
 

 

 

 

POLYSULFONE MIXED MATRIX MEMBRANES 

CONTAINING ZIF-95 AS FILLER FOR GAS 

SEPARATION APPLICATIONS 

 

 

SANAULLAH SHAFIQ 

 

 

 

 

 

 

 

 

CHEMICAL ENGINEERING 

 

APRIL 2020 





 

iii 

 

 

 

 

 

 

 

 

 

© SANAULLAH SHAFIQ 

2020 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iv 

 

 

 

 

 

 

 

 

 

 

This thesis is dedicated to my parents and brothers who always encouraged me to achieve my 

goals. Their tireless efforts and support have enabled me to accomplish this milestone. 

  



 

v 

 

ACKNOWLEDGMENTS 

 

All the praises and thanks be to Allah, Subhanahu-Wa-Taôala, the most Beneficent and most 

Merciful, who created the whole universe without any flaw. He is the lord of the heaven and the 

earth. I am greatly thankful to Allah for providing me the opportunity to pursue the MS degree at 

King Fahd University of Petroleum and Minerals.  

With wholehearted admiration, I would like to thank my family for their unfailing support and 

continuous encouragement throughout my degree period. I will always be obliged to them for their 

constant moral support and ever-needed prayers. I am also thankful to my advisor Dr. Abdallah 

Al-Shammari for great support throughout my stay at King Fahd University of Petroleum and 

Minerals. He always helped me in solving the complex problems. Without his support this journey 

would have been much more difficult. Moreover, I would like to thank all the committee members 

(Dr. Muhammad Saleh Ba-Shammakh and Dr. Bassem Al-Maythalony) for their support and 

guidance during this whole period.  I am also thankful to Dr. Muhammad Usman for helping me 

in achieving this milestone.  

 

 

 

 

 

 



 

vi 

 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS ........................................................................................................................    V 

TABLE OF CONTENTS ........................................................................................................................   VI 

LIST OF TABLESȣȢ ...........................................................................................................................      IX 

LIST OF FIGURES ...................................................................................................................................   X 

LIST OF ABBREVIATIONS ..................................................................................................................  XI 

ABSTRACT .........................................................................................................................................    XIII 

ϣЮϝЂϽЮϜ ЉϷЯв .............................................................................................................................................  XV 

CHAPTER 1 INTRODUCTION .............................................................................................................   1 

1.1 Applications of Membrane Separation .......................................................................................................    3 

1.1.1 Carbon Capture ......................................................................................................................................    3 

1.1.2 Oxy-Fuels Carbon Capture ......................................................................................................................    5 

1.1.3 Hydrogen Production and Purification ...................................................................................................    7 

1.1.4 Natural Gas Sweetening .........................................................................................................................    9 

1.1.5 Oxygen Enrichment ................................................................................................................................    9 

1.1.6 Helium Separation ...............................................................................................................................    10 

1.2 Gas Transport Mechanisms in Membranes ...............................................................................................    10 

1.2.1 Solution-diffusion ................................................................................................................................    10 

1.2.2 Knudsen diffusion .................................................................................................................................. 11 

1.2.3 Molecular sieving ................................................................................................................................... 11 

1.2.4 Surface Diffusion .................................................................................................................................... 11 

1.2.5 Capillary Condensation ........................................................................................................................    11 



 

vii 

 

1.3 Upper Bound for Membranes ..................................................................................................................    16 

1.4 Objectives of Research Work ...................................................................................................................    18 

CHAPTER 2 LITERATURE REVIEW ..............................................................................................    20 

2.1 Mixed Matrix Membranes .......................................................................................................................    21 

2.1.1 Polysulfone Mixed Matrix Membrane .................................................................................................    22 

2.1.2 ZIF/Polymer Mixed Matrix Membrane ................................................................................................    25 

3 CHAPTER 3 RESEARCH METHODOLOGY ..........................................................................    32 

3.1 Novelty ....................................................................................................................................................    32 

3.2 Properties of ZIF-95 ..................................................................................................................................    32 

3.3 Materials ..................................................................................................................................................    34 

3.4 Synthesis of ZIF-95 ...................................................................................................................................    34 

3.5 Membranes Fabrication ...........................................................................................................................    35 

3.5.1 Bare PSF Membrane Fabrication .........................................................................................................    35 

3.5.2 Mixed Matrix Membranes Fabrication ................................................................................................    35 

3.5.3 Blended Membranes Fabrication .........................................................................................................    36 

3.6 Characterization Techniques ....................................................................................................................    36 

3.7 Permeation Measurement .......................................................................................................................    38 

CHAPTER 4 RESULTS AND DISCUSSIONS ..................................................................................    41 

4.1 Characterization Results ..........................................................................................................................    41 

4.1.1 Powder X-ray Diffraction .....................................................................................................................    41 

4.1.2 FESEM-EDX of ZIF-95 and MMM ..........................................................................................................    41 

4.1.3 FESEM of Blended Membranes ............................................................................................................    47 

4.1.4 N2 Adsorption Analysis ........................................................................................................................    47 

4.1.5 CO2 Isotherm .......................................................................................................................................    51 



 

viii 

 

4.1.6 TGA of MMM .......................................................................................................................................    53 

4.1.7 TGA of Blended Membranes ................................................................................................................    53 

4.1.8 DCS of MMM ........................................................................................................................................    56 

4.1.9 DSC of Blended membranes .................................................................................................................    56 

4.2 Permeability and Selectivity of Blended Membranes ...............................................................................    59 

4.3 Permeability and Selectivity of MMM ......................................................................................................    62 

4.4 Gas Transport Mechanism ........................................................................................................................    65 

CHAPTER 5 CONCLUSION AND RECOMMENDATIONS ..........................................................    69 

APPENDIX............................................................................................................................................    71 

REFERENCES .......................................................................................................................................    78 

VITAE ....................................................................................................................................................    84 

 

 

 

  



 

ix 

 

LIST OF TABLES 

 

Table 2-1 Literature of mixed matrix membranes reported for He, H2, O2, CO2, N2, and CH4 

separation ...................................................................................................................    26 

Table 2-2. Literature of mixed matrix membranes reported for O2, CO2, N2, and CH4 

separationééééééééééééééééééééééééééééé   28 

Table 2-3 Literature of mixed matrix membranes reported for CO2, O2, N2, and CH4 separation 

ééééééééééééééééééééééééééééééééé   29 

Table 2-4 Literature of mixed matrix membranes reported for CO2, N2, and CH4 separation ..    30 

Table 2-5 Literature of mixed matrix membranes reported for H2, CO2, and CH4 separation ..    31 

Table 4-1 Glass transition temperature of bare polysulfone and mixed matrix membranes ......    57 

Table 4-2 Glass transition temperature of pure and blended membranes ..................................    57 

Table 4-3 Permeability and selectivity of pure and blended membranes ..................................    61 

Table 4-4 Permeability and selectivity of bare polysulfone and mixed matrix membranes ......    64 

Table 4-5 Solubility coefficient [ cm3 (gas) cm-3 (ZIF) cmHg ] of bare and loaded mixed matrix 

membrane ..................................................................................................................    66 

Table 4-6 Diffusivity coefficient (cm2/s) of bare and loaded mixed matrix membranes ...........    66 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

x 

 

LIST OF FIGURES 

 

Figure 1-1. Materials used for carbon capture technologies [13] .................................................    6 

Figure 1-2. Resources used for production of hydrogen [11] .......................................................    8 

Figure 1-3 Gas transport mechanisms: (a) Knudsen diffusion (b) Molecular sieving (c) Surface 

diffusion (d) Capillary diffusion (e) Solution diffusion ...........................................    13 

Figure 1-4  3-D Space filling model of different gases along with their kinetic diameter .........    15 

Figure 3-1. Bridging angle in zeolitic imidazole framework (1) and zeolite (2) ........................    33 

Figure 3-2. Structure of ZIF-95 showing pore window ..............................................................    33 

Figure 3-3 Permeation setup used for testing of membranes ......................................................    40 

Figure 4-1. Powder X-ray Diffraction pattern of simulated, synthesized, and activated ZIF-9 ..   43 

Figure 4-2 SEM images of ZIF-95 from different magnifications .............................................    44 

Figure 4-3 Cross section of Bare membrane (A, a), cross section of 8% loaded membrane (B, b), 

and cross section of 16% loaded membrane (C, c) ..................................................    44 

Figure 4-4 SEM images of cross section of 24% (left) and 32% loaded membranes ................    45 

Figure 4-5 EDX mapping of PSF-ZIF-95-8% loaded membrane (left) and EDX mapping of PSF-

ZIF-95-16% loaded membrane (right) .....................................................................    46 

Figure 4-6 EDX mapping of PSF-ZIF-95-24% loaded membrane (left) and EDX mapping of 

PSF-ZIF-95-32% loaded membrane (right) .............................................................    46 

Figure 4-7 SEM image of cross section of PSF-100% membrane .............................................    48 

Figure 4-8 SEM images of cross section of blended membranes: (A) PEI-100% , (B) PEI-PSF-

75%-25%, (C) PEI-PSF-50:%50%, (D) PEI-PSF-25%-75% ..................................    49 

Figure 4-9 N2 adsorption and desorption isotherm at 77 K ........................................................    50 

Figure 4-10 CO2 adsorption and desorption isotherms at 273 K, 293 K, and 313 K .................    52 

Figure 4-11 TGA of bare polysulfone and loaded mixed matrix membranes ............................    54 

Figure 4-12 TGA of pure and blended membranes in N2 environment ......................................    55 

Figure 4-13 Differential Scanning Calorimetry plot of pure and blended membranes ..............    58 

Figure 4-14 Permeability plot of pure and blended membranes .................................................    60 

Figure 4-15 Permeability plot of pure and mixed matrix membranes ........................................    63 

Figure 4-16 Diffusivity coefficient of mixed matrix membrane ................................................    67 

Figure 4-17 Solubility coefficient of mixed matrix membrane ..................................................    67 

 

 

 

 

 



 

xi 

 

LIST OF ABBREVIATIONS 

APTMS  Aminopropyltrimethoxysilane  

BET   BrunauerïEmmettïTeller 

CCS   Carbon Capture and Sequestration 

CIF   Crystallographic Information File 

CNT   Carbon Nano-Tube 

COF   Covalent Organic Framework 

COPs   Covalent Organic polymers 

CV/VP   Constant Volume/Variable Pressure 

DMF   Dimethyl formamide 

EDX/ EDS  Energy Dispersive X-Ray/ Energy Dispersive Spectroscopy 

FE-SEM  Field Emission Scanning Electron Microscopy 

GHGs   Greenhouse Gases 

HKUST  Hong Kong University of Science and Technology 

IPCCC   Intergovernmental Panel on Climate Change 

MCM   Mobil Composition of Matter 

MDEA   Methyldiethanolamine 

MEA   Monoethanolamine 

MIL   Materials Institute Lavoisier 

MMM   Mixed Matrix Membrane 

MOF   Metal Organic Framework 



 

xii 

 

