~ 0.75 μm) than that on a flat alumina disk (~ 7 μm),193 the hydrolysis under the same 

conditions as in our previous work (i.e., in a sodium formate solution (3.33 M) at 120 oC for 5 

hours) severely damaged the PI coating layer on a HFM (Figure 7.4a). As such, the hydrolysis 

time was reduced from 5 hours to less than 3 hours, thereby substantially suppressing damages to 

the coating layer upon the hydrolysis (Figure 7.4b and 7.4c). Another challenge was to ensure 

sufficient soaking of a zinc solution during the ion-exchange step.193 Due to the nature of the 
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module, air bubbles were trapped in the module, thereby limiting saturation of the solution. As 

such, air bubbles were removed by evacuating one side of the HFM module under vacuum while 

solutions were supplied to the other side. During the ligand treatment step where ZIF-8 forms in 

polymer free volume (PAA/ZIF-8),193 the polymer HFMs were most swelled, thereby causing 

damages to the skin layers in the limited space of the module (Figure 7.5). It was possible to 

alleviate these damages by maintaining the packing density of the hollow fiber module at < 

30 %. The last step was to thermally imidize the PAA to the PI, stabilizing the gas separation 

performance of the membrane.193 During this thermal imidization step, an epoxy with high 

thermal resistance was used to minimize the thermal expansion and degradation of epoxy (Figure 

7.6). 

 

 

Figure 7.4. SEM images of PI/ZIF-8 MMHFMs prepared under normal hydrolysis times: (a) 5h, 

(b) 3h, and (c) 2h. (a1-c1) cross-section and (a2-c2) top view. 
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Figure 7.5. Illustration of swelling of HFMs in a module upon the ligand treatment. 

 

 

 

Figure 7.6. Photographs of an HFM module before and after imidization. 

 

7.3.2. Characterizations of PI/ZIF-8 MMFHMs by the PMMOF 

FI-IR spectra were taken to monitor the chemical modifications of the PI layer by the 

PMMOF (see Figure 7.7). As shown in the Figure 7.7, there were two strong peaks of the PI at 

1723 and 1356 cm-1 which assigned to C=O and C-N in imide ring, respectively.313 It is noted 

that these peaks related to the imide ring of the PI were not overlapped with that of the PES 
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support. However, the C-C stretching bands of the benzene rings of the PI and the PES were 

overlapped at 1485 cm-1.313 Since the hydrolysis reaction during the PMMOF did not affect 

benzene rings, the intensity of the C-C peaks of the PI and PES overlapped was preserved upon 

the PMMOF. As such, the C-C peak was regarded as an internal standard. The intensities of the 

C=O and C-N peaks were reduced relatively comparing with that of the C-C peak upon the 

hydrolysis. This is because the imide ring of the PI was turned into the carboxyl group of the 

PAA (Figure 7.7). The deimidization was quantitatively evaluated based on the changes of the 

ratio between the intensities of the C=O and C-C peaks. As the PI turned into the PAA-Na, the 

ratio decreased from 2.96 to 2.43, indicating ~ 18 % of deimidization. This was less than that of 

the flat membranes (~ 35 %)193 due to the milder hydrolysis conditions which were necessary in 

order to preserve the integrity of the PI skin layer. It is worthy of mentioning that the basic 

Hmim solution also partially deimidized the polymer (Figure 7.7). The final thermal imdization 

step again increased the ratio, attaining 95 % of imidization (i.e., 5 % of deimidization) (Figure 

7.7). 

 

 

Figure 7.7. Evolution of the FT-IR spectrum of a sample during the PMMOF process. 
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The dimensions and morphology of the HFMs were determined by SEM images. The 

commercial PES microfiltration HFMs used in this study possess the outer diameter of ~ 700 μm 

and the inner diameter of ~ 500 μm (Figure 7.8a1). They were symmetrically porous with the 

surface pore size of ~ 200 nm (Figure 7.8a2).314 When the shell sides of the PES HMFs were 

coated with PI, the porous surfaces of the PES HFMs were completely covered with PI coating 

layers of ~ 750 nm thickness (Figure 7.8b). The thickness of the PI coating was controlled by 

varying the polymer concentration in a dope solution. It was found that the thickness of the skin 

layer was linearly correlated with the polymer concentration in a dope solution (Figure 7.9). 