MWCNT  Multi Wall Carbon Nano-Tubes 

NIPAM  N-isopropylacrylamide 

PBI   Polybenzimidazole 

PBO   Polybenzoxazoles 

PEBA   Polyether Block Amide 

PEI   Polyether Imide 

PI   Polyimide 

PIM   Polymer of Intrinsic Micro-porosity  

PSF   Polysulfone 

PSM   Post Synthesis Modification 

PXRD   Powder X-ray Diffraction 

PVDF   Polyvinylidene difluoride 

SI   System International 

Tg   Glass Transition Temperature 

UiO   University of Oslo 

UNFCCC  United Nations framework Convention on Climate Change 

WGSR   Water Gas Shift Reactor 

ZIF   Zeolitic Imidazole Framework 

  



 

xiii 

 

ABSTRACT 
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Thesis Title : POLYSULFONE MIXED MATRIX MEMBRANES CONTAINING 

ZIF-95 AS FILLER FOR GAS SEPARATION APPLICATIONS 

Major Field : Chemical Engineering 

Date of Degree : April 2020 

 

Metal-organic frameworks (MOF) are the best porous crystalline materials available for the 

application in gas separation. In this work, ZIF-95 (MOF) is used in polysulfone polymer to form 

a mixed matrix membrane for the separation of various gases. MOF mixed matrix membrane 

increases the gas separation performance of polymer by increasing selectivity, permeability, or 

both (perm-selectivity). To the best of the authorôs knowledge, ZIF-95 is first time used to form 

the mixed matrix membrane. Solvothermal synthesis method is used to synthesize ZIF-95 with 

particle size less than 5 ɛm. The characterization of ZIF-95 is done by using Powder X-Ray 

Diffraction (PXRD), Scanning Electron Microscope (SEM), Thermo-Gravimetric Analysis 

(TGA), BrunauerïEmmettïTeller (BET) surface area, etc. Polysulfone and polyimide membranes 

are fabricated to test their suitability in making the pure polymeric membranes. The blends of these 

two polymers are also made to check the miscibility of both the polymers in each other. Afterward, 

polysulfone is chosen to make the mixed matrix membranes with ZIF-95. The loading of ZIF-95 

is varied (0%, 8%, 16%, 24% and 32%) in polysulfone to form four types of mixed matrix 

membranes. The permeabilities of six gases (i.e., He, H2, O2, CO2, N2, CH4) are measured for the 

bare and the loaded membranes using permeation cell. Ideal selectivity of thirteen pairs are 

calculated and compared with the reported mixed matrix membranes using upper bound plots. In 

32% loaded membranes, the permeability of H2, CO2, and O2 are increased by 2.20, 2.28, and 2.40 
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times of the corresponding bare membrane, respectively. In 24% loaded membrane, the selectivity 

of H2/CH4, O2/N2 and H2/CO2 are increased by 1.16, 1.15 and 1.08 times when compared to the 

bare membrane, respectively. SEM analysis of membranes reveals good compatibility/adhesion 

between ZIF-95 and polymer.  
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1 CHAPTER 1 

INTRODUCTION 

Globally there are great concerns about the climate change due to the increased energy 

demand. Today, a huge amount of energy is being produced by fossil fuels to meet the 

requirements of the growing economies. Moreover, the overall demand of energy is 

expected to rise by more than 1% every year until 2040 [1]. The continuous supply of 

energy is necessary for the sustainable growth of many economies worldwide. The energy 

demand and climate change are deeply connected to each other. The root cause of the 

climate change is the anthropogenic emission of greenhouse gases (GHGs) from the energy 

sector. GHGs accumulated in the atmosphere traps the heat and subsequently increases the 

temperature of the earth (i.e., greenhouse effect). A major proportion of the GHGs in the 

environment is due to the human activities on the earth [2]. Overall, 77% of human 

contribution to global warming is through CO2 emission. Intergovernmental Panel on Climate 

Change (IPCC) has forecasted that the level of CO2 in the atmosphere will reach 450 ppm by 

2030 [3].  

Recently, the United Nations have agreed upon the long-term goal of restricting average 

temperature rise to below 2 °C (Paris Agreement). As of April 2019, 185 parties of the United 

Nations Framework Convention on Climate Change (UNFCCC) have ratified Paris Agreement 

(Accord de Paris). The set target of 2 °C temperature rise, compared to pre-industrialization 

global temperature, is relevant to the end of 21st century. In these circumstances, some 
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questions arise, that are, how the chemical engineering knowledge can solve the issue of global 

warming without increasing the overall energy requirements? Which technology can lower 

carbon footprints from the energy sector?  

The use of renewable energy resources can help in reducing the GHGs emissions on the short 

term. Nevertheless, the long-term goal of less than 2 °C temperature rise is only achievable 

through process intensification strategy: making industrial processes more sustainable, energy-

efficient, and environment friendly [4]. The membrane technology satisfies the principle 

requirements of process intensification due to its following characteristics [5-7]: 

o Less operational and capital cost 

o Lower energy requirements  

o No regeneration required 

o Clean and simple process 

o Trouble free operation 

o Continuous process 

o Non-hazardous 

The membrane technology has been widely applied for the separation and purification of 

different gases and liquids. The use of membrane for the capture of GHGs is very lucrative 

area of research due to its cost-effectiveness and prospective commercialization. Moreover, 

membranes can also help in the production of alternative fuels and subsequent reduction 

of GHGs emission. 
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1.1 Applications of Membrane Separation 

Membrane technology can be used for a wide range of separation and purification applications. 

Some of the industrial applications of the membrane are gas separation, water desalination, 

solvent pervaporation, wastewater treatment, organic solvent nano-filtration, etc. In this work, 

entire focus is given to gas separation applications of the membranes. The membrane 

application for gas separation date back to the middle of the 19th century. Sir Thomas Graham 

first studied the permeability of many gases and gave the first theory of gas solution-diffusion 

[8]. In the mid of the 20th century, Barrar [9] and Meares [10] introduced the systematic way 

of studying the permeability. They established a theory of diffusion-solution transport of gas 

through the membrane, which is still accepted to date. Main industrial applications of 

membrane gas separation are natural gas sweetening (CO2/CH4), carbon capture (CO2/N2), 

hydrogen recovery (H2/CH4), syngas ratio adjustment (H2/CO2), nitrogen removal (N2/CH4), 

oxygen enrichment (O2/N2), helium separation (He/CH4), etc.   

1.1.1 Carbon Capture   

Different carbon dioxide capture technologies are being used in the industry to minimize 

CO2 emission. Commercially available technologies for carbon capture are absorption, 

adsorption, cryogenic distillation, and membrane separation. Adsorption/absorption-based 

separation requires continuous regeneration of adsorbent/absorbent, which resultantly 

increases the operational and capital cost of separation. Similarly, cryogenic separation of 

CO2 is also energy intensive because it requires extremely high pressure and cryogenic 

temperature. Membrane separation and micro-algal fixation of CO2 are relatively new 

techniques for carbon capture. Membrane separation can be modified and applied to 

capture CO2 from different streams of industries. Carbon capture systems are categorized 
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into three types: pre-combustion carbon capture, post combustion carbon capture, and oxy-

fuel carbon capture. The materials used in the above-mentioned technologies of carbon 

capture are listed in figure 1.1.  

(a) Pre-combustion Carbon Capture 

The huge amount of carbon dioxide is emitted by hydrogen production plants. Around 90% 

of hydrogen production is done by the steam reforming of methane [11]. The by-product 

in this process is CO2 that can be captured and used for different applications, such as urea 

production and oil well flooding. The capture of carbon dioxide from a stream prior to the 

combustion is called pre-combustion carbon capture. Pre-combustion carbon capture 

membranes should have very high thermal and mechanical stability due to the high 

temperature and high pressure of the exit stream of hydrogen production plants. Membrane 

for this separation should also have high permeability and selectivity for H2/CO2 pair. 

(b) Post-Combustion Carbon Capture 

The combustion of fossil fuel in power generation plants produces the largest amount of 

CO2. The flue gas of coal combustion and natural gas combustion plants have 13-15% and 

3-4% of carbon dioxide (by volume basis), respectively [12]. The air used for combustion 

of fossil fuel adds a huge amount of nitrogen into the flue gas. Moreover, the flue gas 

stream has a reasonable amount of steam which comes from the combustion of fuel. The 

membrane for post combustion carbon capture should have high thermal and chemical 

stability. The colossal volumetric flow of gasses from power generation plants requires 

membrane with extremely high permeability for CO2. Additionally, the membrane for post-



 

5 

 

combustion carbon capture should give excellent selectivity for CO2/N2 mixture in the wet 

environment. 

1.1.2 Oxy-Fuels Carbon Capture  

In oxy-fuel combustion, the oxygen is separated from the air mixture and used in 

combustion of fuel. The exit stream of oxy-fuel combustion primarily contains CO2 and 

H2O. The membrane technology can be applied for the separation of O2 from the air. 

Furthermore, a membrane can also be used for the separation of CO2 from the unreacted 

O2 in the downstream of the oxy-fuel combustion process.    
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Figure 1-1. Materials used for carbon capture technologies [13] 
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1.1.3 Hydrogen Production and Purification 

The resources used for hydrogen production are mainly methane, hydrocarbons, coal, and 

water (figure 1.2). In 2018, the global demand for pure and mixed hydrogen was more than 

70 MT and 40 MT (million tons), respectively [14]. The overall demand for hydrogen is 

expected to increase by around 25 % by 2030. According to the figure 1.2, 96% of 

hydrogen production utilizes carbon dioxide emitting feedstock. The production of 

hydrogen is mainly done by steam methane reforming, hydrocarbon reforming, and fuel 

gasification. The exit stream of hydrogen production plant contains H2, CO, and traces of 

some other gases. The water gas-shift reactor (WGSR) is then used to convert CO into 

CO2. The typical concentration of H2 and CO2 in the exit stream of WGSR is about 55% 

and 44%, respectively [12].  The membrane for hydrogen separation should have high 

H2/CO2 selectivity and permeability. Metal membranes have been extensity studied in the 

literature for hydrogen separation applications  [15-17].  
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Figure 1-2. Resources used for production of hydrogen [11] 
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1.1.4 Natural Gas Sweetening 

Natural gas obtained from gas reservoirs typically contains 50-90 percent of methane [18]. 

The other gases found in natural gas are CO2, H2S, N2, and light hydrocarbons. The 

separation of CH4 from acid gases is necessary for the efficient utilization of natural gas. 

Conventionally, the acid gases separation from natural gas is mostly done by using 

chemical absorption. Again, this process is not continuous and requires regeneration of 

absorbent from time to time. The membrane for natural gas sweetening should have high 

permeability and selectivity for CO2/CH4 and H2S/CH4 pairs [19]. 

1.1.5 Oxygen Enrichment 

Almost all the oxygen used in industries is obtained by oxygen enrichment of the air. Two 

types of oxygen separation processes used in the industry are cryogenic and non-cryogenic. 