Importantly, the submicron thickness of the PI coating layer was well-preserved throughout the 

PMMOF steps (Figure 7.8c1). There was no delamination possibly due to the proper affinity 

between the two polymers and the similar expansion/shrinking rates.311 

 

 

Figure 7.8. SEM images of the shell sides of (a) pristine PES HFM, (b) PI-coated HFM, and (c) 

PI/ZIF-8 MMHFM: cross-sectional view (a1, b1, and c1) and top view (a2, b2, and c2). Inset 

images in a1-c1 represent low magnification images of cross-sections of HFMs. 
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Figure 7.9. Thickness of coating as a function of polymer concentration in a coating solution 

 

The in-situ formation of ZIF-8 in the polymer HFMs was investigated by XRD patterns. After 

the PMMOF, there appeared a strong (110) diffraction peak at 7.3 o of 2θ and a relatively low 

intensity of (112) peak at 12.8 o of 2θ along with the broad amorphous hump from polymer (Figure 

7.10). The peaks were well-matched with those of simulated ZIF-8 diffraction patterns, indicating 

the formation of ZIF-8 (Figure 7.10). As shown in Figure 7.8c and Figure 7.11a, however, ZIF-8 

particles of ~ 100 nm and ~ 200 nm in size were founded on the membrane surface as well as 

inside the porous support, respectively. It is noted that the ZIF-8 precursor solutions were likely 

percolated from the shell side of HFMs and filled in pores on the lumen side of HFMs, forming 

ZIF-8 crystals on the support layer. These ZIF-8 particles were removed by flowing a nitric acid 

solution (0.1 M) through the bore (Figure 7.11b) followed by dropping the acid solution on the 

surface (Figure 7.11c). After the sequential acid treatments, there was the notable intensity 

reduction of the PI/ZIF-8 MMHFM. Nevertheless, it showed the relatively strong intensity of the 

diffraction pattern, strongly indicating the presence of a substantial amount of in-situ formed ZIF-

8 particles inside the skin layer (Figure 7.10). 
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Figure 7.10. XRD patterns of as-prepared PI/ZIF-8 MMHFMs along with PI/ZIF-8 MMHFMs 

acid-treated on bore side and acid-treated both bore and shell sides with a nitric acid solution. 
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Figure 7.11. Cross-sectional SEM images of (a) as-prepared PI/ZIF-8 MMHFMs (bore side), (b) 

the one after a nitric acid solution was flowed through the bore (bore side), and (c) the one after a 

nitric acid solution was flowed to both of the bore and the shell (shell side). 
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To further confirm the presence of in-situ formed ZIF-8 particles inside the PI layer, TEM 

analysis was performed. Figure 7.12 presents the TEM images and the corresponding selected 

area electron diffraction (SAED) patterns. It is noted that the TEM analysis was carried out on 

the acid-treated sample to exclude ZIF-8 grown outside the polymer layer. The SAED pattern 

(Figure 7.12a) was well-matched with that of ZIF-8 in literatures,315 confirming that the darker 

regions in the TEM images (Figure 7.12b-c) were randomly oriented in-situ grown ZIF-8 crystals 

inside the PI layer. As shown in Figure 7.12b-c, the in-situ formed ZIF-8 in the skin layer 

represented unique morphologies as observed in our previous reports.193, 305. ZIF-8 agglomerates 

show ring-like and rod-like shapes, likely resulting from the confined growth of ZIF-8 inside the 

polymer free volume. When the PI is hydrolyzed (i.e., deimidized), the free volume of the 

resulting polymer (i.e., PAA-Na) is drastically increased, providing enlarged spaces for ZIF-8 

formation.193 Further studies are required to understand the in-situ formation of uniquely-shaped 

ZIF-8 particles inside polymer by the PMMOF. 
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Figure 7.12. TEM analysis of in-situ grown ZIF-8 in the PI skin layer: (a) selected area electron 

diffraction (SAED) pattern, (b) low magnification TEM image, (c) high magnification TEM 

image. Note that the SAED was taken from the sample area of (c). 