Cryogenic process cools down the compressed air to -185 oC in a distillation column to 

separate oxygen.  Cryogenic distillation process is used where tonnage of oxygen is 

required. Whereas, the non-cryogenic processes (i.e., adsorption and membrane separation) 

are used where oxygen is required at high temperatures. For example, gasification and oxy-

fuel combustion plants require oxygen at high temperature for oxidation or partial 

oxidation of fuels. So, the best oxygen enrichment process in the above-mentioned 

applications is a non-cryogenic process. Membrane separation of air is a continuous 

process and requires very compact equipment. Moreover, there is no need for regeneration 

unit in membrane separation, as needed in adsorption-based separation. 
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1.1.6 Helium Separation 

Helium is a noble gas with the lowest boiling point of -268 oC. It is used in many 

applications of scientific research, health care, and the chemical industry. Around 8% of 

the global helium production is used in filling of party balloons [20]. The main source of 

the helium are the natural gas wells with considerable helium concentration (i.e., >0.01%) 

[21]. The technologies used for helium separation are cryogenic liquefication and pressure 

swing adsorption. Membrane separation of helium from methane and nitrogen can be done 

by using highly selective membranes. The difference in the kinetic diameter of He and CH4 

is quite large, so, helium can be separated despite its low concentration in natural reserves.  

1.2 Gas Transport Mechanisms in Membranes 

The five plausible mechanisms of gas transport through a membrane are solution-diffusion, 

Knudsen diffusion, molecular sieving, surface diffusion, and capillary condensation [22, 

23]. Figure 1.3 shows the schematic of different gas transport mechanisms. 

1.2.1 Solution-diffusion 

In solution-diffusion, the gas molecules dissolve in membrane from the feed side (i.e., 

retentate side), and transported to the other side (i.e., permeate side) through diffusion.  In 

non-porous membranes, the permeation of gas takes place through solution-diffusion 

mechanism. Since most of the polymeric membranes are non-porous So, they follow 

solution-diffusion mechanism. 
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1.2.2 Knudsen diffusion 

In Knudsen diffusion, the molecules pass through the pores of the membrane. The pore 

diameters are small enough to prevent the bulk flow of gases. The Knudsen diffusion 

happens when the mean free path (average distance between collisions) of gas molecules 

is greater than the pore diameter. 

1.2.3 Molecular sieving 

In molecular sieving, a membrane acts as a sieve for small molecules and prevent the 

transfer of the large molecules.  The molecules with larger kinetic diameter than pores do 

not pass through the membrane. This mechanism is observed in the membrane materials 

having a pore diameter between 3.0-5.2 Å. Ideally, the pore diameter of a membrane should 

be between the kinetic diameter of the separating gases. 

1.2.4 Surface Diffusion 

In surface diffusion, the transport of gas molecules happens along the pore walls of the 

porous material (membrane or filler). The adsorbed molecules of the gas move from one 

site to another site of surface in the direction of decreasing concentration. The permeability 

of specific gas increases due to strong adsorption affinity of the surface of a pore for that 

gas. 

1.2.5 Capillary Condensation 

In capillary condensation, the gas molecules condense and fill the pores of the membrane. 

Resultantly, the only gas which is soluble in condensed phase can pass through these filled 

pores. This mechanism increases the permeability and selectivity of certain gases. 
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The inorganic membranes are usually porous, and the gases permeate through them using 

the mechanisms discussed in 1.2.2 to 1.2.5. The MMMs, which are a combination of two 

types of materials (i.e., porous and/or non-porous), make use of all the mechanisms for gas 

permeation. The porous filler containing MMM has pores with certain surface area, pore 

diameter and pore aperture. Filler facilitates the transport of gases by providing secondary 

transport mechanism of Knudsen diffusion, molecular sieving, surface diffusion and/or 

capillary condensation.  
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Figure 1-3 Gas transport mechanisms: (a) Knudsen diffusion (b) Molecular sieving (c) Surface diffusion (d) 

Capillary diffusion (e) Solution diffusion 
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Key points for the synthesis of good MMM are as follows: 

1) Selection of highly permeable and highly selective polymer . 

2) Selection of suitable filler which has high thermal and chemical stability. 

3) The nano-sized or sub-micrometre sized particles of filler give better compatibility 

with the polymer. 

4) The filler should be compatible with the polymer and it should not form voids at 

high loadings.  

5) Porous fillers have unique pore size and pore aperture. The pore aperture that is 

between the kinetic diameter (see figure 1.4) of separating gases can help in sieving 

the gases. 

6) Filler should give high loading (i.e., >30 % wt.) without any crack. 
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Figure 1-4  3-D Space filling model of different gases along with their kinetic diameter 
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1.3 Upper Bound for Membranes 

The performance of a membrane depends upon many process variables and membrane 

properties. Some of the process variables are temperature, pressure, flow rate, feed 

concentration, etc. Similarly, some membrane properties that greatly influence the 

performance of the membrane are thickness, material, porosity, the solubility of gases, etc. 

The two performance indicators of membranes are ñpermeabilityò and ñselectivityò. 

ñPermeability is the flux of specific gas through membrane and selectivity is the relative 

flux of that gas". Permeability is reported in two units (i.e., SI and non-SI). Formula and 

units of permeation (permeability coefficient and pressure normalized permeability) are 

given below: 

Permeability coefficient or Permeability (Pi): 

ὖ  
Ὂὰόὼ  Ȣ ὒ

ɝὴ
                   ρ ὄὥὶὶὥὶ ρ ρπ

ὧά  ὛὝὖ  ὧά

ὧά  ί ὧάὌὫ
  

Pressure normalized permeability or Permeance (Pn): 

ὖ  
Ὂὰόὼ

ɝὴ
                       ρ ὋὖὟ ρ ρπ

ὧά  ὛὝὖ  

ὧά  ί ὧάὌὫ
 

Where 

Ὂὰόὼ
Ὂὰέύ

ὃ
 

ὒ ὝὬὭὧὯὲὩίί έὪ άὩάὦὶὥὲὩ ὧά  

ὃ ὃὶὩὥ έὪ άὩάὦὶὥὲὩ ὧά  
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Ὂὰέύ Ὢὰέύ ὶὥὸὩ έὪ Ὣὥί ͼὭò 

ɝὴ ὖὶὩίίόὶὩ ὨὭὪὪὩὶὩὲὧὩ ὥὧὶέίί άὩάὦὶὥὲὩ ὧάὌὫ   

An ideal selectivity is calculated using the permeability of two separate gases. Ideal 

selectivity (Sij) of gas ñiò and gas ñjò is the ratio of the permeability of individual gases. 

The separation factor (Ŭij) is another term used to define Selectivity. It is calculated for a 

binary mixture of gases in the permeation cell using a mole fraction of each gas on permeate 

and retentate side. 

Ideal selectivity (Sij): 

Ὓ  
ὖ

ὖ
                                      ὟὲὭὸ ὰὩίί ήόὥὲὸὭὸώ 

Separation factor (Ŭij): 

‌  
ὢ Ⱦὢ   

ὢ Ⱦὢ
          ὟὲὭὸ ὰὩίί ήόὥὲὸὭὸώ 

where 

ὖ ὖὩὶάὩὥὦὭὰὭὸώ έὪ Ὃὥί ͼiò  

ὖ ὖὩὶάὩὥὦὭὰὭὸώ έὪ Ὃὥί ͼj"  

ὢ άέὰὩ ὪὶὥὧὸὭέὲ έὪ Ὃὥί "i"  

ὢ άέὰὩ ὪὶὥὧὸὭέὲ έὪ Ὃὥί "j"  

MMM performs better than bare polymeric membranes due to synergistic effect of filler. 

Improvements in MMM can be due to an increase in permeability, selectivity, or both. 
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Usually, the improvement in selectivity results at the expense of lost permeability or vice 

versa. The synergistic effect of MMM can be represented by using the permeability factor 

and selectivity factor. 

ὖὩὶάὩὥὦὭὰὭὸώ Ὢὥὧὸέὶ ὖὊ
ὖὩὶάὩὥὦὭὰὭὸώ έὪ ὓὓὓ

ὖὩὶάὩὥὦὭὰὭὸώ έὪ ὖέὰώάὩὶ
 

ὛὩὰὩὧὸὭὺὭὸώ Ὢὥὧὸέὶ ὛὊ
ὛὩὰὩὧὸὭὺὭὸώ έὪ ὓὓὓ

ὛὩὰὩὧὸὭὺὭὸώ έὪ ὖέὰώάὩὶ
 

Commercialization of membrane is done based on its performance at lab scale. 

Performance of new membrane can be compared with already implemented membranes by 

using ñRobeson Upper Boundò plots. It is a graph between the selectivity and the 

permeability of different binary gas mixtures (e.g. CO2/N2, CO2/H2, CO2/CH4, etc.) There 

are two upper bounds that were proposed in 1991 and 2008 for a different binary mixture 

of gases [24, 25]. Upper bound plots of 13 gas pairs along with data points of synthesized 

membranes are given in the appendix.   

1.4 Objectives of Research Work 

Objective 1:  

ñSynthesis and characterization of a suitable metal organic framework (MOF) for 

formation of mixed matrix membranes for gas separation applicationò 

  

Objective 2: 

ñInvestigation of the effect of different parameters on the gas separation performance of 

the membranesò 
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Objective 3: 

ñOptimization of separation performance by varying the loading of MOF filler in mixed 

matrix membraneò 

  

Objective 4: 

ñEvaluation and validation of gas separation performance of synthesized mixed matrix 

membranes. 
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2 CHAPTER 2 

LITERATURE REVIEW 

The use of different materials and fabrication techniques has improved membrane 

separation performance over time. The initial commercial membranes were obtained from 

cellulose acetate and its derivatives. Based on the type of material, the membranes are 

either organic, inorganic, or mixed matrix. Further classification of the membrane is done 

depending upon its porosity (i.e., porous or non-porous).  Polymeric membranes are 

commercially available and widely used in large scale applications. Conversely, inorganic 

membranes are still under testing phase and require more research. Moreover, inorganic 

membranes are expensive and difficult to fabricate in different shapes (i.e., hollow fiber, 

cylindrical, spiral, etc.). The hollow fiber polymeric membranes have high filtration area 

to module volume ratio (typically >1000 m2/m3) which makes them very efficient [26]. 

Inorganic membranes are better than polymeric membranes in terms of selectivity, 

permeability, chemical resistance, and thermal stability. Mixed matrix membranes 

(MMMs) are formed by combining polymer with the porous inorganic/organic filler. These 

membranes inherit properties of the polymeric membrane and inorganic membrane 

simultaneously. Compared to the bare polymeric membrane, MMMs show increased 

permeability and/or selectivity. 
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2.1 Mixed Matrix Membranes 

Mixed matrix membranes are composed of two parts: polymeric material and a filler. The 

composition of filler in membrane varies depending upon the polymer and the filler type. 

The increased performance of a membrane is accredited to secondary transport mechanism 

(i.e., molecular sieving, surface diffusion, or Knudsen diffusion). The usually added fillers 

in mixed matrix membranes are zeolites, silicates, metal oxides, carbon-based 

nanomaterials, covalent organic frameworks (COFs) and metal organic frameworks 

(MOFs). The filler shape/morphology can be divided into four types: 

I. 0-D (nanoparticles)  

II. 1-D (nanotubes, nanofibers) 

III. 2-D (nanosheets)   

IV. 3-D (porous nanoparticles) 

The filler in MMM can be porous or non-porous. But porous materials are predominantly 

used as filler. Even at low loading condition, 2-D shape fillers give better performance and 

compatibility. The use of anisotropic filler decreases agglomeration in mixed matrix 

membrane [27]. The commonly used fillers in membranes are zeolites, silicates, metal 

oxides, carbon-based nanomaterials, and metal organic frameworks. MOFs are considered 

as the best choice [28] for mixed matrix membrane fabrication due to the following 

characteristics: 

ü MOFs are best crystalline porous materials that typically show very high surface 

area [29-31]. This high surface area helps in increasing the surface diffusion of 

gases in MOF Mixed matrix membranes (MMM).  
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ü MOFs can be designed from a wide range of metals and organic linkers to get 

unprecedented topologies [32-34]. There are enormous number of unique 

topology MOFs which can be synthesized by slightly changing the synthesis 

condition or metal salt. This provide us huge MOF filler alternatives for the 

fabrication of MMM.   

ü The pore aperture and surface properties (e.g. gas affinity, etc) of a MOF can be 

altered by introducing various functionalities using post synthetic modification 

techniques [35, 36]. Thus, the gas separation performance of MOF mixed matrix 

membrane can be further enhanced by altering the properties of MOF. 

ü The compatibility of a MOF with polymer matrix can be enhanced by introducing 

desirable functionality on the MOF surface [37, 38]. The partial organic nature of 

MOF provides the opportunity to bind functionalized MOF to the surface of the 

polymer. 

2.1.1 Polysulfone Mixed Matrix Membrane 

Paul and Kemp first time formed the mixed matrix membrane for gas separation by 

dispersing zeolite 5A in a rubbery polymer [39]. Until now, many mixed matrix membranes 

have been reported using different fillers with glassy and rubbery polymers. For example, 

Brain et. al. used MCM-41 molecular sieve to form PSF mixed matrix membrane for gas 

separation application [40]. Resulted membranes, showed an increase in permeability of 

gasses without compromising the selectivity of O2/N2 and CO2/CH4 pairs. The 

homogenous mixed matrix membrane of PSF and Zeolite-A nanoparticle was reported by 

Huanting et. al. for air separation [41]. Uniform nanoparticles created defect free 

membrane with increased permeability and selectivity.  Sangil et. al. used mesoporous 
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MCM-48 silica in polysulfone matrix and tested the loaded membranes for 5 gases (i.e. He, 

O2, CO2, N2, and CH4) [42]. The 10% MCM-48 loaded membrane proclaimed around 85% 

increase in permeability of all the gases. Juhyeon et. al., embedded nonporous fumed silica 

in PSF mixed matrix membrane [43]. They found that the permeabilities of six gases 

increased in all the membranes of nonporous silica and were in contrast with the prediction 

of Maxwell model. 

Abolfazl et. al. and Majid et. al. modified the surfaces of MCM-41 and fumed SiO2 using 

dimethyldichlorosilane (DMDCS) to form polysulfone mixed matrix membranes, 

respectively [44, 45]. These silanol functionalized fillers provided better dispersion in 

polymer matrix and increased gas separation performance (i.e., selectivity). Asim et. al. 

modified the PSF to PSF acrylate to form mixed matrix membrane [46]. Moreover, they 

used aminopropyl-trimethoxysilane (APTMS) as a coupling agent to covalently bind 

zeolite-3A to polysufone acrylate. Zeolite-3A showed excellent molecular sieving effect 

for H2/CO2 pair because its pore size (i.e., 3Å) is between the kinetic diameter of separating 

gases. Dorosti et. al. used ZSM-5 as filler in blend of PSF-PI (50:50 wt. %) [47]. The 

blended membrane had a slight increase in thermal stability and separation performance. 

Ismail et. al. fabricated mixed matrix membrane using multi wall carbon nanotubes and 

polyether sulfone polymer [48]. The MWCNTs (0.5%) loaded membrane showed an 

increase in selectivity for O2/N2 and CO2/CH4 at the expense of a decrease in 

permeabilities.   

In this decade, many new stable MOF have been reported and thus used in forming mixed 

matrix membranes. Beatriz et. al. used ZIF-8, HKUST-1 and silicate-1 to form PSF mixed 

matrix membranes [49]. They also used combinations of MOFs and silicate-1 (i.e. ZIF-
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8/SC-1 and HKUST-1/SC-1) in membranes. PSF/ZIF-8 mixed matrix membrane showed 

the best performance for mixtures, which involved the separation of permeating gases 

based on diffusion difference. Whereas, the HKUST-1 mixed matrix membranes showed 

good separation performance for CO2 containing mixtures due to high CO2 adsorption of 

filler. Harold et al. used water-stable MIL-101(Cr)/PSF MMM for O2/N2 separation [50]. 

At 24% loading of MIL-101, the membrane increased oxygen permeability by four folds 

without changing the selectivity. Many researchers used amine-modified MOFs (i.e. NH2-

MIL-101, NH2-MIL-53, NH2-UiO-66, etc.) for mixed matrix membrane fabrication due to 

their ability to reduce interfacial defects between phases [51-53]. NH2-UiO-66 helped in 

forming 50% loaded mixed matrix membrane which had eight times higher CO2 

permeability than bare polysulfone membrane [53]. Muhammad and Ba-Shammakh 

reported different PSF mixed matrix membranes for post-combustion carbon capture in 

wet conditions [54-57]. Among all combinations (i.e., ZIF-301, ZIF-301/GO, ZIF-302/GO, 

and ZIF-302/CNT,), ZIF-301/GO MMM unveiled four times increase in CO2 permeability 

and 2.4 times increase in CO2/N2 ideal selectivity [55]. Sara et. al. used mesoporous silica, 

coated with microporous ZIF-8, in PSF membrane to increase the compatibility between 

polymer and particle phase [58]. This porous composite (mesoporous-SiO and 

microporous-ZIF-8) filled membranes showed an increase in permeabilities without 

selectivity loss. Harold et. al. simultaneously used two MOFs (i.e., ZIF-8 and MIL-101) to 

form polysulfone mixed matrix membrane [59]. ZIF-8 and MIL-101(Cr) have different 

chemical and textural properties. The 16% loaded (ZIF-8 : MIL-101 = 1:1 wt.) membrane 

showed increased perm-selectivity for CO2/CH4 pair. The use of two different MOFs also 

reduced the agglomeration in MMMs.  Recently, some researchers reported PSF mixed 
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matrix membranes using Bio-MOF-1, TiO2 and ZIF-11 [60-62]. The PSF/ZIF-11 

membrane was tested for CO2/CH4 mixture separation [62]. The 24% PSF/ZIF-11 loaded 

membrane showed 40% and 160% increase in ideal and diffusional selectivity, 

respectively. This increase in diffusional selectivity was achieved due to the molecular 

sieving of gases through the narrow pore aperture of ZIF-11 (i.e., 3 Å). 

2.1.2 ZIF/Polymer Mixed Matrix Membrane 

Zeolitic imidazole frameworks have been used in many mixed matrix membranes due to 

their constricted pore windows. ZIFs also have very good chemical and thermal stability. 

Reported membranes of ZIFs and polysulfone are explained in the previous section. Miren 

et al. used ZIF-94 in 6FDA-DAM polymer to form a mixed matrix membrane for post 

combustion carbon capture [63]. The resulted membrane showed 200% increase in CO2 

permeability without compromising the selectivity of CO2/N2 pair. Seunji et. al. used ZIF-

L in polyimide to form a membrane for hydrogen separation application [64]. PI/ZIF-L 

(20% loaded) membrane increased the ideal selectivity of H2/CO2 7 times. Jousha et al. 

used mixed linker zeolitic imidazole frameworks for PI mixed matrix membrane formation 

[65]. The three linkers (i.e. 2-methylimidazole, 2-aminobenzimidazole, and 

benzimidazole) were used to get different porosities in the zeolitic imidazole framework.  

Recently, some researchers reported MMM containing PSM-nZIF-7, ZIF-302, and ZIF-67 

as filler for different gas separation applications [35, 66, 67]
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Table 2-1 Literature of mixed matrix membranes reported for He, H2, O2, CO2, N2, and CH4 separation 

MEMBRANE YEAR Conditions Helium Hydrogen Oxygen Carbon dioxide Nitrogen Methane Reference 

   
(Barrer) (Barrer) (Barrer) (Barrer) (Barrer) (Barrer) (Barrer) 

PSF 2006 35 C (4 Bar) 8.02  .89 4.46 0.18 0.17 [42] 

PSF/MCM-48 (20%)   32.1  4.14 18.21 0.77 0.77  

Matrimid 5218 2011 35 C (3 Bar) 8.75  1.29 4.3 0.22 0.21 [68] 

Matrimid-TiO (20%)   19  2.45 10.54 0.92 0.77  

Matrimid 5218 2012 22 C (4 Bar)  32.68 2.62 8.07 0.36 0.23 [69] 

Matrimid/ZIF-8 (20%)    63.53 5.63 16.63 0.88 0.46  

PEI 2014 25 C (6 Bar)  10.07  1.68 0.1 0.09 [70] 

PEI/MOF-5 (25%)    28.32  5.39 0.19 0.23  

PIM-1 2016 25 C (5 Bar) 1170 2710 875 4770 219 286 [71] 

PIM-1/UiO-66-NH2 (16.6 %)   1340 3130 1090 6340 303 425  

PIM-1 2016 25 C (2 Bar)  32.68 2.62 8.07 0.36 0.23 [72] 

PIM/Mg-MOF-74 (20 %)    63.53 5.63 16.63 0.88 0.46  

PEI 2017 35 C (2 Bar)  856 119.9 82.5 21.8 18.9 [35] 

PEI/nZIF-7-PSM (5%)    2020 272.9 245.9 182.6 107.9  

PI spongy 2019 35 C (2 Bar)  128.7 a 16.8 a 69.1 a 4.3 a 4.1 a [66] 

PI/ZIF-302 (5%)    156.4 a 14.1 a 62 a 2.5 a 3.7 a  
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Table 1 (Continued) Ideal Selectivity 

Membrane He/H2 He/O2 He/CO2 He/N2 He/CH4 H2/O2 H2/CO2 H2/N2 H2/CH4 CO2/N2 CO2/CH4 O2/N2 N2/CH4 

 
             

PSF  8.18 1.79 44.55 47.17     24.77 26.23 5.44 1.05 

PSF/MCM-48 (20%)  7.75 1.76 41.68 41.68     23.64 23.64 5.37 1.00 

Matrimid 5218  6.78 2.03 39.77 41.66     19.54 20.47 5.86 1.04 

Matrimid/TiO2 (20 %)  7.75 1.80 20.65 24.67     11.45 13.68 2.66 1.19 

Matrimid 5218      12.47 4.04 90.77 142.08 22.41 35.08 7.27 1.56 

Matrimid/ZIF-8 (20%)      11.28 3.82 72.19 138.10 18.89 36.15 6.39 1.91 

PEI       5.99 100.70 111.88 16.80 18.66  1.11 

PEI/MOF-5 (25%)       5.25 149.05 123.13 28.36 23.43  0.82 

PIM-1 0.43 1.33 0.24 5.34 4.09 3.09 0.56 12.37 9.47 21.78 16.67 3.99 0.76 

PIM-1/UiO-66-NH2 (16.6 %) 0.42 1.22 0.21 4.42 3.15 2.87 0.49 10.33 7.36 20.92 14.91 3.59 0.71 

PIM-1      3.29 0.53 10.07 6.59 18.73 12.26 3.05 0.65 

PIM/Mg-MOF-74 (20 %)      5.09 0.53 15.45 10.29 28.66 19.09 3.03 0.66 

PEI      7.13 10.37 39.26 45.29 3.78 4.36 5.50 1.15 

PEI/nZIF-7-PSM (5%)      7.40 8.21 11.06 18.72 1.34 2.27 1.49 1.69 

PI spongy      7.66 1.86 29.93 31.39 16.06 16.85 3.90 1.04 

PI/ZIF-302 (5%)      11.09 2.52 62.56 42.27 24.80 16.75 5.64 0.67 
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Table 2-2. Literature of mixed matrix membranes reported for O2, CO2, N2, and CH4 separation 

MEMBRANE YEAR Condition  Oxygen

  

Carbon dioxide Nitrogen Methane CO2/N2 CO2/CH4 O2/N2 N2/CH4 Ref. 