 

The maximum loading percentages of ZIF-8 fillers in the polymer were estimated to 14.5, 

19.6, and 29.6 wt% (Table 7.1). In our previous work,193 a similar observation was made in that 

ZIF-8 content in a polymer was increased as the zinc concentration in ion exchange solutions 

increased. The percentages of ZIF-8 loading were calculated based on the contents of ZnO 

residue formed upon thermal decomposition under air flow (Figure 7.13). The loading 

percentages of ZIF-8 in overall HFM were estimated as follows: 

𝑍𝐼𝐹– 8 𝑤𝑡% =
𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑃𝐼/𝑍𝐼𝐹–8 𝑀𝑀𝐻𝐹𝑀−𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑃𝐴𝐴−𝑍𝑛 𝐻𝐹𝑀

𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑝𝑢𝑟𝑒 𝑍𝐼𝐹–8
× 100(%).             (7.1) 

where W is a residual weight percentage of thermal decomposition. The residue (i.e., ZnO) wt% 

of PI/ZIF-8 MMHFMs were subtracted from that of PAA-Zn by considering the zinc ions 

coordinated to polymer, which are negligibly participate to form ZIF-8.124 By dividing the 

subtracted wt% of PI/ZIF-8 by the residue wt% of ZIF-8, the loading percentages of ZIF-8 in 

overall HFMs were calculated (third column of Table 7.1). It was supposed that the residue of 

PI/ZIF-8 are consist with ZnO mainly due to the almost complete thermal decomposition of 

organic parts under air condition.1 In addition, the calculation of ZIF-8 loading percentages in the 

PI layer was as follows; 

The wt% of PI coating layer was 29.1 ± 2.8 wt%. 

𝑚𝑃𝐼

𝑚𝑃𝐼+𝑚𝑃𝐸𝑆
= 0.291                                                          ( 7 . 2 ) 

By rearranging the expression, 

2.43𝑚𝑃𝐼 = 𝑚𝑃𝐸𝑆. 
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𝑚𝑃𝐸𝑆 can be replaced to 2.43𝑚𝑃𝐼 in the following equation to get a relation between 𝑚𝑃𝐼 and 

𝑚𝑍𝐼𝐹–8. 

𝑚𝑍𝐼𝐹–8

𝑚𝑃𝐼+𝑚𝑃𝐸𝑆+𝑚𝑍𝐼𝐹–8
= 0.1092 𝑓𝑜𝑟 𝑃𝐼/𝑍𝐼𝐹– 8(30)                                  ( 7 . 3 ) 

𝑚𝑍𝐼𝐹–8

3.43𝑚𝑃𝐼+𝑚𝑍𝐼𝐹–8
= 0.1092                                                     ( 7 . 4 ) 

𝑚𝑃𝐼 = 2.38𝑚𝑍𝐼𝐹–8                                                         ( 7 . 5 ) 

ZIF-8 loading percentages in the PI layer is as follow;. 

𝑚𝑍𝐼𝐹–8

𝑚𝑃𝐼+𝑚𝑍𝐼𝐹–8
=

𝑚𝑍𝐼𝐹–8

2.38𝑚𝑍𝐼𝐹–8+𝑚𝑍𝐼𝐹–8
= 0.296                                         ( 7 . 6 ) 

The estimated ZIF-8 wt% in the PI layer was represented in the fourth column of Table 7.1. For 

clarification, PI/ZIF-8 MMHFM samples with different ZIF-8 loading were named with loading 

(wt%) in bracket (i. e., PI/ZIF-8 (15) is a PI/ZIF-8 MMFHM with 15wt% loading). 

 

Table 7.1. Loading percentages of ZIF-8 in PI/ZIF-8 MMHFMs by the PMMOF. 

Sample Residue (wt%) 
ZIF-8 in overall 

HFM (wt%) 
ZIF-8 in PI (wt%) 

PAA-Zn 0.44 n/a n/a 

PI/ZIF-8 (15) 2.12 4.70 14.5 

PI/ZIF-8 (20) 2.81 6.65 19.6 

PI/ZIF-8 (30) 4.34 10.92 29.6 

ZIF-8 35.69 n/a n/a 

Note: To avoid the overestimation of ZIF-8 loading percentages, ZIF-8 bonded on the surface 

and in the support for PI/ZIF-8 MMHFMs was simply removed by flowing 0.1 M HNO3 

solution.  
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Figure 7.13. TGA thermograms of samples under air. 

 

7.3.3. Gas permeation of PI/ZIF-8 MMFHMs by the PMMOF 

7.3.3.1 C3H6/C3H8 separation performance 

The C3 separation performances of the PI/ZIF-8 MMHFM modules were comparable with 

those of the corresponding previously reported single-fiber MMHFMs.193 For example, the C3H6 

permeances of the PI/ZIF-8 (20) MMHFM modules were ~ 2.17 GPU (single fiber) and ~2.55 

GPU (module).193 Besides, the separation factors were ~ 20 (single fiber) and ~ 19.3 (module).193 

This strongly suggests that the PMMOF could be applied to hollow fibers whether they are in a 

module or individual fibers.  

We investigated the effect of ZIF-8 contents on C3 separation performance. When the 

loading percentages of ZIF-8 in the PI/ZIF-8 MMHFMs increased, the C3 separation factor 

increased because of the molecular sieving effect of ZIF-8 (Figure 7.14a and Table 7.2).141 ZIF-8 

loading had a little effect on the C3H6 permeances of the PI/ZIF-8 MMHFMs. It is likely due to 

the interplay between the permeability increase by microporous ZIF-8 [9, 11] and the 

permeability decrease by the reduced free volume of polymer upon the PMMOF process.[23] 
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Upon the PMMOF, the C3H6 permeance was significantly reduced (about five-fold) (Figure 

7.14a and Table 7.2). This noticeable permeance reduction was likely because of the polymer 

densification upon the PMMOF.193, 316 Nevertheless, the separation factor of the PI/ZIF-8 

MMHFMs was significantly increased at the higher ZIF-8 loadings.  

The C3 separation performances of the single-strand PI/ZIF-8 MMHFM modules were 

compared with previously reported other hollow fiber membranes including polymer,317-321 

CMS,322-324 ZIF-8,266, 296, 325-326 and PI/ZIF-8 MMHFMs prepared by conventional blending 

methods.142 Despite the potential of MMHFMs, to best of our knowledge, there has been only 

one report on MMHFMs for C3 separation so far. Even though the PI/ZIF-8 MMHFMs prepared 

by a blending method showed C3 separation capability, the separation factor of the as-spun 

MMHFMs was lower than that of the polymer HFMs due to defects (Figure 7.14b).142 Therefore, 

additional coating steps were necessary to improve the separation factor, significantly sacrificing 

propylene permeance (Figure 7.14b). The defects on MMHFMs were generally formed upon 

spinning process due to the complicated parameters associated with spinning a filler suspended 

dope solution.134 Unlike the PI/ZIF-8 MMHFMs made by conventional blending, the MMHFMs 

by the PMMOF showed more improved C3 separation performances even without additional 

coatings (Figure 7.14b). When additional PDMS coating was applied to the PI/ZIF-8 MMHFMs 

prepared by the PMMOF, there were no further improvements of the C3 separation factor, 

indicating the absence of major defects. It is surmised that decoupling of spinning step and 

MMM formation step in the PMMOF effectively suppressed defect formations. 
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Figure 7.14. (a) Effect of ZIF-8 loading on C3 separation performance and (b) C3H6 permeance 

and C3 separation factor of single-strand PI/ZIF-8 MMHFM modules in comparison with those 

of the HFMs previously reported.142, 266, 296, 317-326 

 

 

Table 7.2. C3H6/C3H8 separation performances of PI HFMs and PI/ZIF-8 MMHFMs with 

different ZIF-8 loadings. 

Sample 
C3H6 permeance 

(GPU) 

C3H8 permeance 

(GPU) 

C3H6/C3H8 

separation factor 

PI 11.66 ± 1.86 1.66 ± 0.55 7.0 ± 1.2 

PI/ZIF-8 (15) 2.35 ± 0.47 0.17 ± 0.05 13.6 ± 1.2 

PI/ZIF-8 (20) 2.55 ± 0.25 0.13 ± 0.02 19.3 ± 1.5 

PI/ZIF-8 (30) 2.15 ± 0.32 0.09 ± 0.02 23.4 ± 2.7 
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7.3.3.2 Stability of the C3H6/C3H8 separation performances 