   
(Barrer) (Barrer) (Barrer) (Barrer) 

 
    

PSF 1996 35 C (10 Bar) 1.29 5.5 0.22 0.24 25.00 22.91 5.86 0.91 [73] 

PSF-NH2-16%   0.69 2.7 0.11 0.11 24.54 24.54 6.27 1.00  

PSF 2001 35 C (3 Bar) 1.5 a 7.53 a 0.257 a 0.389 a 29.29 19.35 5.83 0.66 [40] 

PSF/MCM-41 (30%)   3.83 a 20.5 a 0.753 a 1.05 a 27.22 19.52 5.08 0.71  

PSF 2011 25 C (4 Bar) 2.75 16 0.47 0.45 34.04 35.55 5.85 1.04 [44] 

PSF/MCM41-M-(20%)   4.04 23 0.52 0.52 44.23 44.23 7.76 1.00  

PSF 2011 35 C (3.5Bar) 1.107 2 0.402 0.48 4.97 4.12 2.75 0.82 [47] 

PI   0.7275 1.59 0.2403 0.36 6.64 4.41 3.027 0.66  

PSF-PI/ZSM-5 (20%)   0.8765 1.52 0.2943 0.34 5.19 4.37 2.97 0.84  

PSF 2012 30 C (3 Bar) 1.47  0.25    5.88  [50] 

PSF/MIL-101(Cr) (8%)   2.53  0.47    5.38   

PSF/MIL-101(Fe) (8%)   2.03  0.35    5.80   

PSF 2016 35 C (3 Bar)  5.6 0.19 0.21     [53] 

PSF/NH2-UiO-66 (50%)    43 1.65 1.8      

PSF 2017 35 C (3 Bar)  5.6 a 0.91 a 1.73 a 6.15 3.23   [74] 

PSF/SAPO-34-IL (5%)    7.24 a 0.38 a 0.36 a 19.05 20.11    
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Table 2-3 Literature of mixed matrix membranes reported for CO2, O2, N2, and CH4 separation 

MEMBRANE YEAR Condition Oxygen

  

Carbon dioxide Nitrogen Methane CO2/N2 CO2/CH4 O2/N2 N2/CH4 Ref.  

   
(Barrer) (Barrer) (Barrer) (Barrer) 

 
    

PSF 2011 35 C (2.7Bar) 1.6 b  0.28 b    5.71  [49] 

PSF/ZIF-8 (16%)   2.6 b  0.31 b    8.38   

PES/MWCNT(Purified) (1%) 2011 27 C (3 Bar) 2.319 a 7.742 a 0.91 a 0.396 a 8.50 19.55 2.54 2.29 [48] 

PES/MWCNT (Puri. & Aptes)(1%)   3.178 a 2.794 a 0.51 a 0.09 a 5.46 31.04 6.21 5.67  

PSF 2019 25 C (10 Bar)  6.18 0.21 0.22 29.42 28.09  0.95 [60] 

PSF/Bio-MOF-1 (30%)    16.57 0.36 0.39 46.02 42.48  0.92  

PI 2018 25 C (1 Bar) 27.8 125.4 5.49 3.12 22.84 40.19 5.06 1.75 [64] 

PI/ZIF-L (20%)   30.9 19.4 6.29 4.23 3.08 4.58 4.91 1.48  

Matrimid 5218 2015 35 C (10 Bar)  4.44 0.13 0.12 33.89 35.23  1.03 [75] 

Matrimid /MIL-101(Cr) )10 %)    6.95 0.12 0.12 57.91 57.91  1.00  

PEBAX 2016 25 C (2 Bar)  290 5.37 9.66 54.00 30.02  0.55 [76] 

PEBAX/CNT-Nipam Coat. (5%)     567 8.1 16.2 70.00 35.00  0.50  

PEBAX 2017 0 C (1 Bar)  53.7 1.79 3 30.00 17.90  0.59 [77] 

PEBAX/ ZIF-8 (15%) IL-(80%)    231.4 8.57 19.6 27.00 11.80  0.43  

6FDA-DAM 2018 24 C (4 Bar)  770 32.08  24    [63] 

6FDA-DAM/ ZIF-94 (40%)    2310 105  22     
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Table 2-4 Literature of mixed matrix membranes reported for CO2, N2, and CH4 separation 

MEMBRANE YEAR Temperature  Carbon dioxide Nitrogen Methane CO2/N2 CO2/CH4 N2/CH4 Reference  

   
(Barrer) (Barrer) (Barrer) 

 
   

PSF 2011 35 C (2.75 Bar) 5.95 b 0.24 b  24.79   [49] 

PSF/Silicate-1-HKUST-(16%)   8.9 b 0.22 b  40.45    

PSF 2011 35 C (2.75 Bar) 4.6 b  0.19 b  24.21  [49] 

PSF/Silicate-1-HKUST-(16%)   8.9 b  0.39 b  22.82   

PSF 2016 35 C (2 Bar) 4.7  0.21  22.38  [59] 

PSF/ MIL-101(Cr)-ZIF-8 

(16%)(1:1) 

  14.2  0.35  40.57   

PSF 2016 25 C (2 Bar) 6.32 0.24  26.33   [57] 

PSF/ZIF-301 (30%)   17.12 .62  27.61    

PSF 2016 25 C (2 Bar) 6.32 0.24  26.33   [55] 

PSF/GO-ZIF-301 (1%) (30%)   25 .4  62.50    

PSF 2016 25 C (2 Bar) 6.32 0.24  26.33   [54] 

PSFZIF-302-CNT-(12%) (8%)   18 0.514  35.01    

PSF 2016 25 C (2 Bar) 6.32 0.24  26.33   [56] 

PSF/ZIF-302-GO (30%) (1%)   13.21 0.26  50.80    

PSF 2020 25 C (10  Bar) 10.75  0.35  30.36  [62] 

PSF/ ZIF-11 (24%)   22.14  0.51  42.65   
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Table 2-5 Literature of mixed matrix membranes reported for H2, CO2, and CH4 separation 

MEMBRANE YEAR Temperature  Hydrogen Carbondioxide Methane H2/CO2 H2/CH4 Ref. 

   
(Barrer) (Barrer) (Barrer) 

 
  

PSF-acrylate 2010 25 C (12 Bar) 12.7 a, b 8.19 a, b  1.55 a, b  [46] 

PSF/ APTMS-Zeolite-

3A (30%) 

  14.78 a, b 5.53 a, b  2.67 a, b   

PSF 2011 35C (2.75 Bar) 11 b  0.19 b  57.89 [49] 

PSF/ ZIF-8-(16%)   39.8 b  0.34 b  117.05  

PSF 2013 35 C (3 Bar) 8.2 3 0.27 2.73 30.37 [45] 

PSF/SIO2-silanol 

modified (25%) 

  25 10.2 1.126 2.45 22.05  

PMP 2014 30 C (2 Bar) 11.14 98.74  0.11  [78] 

PMP/ MIL-53(Al) 

(30%) 

  13.11 217.65  0.06   

PBI 2015 35 C (10 Bar) 3.62 .4  9.05  [79] 

PBI/[Cu2(ndc)2(dabco)

]n (20%) 

  6.14 .39  15.74   

PBI 2016 150 C (5 Bar) 30 7.89  3.80  [80] 

 PBI/ ZIF-8(10 %)   40 8.89  4.49   

Pure 6FDA-DAM 2010 25 C (2 Bar)  390 16.25  CO2/CH4 
24 

[81] 

6FDA-Dam/ ZIF-90A 

(15%) 

   720 19.45  CO2/CH4 

37 

 

6FDA-Dam/ ZIF-90B 

(15%) 

   590 17.35  CO2/CH4 
34 

 

6FDA-DAM 2016 25 C (3 Bar)  358.45 11.48  CO2/CH4 

31.2239 

[82] 

6FDA-DAM/MIL-53-

Al-NH3 (20 %) 

   659.73 23.62  CO2/CH4 

61.9583 

 

Matrimid 5218 2018 35 C (7 Bar)  7.33 0.21  CO2/CH4 

34.9048 

[83] 

PI-PVDF/ MIL-101 

(Cr) (10%) 

   14.87 0.24  CO2/CH4 

61.958 

 

a = Permeance reported in GPU for the given gas 
b = Permeability and selectivity calculated using binary mixture of gases.  
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3 CHAPTER 3 

RESEARCH METHODOLOGY 

3.1 Novelty 

In this work, ZIF-95 is first time used in any mixed matrix membrane to the best of authorôs 

knowledge. ZIF-95 exhibits POZ topology with colossal cages, which have the largest pore 

windows of 3.65 Å (see figure 3.2). It is expected that these constricted pore windows will 

discriminate between the gases with different kinetic diameters. Moreover, an increase in 

separation factor is anticipated for different gas pairs of H2 and CO2 due to the peculiar 

adsorption behavior of ZIF-95. 

3.2 Properties of ZIF-95 

Zeolitic imidazole frameworks are the sub-class of metal-organic frameworks.  The 

topologies of ZIFs are isomorphic to the zeolites, that is why they are called zeolitic 

imidazole frameworks. The metal-imidazole-metal bridging angle in ZIFs is close to the 

Si-O-Si bridging angle in zeolites (i.e. 145°). This concurrence in bond angles yields 

crystalline materials with isomorphic topologies (see figure 3.1).   