It is of great practical interest to investigate the time-dependent and pressure-dependent 

separation performances.276, 327 First, the time-dependent separation performances of the PI HFM 

and PI/ZIF-8 (30) MMHFM were monitored for 25 days with 5 days intervals. A PI HFM 

showed gradual decrease in the C3H6 permeance during the period of the test (Figure 7.15a), 

which was likely due to the aging effect of the PI. Due to its inherently high fractional free 

volume (FFV), the PI (i.e., 6FDA-DAM) is known to be susceptible to aging, significantly 

affecting its long-term gas separation.327 In a stark contrast, a PI/ZIF-8 (30) MMHFM showed 

unexpectedly stable C3H6 permeance and C3 separation factor with time (Figure 7.15a). This 

stable performance might be attributed to the improved adhesion between PI and ZIF-8 as well 

as the free volume reduction by in-situ growth of ZIF-8 in the polymer. Similarly, MMMs 

without interfacial voids showed stable gas separation performances due to a partial anti-aging 

effect in the presence of fillers.328-329 

The stability of C3 separation performance under the high pressure is of critical importance 

since condensable C3H6 and C3H8 gas molecules can be strongly absorbed into the polymer, 

resulting in plasticization of the polymer at high pressure.274 In this regard, the prepared HFMs 

were tested under the feed pressure up to 6 bar of C3H6 single gas. As the feed pressure increased 

to 2 bar, the C3H6 permeance of the PI HFMs decreased (Figure 7.15b) which can be explained 

based on the dual-mode gas sorption model of glass polymer.330-331 When the feed pressure 

raised over 3 bar, the C3H6 permeance increased (Figure 7.15b) due to the plasticization. In 

contrast, the PI/ZIF-8 MMHFMs showed the plasticization pressure shifted above 6 bar, 

continuously decreasing C3H6 permeance over the pressure range (Figure 7.15b). There were 

similar observations that plasticization was alleviated by fillers.139, 332-333 It was likely that the 
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fillers effectively rigidified polymer chain, thereby suppressing plasticization of polymer. 

Furthermore, the decrease in the permeance with increasing feed pressure further supported that 

the prepared PI/ZIF-8 MMHFMs were defect-free.334 

 

Figure 7.15. C3 separation performances of a PI HFM and a PI/ZIF-8 (30) MMHFM: (a) long-

term stability and (b) pressure dependent C3H6 permeance. 

 

7.3.3.3 Scale-up of the MMHFMs by the PMMOF 

To show scalable fabrication of MMHFMs by the PMMOF, the membrane surface area of 

the PI/ZIF-8 (30) was increased by increasing the number of fibers packed in a HFM module 

(i.e., increasing the packing density). As the membrane surface area increased from 1.23 to 6.15 

cm2 (increasing packing density from 5 to 24 %), the C3H6 flow rate increased linearly and the 

C3 separation factor of the PI/ZIF-8 MMHFM modules remained relatively constant (Figure 

7.16). When the membrane surface area further increased to 8.61 cm2, the separation factor was 

sharply decreased while the C3H6 flow rate increased exponentially (Figure 7.16). This is likely 

due to the facts that the fibers could be damaged by folding upon swelling in the limited space of 

the module. Obviously, it becomes more difficult to control defects as the membrane surface area 
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increases. Further optimization of the PMMOF is required to suppress defect formation as 

number of fibers increases. 

 

 

Figure 7.16. C3 separation performance of PI/ZIF-8 (30) MMHFMs as a function of membrane 

surface area. 

 

7.4. Conclusion 

We successfully demonstrated fabrication of 6FDA-DAM/ZIF-8 MMHFM modules by 

transforming modules premade of commercial polymer HFMs using the PMMOF. The PMMOF 

enabled in-situ growth of ZIF-8 inside the ultrathin 6FDA-DAM skin layer (~750 nm) coated on 

the porous PES hollow fiber, leading to facile transformation of polymer HFM to MMHFM in a 

module. To the best of our knowledge, the prepared asymmetric MMHFM exhibited the thinnest 

MMM skin layer (i.e., ~750 nm) among the MMHFMs reported. The in-situ formed ZIF-8 

exhibited unique morphologies likely due to confined growth in polymer free volume. Up to ~30 

wt% of ZIF-8 loading in the skin layer was achieved. As the ZIF-8 loading increased, C3 

separation factor increased with the small changes in C3H6 permeance. Compared to the 

MMHFM prepared by the conventional method, the MMHFM by the PMMOF showed improved 
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C3H6/C3H8 separation performances even with no additional coatings (i.e., C3H6 permeance ~ 2.2 

GPU of and C3 separation factor ~ 23.4). The MMHFM showed negligible aging effect on its C3 

separation performance (up to 25 days) and little plasticization effect (up to 6 bar of C3H6). 

Finally, MMHFM modules containing up to 7 fiber strands were successfully demonstrated and 

their C3 separation performance was measured. Although the PMMOF process needs to be 

further optimized for practical large-scale applications, it is expected that the multi-strand 

MMHFM modules presented here would be one important step toward commercial MMHFMs.  
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CHAPTER VIII 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

8.1. Conclusions 

Polymer/MOF MMMs, in particular ZIF-8-containing MMMs, showed a great potential for 

propylene/propane separation. Despite tremendous efforts, there have been no MMMs applied 

for industrial applications mainly due to the moderate separation performances and several 

fundamentally challenging processing issues. In Chapter III, we propose a new paradigm of 

MMM fabrication based on in-situ formation of ZIF-8 nanocrystals in 6FDA-DAM polyimide. 

Our PMMOF strategy was able to 1) eliminate interfacial voids formation between polymer and 

filler and 2) achieve well-dispersed ZIF-8 nanocrystals with less than ~100 nm in size. Most 

importantly, PMMOF enables decoupling of MOF incorporation step from polymer hollow fiber 

membrane (HFM) processing step (i.e., spinning), overcoming one of the major engineering 

challenges facing the current physical-blending-based method, which is to spin filler-containing 

dough solutions. The resulting 6FDA-DAM/ZIF-8 MMMs prepared by PMMOF showed much 

improved prolylene/propane separation factor compared to the 6FDA-DAM/ZIF-8 MMMs 

prepared by the covonventional method, satisfying the commercial propylene/propane separation 

performance criteria. General applicability of PMMOF was demonstrated, enabling a myriad 

combinations of high quality polyimide/MOF composites. Finally, as a proof-of-concept, 

asymmetric mixed-matrix hollow fiber membranes with ~ 750 nm were prepared by PMMOF, 

showing promising C3H6/C3H8 separation performance. 

PMMOF is potentially a paradigm-shifting polymer/MOF-based MMMs preparation 

technique. However, exploring actual synthesis condition of MOF inside polymer phase has been 
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yet reported and it is quite challenging due to the nature of in-situ growth of MOF in confined 

spaces. In Chapter IV, a systematic approach to performing an investigation of actual reaction 

conditions of in-situ MOF formation in polymer phase was conducted using ZIF-7 and 6FDA-

DAM polyimide. First, the difference of crystal phases of ZIF-7 synthesized in a bulk solution 

(dense layered ZIF-7, ZIF-7(L)) and in a polymer (narrow-open pore structured ZIF-7, ZIF-7(lp)) 

at the same apparent reaction conditions was observed. Using the ZIF-7 crystal phase diagram 

determined by varying ZIF-7 precursors concentrations, the actual reaction conditions of ZIF-7 in 

the polymer free volume were able to be tracked. The understanding of reaction conditions of in-

situ formed ZIF-7 in polymer allowed to control the crystal phases of ZIF-7, fabricating mixed-

matrix membranes (MMMs) containing ZIF-7 with three different crystal phases (i.e., ZIF-7(lp), 

ZIF-7(L), and ZIF-7(lp-L)). Lastly, the gas separation performances of the fabricated PI/ZIF-7 

MMMs were investigated. Among them, PI/ZIF-7(L) MMMs prepared by a post phase-transition 

from ZIF-7(lp) containing MMMs showed the significantly improved H2/CO2 separation 

performance, successfully overcoming the polymeric membrane upper bound. 

Zeolitic-Imidazole Framework-8 (ZIF-8) has attracted numerous research attentions due to 

their well-fitting effective aperture size for propylene/propane (C3) separation. To date, there 

have been many reports for polymer/ZIF-8 MMMs showing promising C3 separation 

performances. However, the reported ZIF-8-based MMMs have rarely met the commercially 

attractive C3 performance criteria, which is minimum propylene permeability of 1 Barrer and 

selectivity of 35. In Chapter V, we reported a new strategy to in-situ tune the aperture size of 

ZIF-8 fillers in polymer to improve C3 separation performance of MMMs. Our method is based 

on doping of 2-ethylimidazole (eIm) linkers on ZIF-8 filler via in-situ formation of the fillers in 

the polymer. The eIm linker doping on ZIF-8 in the polymer was achieved up to ~ 50 mol%, 
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which was a lot more than in solution precipitation. The C3 separation performance of the 

resulting eIm-doped ZIF-8 containing MMMs showed dramatically improved C3 separation 

factor, meeting the commercially attractive criteria at the eIm-doping of ~ 30 mol% with only ~ 

12 wt% of filler loading. Also, we demonstrated formation of mixed-matrix hollow fiber 

membranes, which is a significant step toward practical applications. 