ZIF-95 was synthesized by using 5-chlorobenzimidazole linker and the zinc metal salt. It 

has high thermal (i.e. greater than 450 °C) and chemical stability [84]. The reported BET 

Langmuir surface area of ZIF-95 is 1050 and 1240 m2/g. The isosteric heat of adsorption 

of CO2 for ZIF-95 was calculated about 24 kJ/mol using the Clausius-Clapeyron equation. 
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Figure 3-1. Bridging angle in zeolitic imidazole framework (1) and zeolite (2) 

 

 

Figure 3-2. Structure of ZIF-95 showing pore window 
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3.3 Materials 

Zinc nitrate hexahydrate (Zn (NO3)2. 6H2O) and acetone (C3H6O, 99%) were purchased 

from Loba Chemie Pvt. Ltd. 5-chlorobenzimidazole (C7H5ClN2, 96%) linker, for synthesis 

of ZIF-95, was purchased from Sigma-Aldrich Co. (China). For solvothermal synthesis of 

ZIF-95, dimethyl formamide (DMF, 99.5%) solvent was purchased from Fisher scientific 

Co. All the chemicals were used without further purification or treatment. The commercial 

grade polysulfone (PSF) with average molecular weight of about 35000 and density of 1.25 

g/cm3 (at 25 °C) was purchased from Sigma-Aldrich Co. (USA). The locally available 

polyetherimide (PEI, Ultem 1000) was purchased from SABIC, Saudi Arabia.  

3.4 Synthesis of ZIF-95 

ZIF-95 was synthesised by a slight modification in the previously reported solvothermal 

synthesis method [84]. The zinc nitrate hexa-hydrate (69.5 mg, 0.234 mmol) metal salt and 

5-chlorobenzimidazole (355 mg, 2.34 mmol) linker were added in Teflon lined autoclave 

container. Subsequently, DMF (17.2 ml) solvent was added in the same container to 

dissolve reactants. The Teflon container was almost half filled with the reaction medium.  

The DMF used for the synthesis had 0.02 percent water content (by weight). The container 

was tightly closed and placed in thermo fisher gravity convection oven at 120 °C for 72 

hours. The autoclave was removed from the oven on completion of 72 hours and allowed 

to cool down naturally. The ZIF-95 crystals were then washed thoroughly with DMF to 

remove the un-reacted reactants. The yield of ZIF-95 was around 80 % with respect to zinc 

nitrate hexahydrate. The sample was then activated for further characterizations and 

membranes fabrication. 
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Activation: Acetone was used to solvent exchange the DMF from ZIF-95 crystals. As 

synthesized sample was immersed in acetone for 5 days during which acetone was 

refreshed 2 to 3 times per day. Afterwards, the crystals of ZIF-95 were partially dried 

overnight in the fume hood. The degassing of partially dried sample was done using a 

vacuum degassing option on Autosorb iQ equipment. The sample was heated to 50 °C for 

10 hours and then to 110 °C for 12 hours under vacuum.  

3.5 Membranes Fabrication 

3.5.1 Bare PSF Membrane Fabrication 

PSF beads were degassed at 100 oC for 24 hours in an oven before using them in membrane 

fabrication.  500 mg of PSF was dissolved in 2.5 ml of chloroform in a vial using stirrer. 

The resulted solution of the polymer was placed on stirrer for 24 hours to get the 

homogenous solution. Afterwards, degassing of homogenous solution was done for 1 hour 

using sonication and again placed under stirring for 1 more hour. The resulting 

homogenous solution of polymer was casted on clean glass plate using casting knife.  

3.5.2 Mixed Matrix Membranes Fabrication 

The MMMs were prepared by using two vials of 5 ml and 2 ml.  The weighted quantity of 

PSF was dissolved in 1.5 ml of chloroform using stirrer in 5 ml vial. At the same time, 

weighted quantity of ZIF-95 was added in 2 ml vial and placed inside the vacuum oven for 

degassing at 110 oC for 24 hours. After 24 hours, 2 ml vial was removed from the vacuum 

oven and 0.6 ml of chloroform was added to it. Sonication was used to completely disperse 

ZIF-95 particles in chloroform. Subsequently, suspension of ZIF-95 was added in 5 ml vial 
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using priming method  to minimize the interface stress between polymer and particles [85]. 

Accordingly, around 20% of the suspension of ZIF-95 was added in the solution of polymer 

and resulted mixture was placed on the stirring. After 10 minutes, further 20% of the 

suspension was added in the polymer solution vial. This procedure was repeated until all 

the suspension was transferred into the polymer solution vial. Remaining 0.4 ml 

chloroform was used to rinse the 2 ml vial and was subsequently added in 5 ml vial. 

Homogenous suspension of ZIF-95, PSF, and chloroform was placed under stirring for 24 

hours. From then onwards, fabrication procedure of mixed matrix membranes was same as 

for bare polymeric membrane. Weight percent of polymer and MOF in a solution was fixed 

to 14.28 % in each membrane. All the membranes were casted on glass plate using doctorsô 

knife with a gate height of 300 to 360 ɛm. 

3.5.3 Blended Membranes Fabrication 

PSF and PEI beads were degassed at 100 oC for 24 hours in an oven before using them in 

membrane fabrication.  PSF:PEI (500 mg) was added in different ratios (0:100, 25:75, 

50:50, 75:25, 100:0) in the five different vials. Afterwards, 2.5 ml of chloroform was added 

in each of the vial. The stirrers were used to dissolve polymers in the chloroform. The 

resulted solutions of polymers were placed on stirrer for 24 hours to get the homogenous 

solutions. From then onwards, fabrication procedure of blended membranes was the same 

as of bare PSF membrane. 

3.6 Characterization Techniques 

The crystal structure of synthesized ZIF-95 was characterized by comparing powder x-ray 

diffraction peaks with the simulated X-ray diffraction pattern. The PXRD data were 
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collected by using Rigaku Miniflex-II equipment, operated at 450 watts (30 kV, 15 mA) 

using Cu KŬ radiation (ɚ=1.54 ¡). The measurement was obtained from 2-26Á (2ɗ) with 

the scan rate of 1 degree/min to get good results.  

The surface area of the synthesised sample was calculated by using N2 adsorption isotherm 

at 77 K. Autosorb IQ equipment was used to get adsorption and desorption isotherms. The 

CO2 adsorption isotherm was also obtained for a sample at 273, 298, and 308 K.  

The FE-SEM images of ZIF-95 crystals and membranes were obtained by using Tescan 

Lyra 3 scanning electron microscope. All the samples of ZIF-95 and membranes were gold 

(Au) coated to increase the conductivity of sample and reduce the charging effect. 

Membrane samples were cryo-fractured using liquid nitrogen to see the cross-section. FE-

SEM scans showed beautiful crystals of random morphology with particle size in the range 

of 0.1-5 ɛm. For a cross-section of membranes, EDS mapping was also used to see the 

dispersion of particles inside membrane cross section. The thicknesses of all the 

membranes were calculated using SEM.  

Thermogravimetric analyses of ZIF-95 and membranes were performed using TA Q500 

equipment. Dynamic high-resolution setting was selected in the software to perform 

analysis from 30 to 770 °C. The sample was placed on a platinum pan under dry air 

environment. The flow rate of air was maintained at 40 ml/min.  

Differential scanning calorimetry was also used to find the glass transition temperature 

(Tg) of bare, blended, and loaded membranes. The slight increase in Tg was observed for 

MMM as the loading was increased. 
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3.7 Permeation Measurement 

The permeation performance of all the membranes were measured for 6 gasses, i.e. He, H2, 

O2, CO2, N2, and CH4. The constant volume/variable pressure (CV/VP) permeation setup 

was used to calculate the permeability of each gas (Figure 3.3). Feed side and permeate 

side of permeation setup was evacuated to 35 mTorr pressure prior to each measurement. 

The temperature of setup was maintained at 35 oC and feed side pressure was raised to 

1550 torr before starting each run. The change in pressure with respect to the time was used 

to calculate the flux of the gas through the membrane (see equation 1 in SI).  This flux was 

then used to calculate the permeability coefficient or permeability of the gases. 

Permeability coefficient (ὖ ) is defined as follow: 

ὖ  
Ὂὰόὼ  Ȣ ὒ

ῳὴ 
          ρ ὄὥὶὶὥὶ ρπ

ὧά  ὛὝὖ  ὧά

ὧά  ί ὧάὌὫ
  

Where, ὖὭ is the permeability of gas ȰὭȱ in ñBarrerò, L is the thickness of the membrane in 

Ȱὧάȱ, ῳὴ is the pressure difference across the membrane in ȰὧάὌὫȱ, and ὊὭ is the flux of 

gas ȰὭȱ. Flux of gas ȰὭȱ was calculated using following equation: 

Ὂὰόὼ ρπ
Ὠὴ

Ὠὸ

Ὠὴ

Ὠὸ
Ȣ ὠ  Ȣ ὃὙὝ 

Where, 

ὃ  ὃὶὩὥ έὪ ὸὬὩ άὩάὦὶὥὲὩ ὧά   

ὠὨ  ὠέὰόάὩ έὪ ὸὬὩ Ὠέύὲ ίὸὶὩὥά ὧά   

Ὑ  ὋὩὲὩὶὥὰ Ὣὥί ὧέὲίὸὥὲὸ  πȢςχψ ὧάσ ὧάὌὫȾ ὧάσ ὛὝὖ ὑ   

Ὕ  ὝὩάὴὩὶὥὸόὶὩ ὑὩὰὺὭὲ   
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ὖὶὩίίόὶὩ ὶὭίὩ Ὥὲ Ὠέύὲ ίὸὶὩὥά ὥὸ ίὸὩὥὨώ ίὸὥὸὩ ὧάὌὫȾί    

ὒὩὥὯ ὶὥὸὩ έὲ ὸὬὩ Ὠέύὲ ίὸὶὩὥά ὧάὌὫȾί    

 

The leak rate of gasses inside the permeation cell, due to vacuum on permeate side, was 

calculated prior to the start of permeability testing for each membrane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

40 

 

 

 

 

 

 

 

 

Figure 3-3 Permeation setup used for testing of membranes 
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4 CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 Characterization Results 

4.1.1 Powder X-ray Diffraction 

The powder X-ray diffraction pattern (Figure 4.1) of the synthesized ZIF-95 exhibits 

characteristic diffraction peaks at 2.83, 3.21, and 5.30 (2ɗ). These peaks exactly match with 

the simulated diffraction pattern obtained from CIF file using Mercury software. The slight 

change in intensities of first two diffraction peaks appeared immediately after the activation 

of ZIF-95 sample. A similar trend was seen in the earlier study [86]. Overall, there is no 

change in crystallinity after the activation of ZIF-95. 

4.1.2 FESEM-EDX of ZIF-95 and MMM 

SEM images of ZIF-95 and mixed matrix membranes are presented in figure 4-2 and figure 

4-3, respectively. The average particle size of the synthesised ZIF-95 was around 0.1-5 ɛm 

(see figure 4.2). The thickness of each membrane was calculated using SEM images of 

cross-section. SEM images of cross section of bare and mixed matrix membranes are 

presented in figure 4.3 and figure 4.4. The loaded membranes show good adhesion between 

particles and the polymer. The non-uniform sized particles are distributed evenly in the 

polymer matrix. Furthermore, the distribution of ZIF-95 particles inside the membrane was 

seen through EDS mapping (see figure 4.5 and figure 4.6). The zinc was selected as a 
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mapping element in EDS scans. They revealed that the particles are distributed uniformly 

inside all the membranes.   
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Figure 4-1. Powder X-ray Diffraction pattern of simulated, synthesized, and activated ZIF-9 
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Figure 4-2 SEM images of ZIF-95 from different magnifications 

 

 

 

Figure 4-3 Cross section of Bare membrane (A, a), cross section of 8% loaded membrane (B, b), and cross 

section of 16% loaded membrane (C, c) 
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Figure 4-4 SEM images of cross section of 24% (left) and 32% loaded membranes 
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Figure 4-5 EDX mapping of PSF-ZIF-95-8% loaded membrane (left) and EDX mapping of PSF-ZIF-95-16% 

loaded membrane (right) 

 

 

Figure 4-6 EDX mapping of PSF-ZIF-95-24% loaded membrane (left) and EDX mapping of PSF-ZIF-95-32% 

loaded membrane (right) 
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4.1.3 FESEM of Blended Membranes 

SEM image of cross section of pure PSF membrane is shown in figure 4.7. Three readings 

of thickness, shown in the figure, were averaged to get the real thickness of the membrane. 

Thicknesses of all the membranes were calculated using built in scale in SEM equipment 

software. SEM images of the cross sections of pure PEI and the blended membranes are 

shown in figure 4.4. SEM image of PEI-PSF-75%-25% membrane shows perfectly blended 

polymer. This membrane exhibited very good selectivity and permeability in permeation 

experimentation. The red circle in the SEM image of PEI-PSF-50%-50% membrane shows 

that poor interaction caused defects in the membrane (see figure 4.8). The blue circles in 

the SEM image of PEI-PSF-25%-75% shows that the both polymers are not miscible at 

this weight percentage.  Miscibility and non-miscibility of polymers in blended membranes 

have been further studied using differential scanning calorimetry (see section 4.1.8). 

4.1.4 N2 Adsorption Analysis 

The N2 adsorption isotherm (at 77 K) was used to calculate the porosities and the surface 

area of synthesised samples (see figure 4.7). The synthesized ZIF-95 from two different 

autoclaves (but same batch) was combined in a vial for adsorption/desorption calculations. 

Brunauer-Emmett-Teller (BET) and Langmuir surface areas were calculated using 

adsorption points from 0.03-0.08 and 0.1-0.35, respectively. Accordingly, the BET 

(Langmuir) surface area was found to be 850 ± 50 (1100 ± 50) m2/g. Moreover, the total 

micropore volume was around 0.41 cm3/g. The calculated surface areas were comparable 

with the reported BET and Langmuir surface areas (i.e. 1050 and 1240 m2/g, respectively) 

[84]. As shown in figure 4-9, the adsorption of nitrogen gas is type 1 isotherm. 
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Figure 4-7 SEM image of cross section of PSF-100% membrane 
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Figure 4-8 SEM images of cross section of blended membranes: (A) PEI-100% , (B) PEI-PSF-75%-25%, (C) 

PEI-PSF-50:%50%, (D) PEI-PSF-25%-75% 
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Figure 4-9 N2 adsorption and desorption isotherm at 77 K 
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4.1.5 CO2 Isotherm 

The CO2 adsorption isotherm for synthesised ZIF-95 was obtained at 273 K, 298 K, and 

308 K (see figure 4.10). The isosteric heat of CO2 adsorption (Qst) for ZIF-95 was 

calculated using Clausius-Clapeyron equation. The adsorption isotherms at 273K and 

313K were used to calculate heat of adsorption. The Qst value of ZIF-95 was around 24.4 

kJ/mol, which confirms that the adsorption of CO2 is physisorption in nature. 

Clausius-Clapeyron equation: 

ὗ  Ὑ 
‬ ÌÎ ὴ

‬ ρȾὝ
  

Where, Qst is isosteric heat of adsorption in kJ/mol, R is general gas constant (kJ/mol.K), 

p is the relative pressure and T is the temperature (in Kelvin) 

 

 

 

 

 

 

 

 

 

 

 

 

- 



 

52 

 

 

 

 

 

 

Figure 4-10 CO2 adsorption and desorption isotherms at 273 K, 293 K, and 313 K 
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4.1.6 TGA of MMM 

The thermogravimetric analysis of activated ZIF-95 and membranes were done in dry air 

environment (figure 4.11). The thermal stability of ZIF-95 was around 400 oC in air, slight 

less than the stability reported in only N2 (   ֓500 oC) environment. The residual weight of 

ZIF-95 was about 19.05 grams per 100 grams of ZIF-95. This is in complete agreement 

with theoretical calculations of completely oxidized metal framework. The theoretical 

residual weight of oxidized framework (ZnO) was calculated to be 20 grams per 100 grams 

of ZIF-95. The slight difference in residual weight of ZIF-95 may arise due to the adsorbed 

gases or instrument calibration. For bare membrane, the weight of residue was close to zero 

due to complete burning of PSF into oxide gases (CO2, H2O, SO2, etc.). The weight of 

residue was also used to verify the loadings of the mixed matrix membranes. The residual 

weight of each loaded membrane was in accordance with the loading of the mixed matrix 

membrane.  

 

4.1.7 TGA of Blended Membranes 

TGA analysis of blended membranes was done in the nitrogen environment (see figure 

4.12). Slight increase in the stability of membranes was observed as the weight 

percentage of PEI was increased. This trend in thermal stability is obvious due to the 

higher stability of PEI than PSF. Interestingly, the stability of PEI-PSF-25%-75% 

membrane and pure PEI membrane was almost same. This could be because of good 

miscibility of both polymers in PEI-PSF-25%-75% membrane.  
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Figure 4-11 TGA of bare polysulfone and loaded mixed matrix membranes 
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Figure 4-12 TGA of pure and blended membranes in N2 environment 
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4.1.8 DCS of MMM 

Differential scanning calorimetry of all the membrane samples was done to find the glass 

transition temperature (Tg). The glass transition temperature of membranes increased 

slightly as the loading of the filler was increased. Increase in Tg is often related to the 

rigidification of polymer chains. Although, the increase in Tg is not very pronounced but 

it can be used to indicate interfacial interaction between the particles and the polymer 

chains.   

4.1.9 DSC of Blended membranes 

The glass transition temperatures (Tg) of all the pure and blended membranes were 

calculated using differential scanning calorimeter (figure 4-13). The pure PEI-100%  and 

PSF-100% membranes showed one glass transition temperature at 217.516 oC and 186.225 

oC, respectively. Among blended membranes, only PEI-PSF-75%-25% membrane showed 

one glass transition temperature (Tg = 216.71 oC). PEI-PSF-25%-75% membrane showed 

two glass transition temperatures at 186.61 oC and 217.01 oC. Similarly, PEI-PSF-50%-

50% membrane showed two glass transition temperatures at 187.67 oC and 217.50 oC. The 

information about the miscibility of two or more polymers can be obtained from glass 

transition temperature. The blended membranes having two glass transition temperatures 

are immiscible in each other to certain extent. The PEI-PSF-75%-25% membrane has only 

one Tg. Thus, we can say that 25 grams of PSF and 75 gram of PEI show good miscibility 

in each other. The performance of miscible membrane is superior than non-miscible 

blended membranes (See section 4.2). 
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Table 4-1 Glass transition temperature of bare polysulfone and mixed matrix membranes 

Membrane Glass transition 

Temperature (Tg) 

Bare PSF 184.49 °C 

PSF-ZIF-95-8% 184.99 °C 

PSF-ZIF-95-16% 185.28 °C 

PSF-ZIF-95-24% 185.40 °C 

PSF-ZIF-95-32% 185.96 °C 

 

Table 4-2 Glass transition temperature of pure and blended membranes 

Membrane Glass transition 

Temperature (Tg) 

PSF-100% 186.23 °C 

PEI-PSF-25%-75% 186.61 °C, 217.01 °C 

PEI-PSF-50%-50% 187.67 °C, 217.50 °C 

PEI-PSF-75%-25% 216.71 °C 

PEI-100% 217.52 °C 
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Figure 4-13 Differential Scanning Calorimetry plot of pure and blended membranes 
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4.2 Permeability and Selectivity of Blended Membranes 

The two pure and three blended membranes were tested for permeability of six gases. The 

results of permeabilities and selectivity are shown in table 4-3 and figure 4-14. The PSF-

100% membrane has slightly higher gases permeabilities then the PEI-100% membrane. 

In PSF-100% membrane, the maximum permeability of 9.6 Barrers was shown by the 

hydrogen gas. In contrast, the maximum permeability of 6.72 Barrers was depicted by 

helium gas in the PEI-100% membrane. The permeability of carbon dioxide is considerably 

high in PSF-100% membrane due to the high solubility of CO2 in PSF.  The PEI-100% 

membrane has higher selectivity for all the gas pairs then PSF-100% membrane.  The idea 

of making blend was to combine the selectivity of PEI and the permeability of PSF in a 

membrane. The perfectly blended membrane (i.e. PEI-PSF-75%-25%) showed slightly 

different permeability and selectivity then pure membranes. Overall, the perfectly blended 

membrane showed good tradeoff between selectivity and permeability. The immiscible 

blended membranes showed a significant decrease in selectivity.  This decrease in 

selectivity could be because of non-selective voids formation in the immiscible blend. 
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Figure 4-14 Permeability plot of pure and blended membranes 
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Table 4-3 Permeability and selectivity of pure and blended membranes 

MEMBRANE Thickness Permeability (Barrer) 

Helium Hydrogen Oxygen Carbon dioxide Nitrogen Methane 
 

 
      

PSF-100% 44.16 µm  9.34 9.6 0.91 4.88 0.16 0.16 
 

 
      

PEI-PSF-25%-75% 46.15 µm 7.9 8.2 0.71 3.25 0.12 0.1 

  
      

PEI-PSF-50%-50% 44.4 µm  7.75 7.7 0.63 2.72 0.14 0.12 
 

 
      

PEI-PSF-75%-25% 43.09 µm 8.33 7.7 0.51 2.18 0.09 0.06 
 

 
      

PEI-100% 40.25µm  6.72 6.13 0.35 1.5 0.04 0.03 

 

Table 4-3 

(Continued) 

Ideal Selectivity 

He/H2 He/O2 He/CO2 He/N2 He/CH4 H2/O2 H2/CO2 H2/N2 H2/CH4 CO2/N2 CO2/CH4 O2/N2 N2/CH4 

 
             

PSF-100% 0.973 10.264 1.914 58.375 58.375 10.549 1.967 60.000 60.000 30.500 30.500 5.688 1.000 

 
             

PEI-PSF-25%-75% 0.963 11.127 2.431 65.833 79.000 11.549 2.523 68.333 82.000 27.083 32.500 5.917 1.200 

 
             

PEI-PSF-50%-50% 1.006 12.302 2.849 55.357 64.583 12.222 2.831 55.000 64.167 19.429 22.667 4.500 1.167 

 
             

PEI-PSF-75%-25% 1.082 16.333 3.821 92.556 138.833 15.098 3.532 85.556 128.333 24.222 36.333 5.667 1.500 

 
             

PEI-100% 1.096 19.200 4.480 168.000 224.000 17.514 4.087 153.250 204.333 37.500 50.000 8.750 1.333 
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4.3 Permeability and Selectivity of MMM 

The pure PSF membrane and mixed matrix membranes were tested for the permeability of 

six gases. Table 4-4 and figure 4-12 shows the permeability of all the gases in the table and 

scatter plot, respectively. Compared to bare membrane, the increase in permeability was 

observed with the increase in the loading of ZIF-95 for mixed matrix membranes. The 

maximum increase in permeability of gases was observed in 32% loaded membrane. 