PMMOF has been developed to fabricate scalable MMMs for the commercial applications 

by decoupling polymer membrane processing step and filler incorporation step using in-situ 

formation of fillers in a polymer. However, despite the substantially enhanced separation factors, 

especially for propylene/propane separation by ZIF-8, the in-situ formed fillers led to densify and 

rigidify a polymer matrix, decreasing in the permeability with increasing filler loadings. In 

Chapter VI, to address this issue, we used the cross-linkable polyimide (i.e., 4,4'-

(hexafluoroisopropylidene) diphthalic anhydride- diaminobenzoic acid 2,4,6-trimethyl-1,3-

phenylenediamine (6FDA-DAM:DABA) (3:2)). By carefully controlling the degree of cross-

linking, the propylene permeability reduction by the in-situ formed ZIF-8 fillers was effectively 

mitigated. We found that the inherent rigidity of polymer as well as the swelling of the polymer 

followed by chain rearrangement were critical to prevent the severe permeation reduction. These 

findings would be a valuable stepping stone for the development of the PMMOF process aiming 

for commercial scale MMM fabrications. 

Lastly, in Chapter VII, we showed the potential of the PMMOF to produce high-quality 

MMHFM modules in a scalable manner by converting preformed modules made of commercial-

available polyethersulfone (PES) HFMs coated with a 6FDA-DAM skin layer to 6FDA-

DAM/ZIF-8 MMHFM modules. The resulting MMHFM module showed a promising 

propylene/propane separation performance without additional polymer coating steps, suggesting 
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the superiority of the PMMOF as compared to conventional spinning processes. In addition, the 

MMHFM prepared by the PMMOF showed relatively high resistances to aging and 

plasticization. Finally, we prepared and tested multi-strand MMHFM modules consisting of up to 

7 fiber strands, which is, to the best of our knowledge, the first of its kind. Demonstration of 

multi-strand MMHFM modules presented here is expected an important step toward commercial 

application of MMHFMs. 

 

8.2. Future Directions 

By decoupling polymer membrane fabrications and filler incorporations using in-situ filler 

formations, the scalable high performance MMMs were successfully prepared by suppressing the 

issues of conventional blending-based MMMs fundamentally. However, the PMMOF process 

involves multiple steps, making the processes to be complicated and likely less economical.  A 

new one-step scalable MMMs fabrication strategy is highly desired.  

The primary key to fabricate MMMs by the one-step is the simultaneity of dry-jet/wet-

quenching induced polymer phase inversion and in-situ synthesis of ZIF-8 crystals. The 6FDA-

DAM polyimide (PI) solution is prepared by adding proper amounts of Zn sources (Fig. 8.1). The 

polymer solution is cast on a porous filter paper with a casting knife and then evaporates volatile 

components for a short time (dry-jet) to generate a thin and dense skin layer on the top surface 

(Fig. 8.1). As the casted polymer solution is immersed into the coagulation bath containing HmIm 

ligands, the liquid (solvent) - liquid (non-solvent) demixing occurs (wet-quenching) (Fig. 8.1). As 

shown in Fig. 1, the spaces occupied with solvents are filled with the infused non-solvent, which 

leads to entanglements of dissolved polymer chains, vitrifying the polymer with asymmetric 

structures. At the same time, the in-situ nucleation and growth of ZIF-8 crystals arise by the 
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counter-diffusion of Zn ions in the polymer solution and mIm ligand ions in the coagulation bath 

instantly by rapid reactions (Fig. 8.1). As a result, the asymmetric PI/ZIF-8 MMMs, which are 

namely in-sync MMMs, are fabricated (Fig. 8.1).   

 

 

Figure 8.1. Schematic illustration of in-sync MMM fabrication.  
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