However, this increase in permeability did not improved the overall gas separation 

performance extraordinarily. Because the selectivity of this membrane decreased at this 

high loading. The high loading might have formed nonselective voids in the 32% loaded 

membrane. The performance increases in the 8%, 16% and 24% loaded membranes were 

achieved without any loss in selectivity of almost all the separation pairs.  The 24% loaded 

membrane gave the maximum permeability increase without compromising selectivity. 

Hence, 24% loaded membrane is considered as optimal performance membrane with 

optimal loading. Optimal loading of MOF in a polymer depends on many factors such as 

particle size, interaction of MOF with polymer, fabrication procedure, partials distribution 

in membrane, etc. In 24% loaded membrane, the permeability of H2, O2 and CO2 increased 

by 80.2%, 78% and 67.2%, respectively.  Figure 4-12 shows sharp increase in permeability 

of gases in 24% percent loaded membranes, as compared to other membranes. This sharp 

increase could be due to the formation of porous channels of ZIF-95 sieve in the polymer 

matrix. At low loading, these channels are usually not present due to huge difference 

between position of particles in polymer matrix.  
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Figure 4-15 Permeability plot of pure and mixed matrix membranes 
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Table 4-4 Permeability and selectivity of bare polysulfone and mixed matrix membranes 

MEMBRANE Thickness Permeability (Barrer) 

Helium Hydrogen Oxygen Carbon dioxide Nitrogen Methane 
 

 
      

Polysulfone Bare  44.16 ɛm 9.34 9.6 0.91 4.88 0.16 0.16 

% increase  
      

Polysufone-ZIF-95 (8 %) 46.46 ɛm 10.2 11.28 1.03 5.5 0.16 0.16 

% increase  (9.2 %) (17.5 %) (13.2 %) (12.7 %) (0 %) (0 %) 

Polysufone-ZIF-95 (16 %) 60.15 ɛm 12.04 13.14 1.23 6.47 0.195 0.186 

% increase  (28.9 %) (36.9 %) (35.2%) (32.6 %) (21.9 %) (16.3 %) 

Polysufone-ZIF-95 (24 %) 55 ɛm 15.21 17.3 1.62 8.16 0.256 0.25 

% increase  (62.8 %) (80.2 %) (78.0 %) (67.2 %) (60 %) (56.3 %) 

Polysufone-ZIF-95 (32 %) 60 ɛm 17.68 21.14 2.19 11.11 0.399 0.39 

  (89.3 %) (120.2 %) (140.7 %) (127.4 %) (149.4 %) (143.8 %) 

 

 

       

Table 4-4 

(Continued) 

Ideal Selectivity 

He/H2 He/O2 He/CO2 He/N2 He/CH4 H2/O2 H2/CO2 H2/N2 H2/CH4 CO2/N2 CO2/CH4 O2/N2 N2/CH4 

 
             

Polysulfone 

Bare  

0.972 10.263 1.913 58.375 58.375 10.549 1.967 60.000 60.000 30.500 30.500 5.687 1.000 

 
             

Polysufone-

ZIF-95 (8 %) 

0.904 9.902 1.854 63.750 63.750 10.951 2.050 70.500 70.500 34.375 34.375 6.437 1.000 

 
             

Polysufone-

ZIF-95 (16%) 

0.916 9.788 1.860 61.743 64.731 10.682 2.030 67.384 70.645 33.179 34.784 6.307 1.048 

 
             

Polysufone-

ZIF-95 (24%) 

0.879 9.389 1.864 59.414 60.840 10.679 2.120 67.578 69.200 31.9 32.6 6.3 1.000 

 
             

Polysufone-

ZIF-95 (32%) 

0.832 8.147 1.563 45.333 45.333 9.792 1.878 54.487 54.487 29 29 5.564 1 
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4.4 Gas Transport Mechanism 

The transport properties of gases through the bare and loaded mixed matrix membrane 

were also studied by using solution diffusion model [87]. This model is commonly used to 

understand the kinetic transport behavior and interaction of gas molecule within polymer. 

MMM containing porous fillers are best membranes for applying solution diffusion model. 

The model defines permeability (P) as a product of solubility coefficient (S) and diffusion 

coefficient (D). Mathematically, 

ὖ ὈȢ Ὓ 

Where, diffusivity coefficient can be calculated using time lag (ʃ) correlation (given 

below). Time lag (ʃ) is defined as x-intersect of steady state line in time vs flux graph of 

permeation measurement. The simple division of calculated permeability with diffusivity 

coefficient gives us the value of solubility coefficient. 

Ὀ
ὰ

φ —
 

Where, ͼὰͼ is the thickness of membrane in ñcmò and ͼ—ͼ is the time lag in seconds. 

The calculated values of diffusivity coefficients and solubility coefficients of mixed matrix 

membranes are given in table 4-5 and table 4-6. For further elaboration, the diffusivity 

coefficient and solubility coefficient are correlated to the kinetic diameter and normal 

boiling point of gases, respectively (see figure 4-16 and 4-17). The diffusivity coefficient 

reflects the kinetic transport behavior of gases through the membrane and solubility 

coefficient reflect the interaction of gases with membrane. 
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Table 4-5 Solubility coefficient [ cm3 (gas) cm-3 (ZIF) cmHg ] of bare and loaded mixed matrix membrane 

Membrane S_He S_H2 S_O2 S_CO2 S_N2 S_CH4 

Bare PSF 
8.43×10+7 1.74 ×10+8 5.73×10+7 7.36×10+8 7.18×10+7 8.43×10+7 

PSF-ZIF-95-8% 7.05×10+7 1.03 ×10+8 5.87×10+7 7.10×10+8 6.32 ×10+7 8.67 ×10+7 

PSF-ZIF-95-16% 5.31×10+7 5.46×10+7 5.32×10+7 5.59×10+8 5.56×10+7 9.38×10+7 

PSF-ZIF-95-24% 4.79×10+7 4.67×10+7 5.60×10+7 5.75×10+8 4.46×10+7 1.08×10+8 

PSF-ZIF-95-32% 4.44×10+7 3.64×10+7 5.4×10+7 5.14×10+8 4.0×10+7 1.1×10+8 

 

Table 4-6 Diffusivity coefficient (cm2/s) of bare and loaded mixed matrix membranes 

Membrane D_He D_H2 D_O2 D_CO2 D_N2 D_CH4 

Bare PSF 1.16×10-7 5.6×10-8 1.53×10-8 6.61×10-9 2.39×10-9 1.98×10-9 

PSF-ZIF-95-8% 1.46×10-7 1.09×10-7 1.80×10-8 7.78×10-9 2.89×10-9 1.95×10-9 

PSF-ZIF-95-16% 2.40×10-7 2.33×10-7 2.25×10-8 1.13×10-8 5.05×10-9 2.07×10-9 

PSF-ZIF-95-24% 3.17×10-7 3.70×10-7 2.93×10-8 1.41×10-8 6.27×10-9 2.41×10-9 

PSF-ZIF-95-32% 4.01×10-7 5.76×10-7 3.9×10-8 2.15×10-8 9.8×10-9 3.10×10-9 
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Figure 4-16 Diffusivity coefficient of mixed matrix membrane 

 

Figure 4-17 Solubility coefficient of mixed matrix membrane 
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The inclusion of ZIF-95 in the PSF increased the diffusivity of almost all the gases as the 

loading increased. The increase in diffusivity was not uniform for all the gases, rather there 

was more increase in diffusivity of small kinetic diameter gases. The most significant 

increase was observed in diffusivity coefficient of hydrogen gas in the loaded membranes. 

The increased hydrogen gas separation performance of loaded membranes is due to the its 

fast diffusion through ZIF-95 pores. In all the membranes, the diffusivity of gases decreases 

as we move towards higher kinetic diameter gases. In optimal loaded membrane (i.e. 24%), 

the hydrogen gas diffusivity increased by almost 6.5 times of the bare membrane. The least 

increase was observed in the diffusivity (i.e. 1.5 times) of methane gas due to its largest 

kinetic diameter.  

The incorporation of ZIF-95 in PSF decreased the solubility of all gases (except methane), 

as the loading increased. For low boiling point gases, the sharp decrease in solubility was 

observed as the loading increased. In 24% loaded membrane, the minimum decrease was 

observed in solubility of O2 and CO2. The slight decrease in solubilities did not decrease 

the overall permeability of both gases in optimal loaded membrane. So, the increase in 

separation performance of O2 and CO2 gas pairs can be attributed to the sharp decrease in 

solubilities of other gases. The only gas which showed increase in solubility with increase 

in loading of ZIF-95 was methane. But the effect of increased solubility on methane 

permeability was minimized due to its low diffusivity.  The upper bound plots for 13 gas 

pairs are given in appendix to show the performance of all the synthesized membranes. 
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Chapter 5 

CONCLUSION AND RECOMMENDATIONS 

The work done in this thesis is mainly focused on mixed matrix membranes and blended 

membranes. Following are the conclusive remarks: 

ü The polymeric blended membranes provided detailed information about the 

miscibility of polyetherimide and polysulfone. PEI-PSF-75%-25% membrane was 

the only completely miscible membrane that showed a significant tradeoff between 

permeability and selectivity of gases. The gas separation performances of the other 

two blended membranes (i.e., PEI-PSF-50%-50% and PEI-PSF-25%-75%) were 

degraded due to the immiscibility of the polymers in each other. 

ü The mixed matrix membrane showed very good performance for the separation of 

hydrogen, oxygen, and carbon dioxide gas pairs.  In the 24% loaded membrane, the 

permeability of H2, CO2, and O2 were increased by 80.2%, 78% and 67.2% when 

compared to the corresponding bare membrane, respectively. Moreover, the 

selectivity of H2/CH4, O2/N2, and H2/CO2 were increased by 16%, 15% and 8% as 

compared to the bare membrane, respectively. 

ü The compatibility between ZIF-95 and polysufone was very good. That is why we 

were able to make a highly selective 24% loaded membrane of ZIF-95. Moreover, 

SEM images of mixed matrix membranes confirmed the good adhesion of ZIF-95 

particles with the polymer matrix.  

 

Recommendations about future work are as follows: 
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× The PEI-PSF-75%-25% blended membrane can be used in making good mixed 

matrix membrane due to its good tradeoff in permeability and selectivity. The 

blended polymer may help in increasing the compatibility of filler with different 

polymer chains. 

× Mixed matrix membrane of ZIF-95 had micro-sized particles embedded in polymer 

matrix. The use of nano-sized ZIF-95 particles can further improve the performance 

of mixed matrix membrane by providing high loaded defect-free membranes. 

× Testing of already synthesized ZIF-95 mixed matrix membrane for ethane/ethylene 

and propane/propylene separation. This testing will help in further understanding 

the transport behavior of higher kinetic diameter gases through ZIF-95 MMMs. 

× Post synthetic modification (PSM) of ZIF-95 can help in fine-tuning the filler 

properties for CO2 and H2 gas pairs separation. ZIFs are very good candidates for 

PSM due to their exceptional thermal and chemical stability.  
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