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High pressure and high temperature separation of H2/CO2 is of great interest for clean energy 

generation in processes such as coal gasification.  Flat and tubular membranes of 

polybenzimidazole (PBI)/6FDA-DAM immiscible blends containing colloidal ZIF-8 were 

prepared.  Membranes were tested for the separation of H2, CO2, and a H2/CO2 gas mixture at 

various pressures and temperatures.  The amount of colloidal ZIF-8 in the blend has a remarkable 

effect on membrane morphology and gas separation.  An increase in the colloidal ZIF-8 loading 

in the blend resulted in a decrease in the size of the dispersed 6FDA-DAM domains.  A higher 

experimental temperature resulted in higher gas permeance through the membrane, while the gas 

selectivity remained constant.  At 30 atm and 300 °C, a 5% colloidal ZIF-8 PBI/6FDA-DAM 

membrane exhibited a H2 permeance of 29.52 GPU (approximately 472 Barrers), a H2/CO2 ideal 

selectivity of 17.4, and a H2/CO2 gas mixture selectivity of 12.8.  In comparison to other 

membranes, this polymer blend membrane shows high gas permeance and high gas selectivity and 

surpasses the upper bound of the 2008 Robeson plot for H2/CO2.  
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CHAPTER 1 

 

OVERVIEW 

 

 

Clean energy has gained attention over the last few decades due to the impact of fossil fuels 

on the environment including global warming.  Hydrogen (H2) is considered a clean source of 

energy [1], and it has the potential to replace gasoline, diesel fuel, and natural gas in transportation 

and electricity production [2].  H2 can be generated from a variety of sources, including fossil fuels, 

biomass, or even water [3–5].  Coal can be gasified to produce H2 [6–8].  During the gasification 

of coal (Figure 1.1), pulverized coal particles react with steam and oxygen under high temperature 

(900-1800 °C) to produce synthesis gas (syngas), a mixture consisting of H2, CO, and CO2 (H2 = 

29%, CO = 39%, and CO2 = 13%) [9–11].  The CO is then reacted with water in the presence of a 

catalyst to produce more H2 and CO2 in what is known as the water-gas shift (WGS) reaction (Eq. 

1.1).  The WGS reaction is reversible and exothermic (∆𝐻° =  −41.2 𝑘𝐽/𝑚𝑜𝑙 ).  Due to its 

exothermicity, the WGS reaction is not thermodynamically favorable at high temperatures, 

however, elevated temperatures favor the kinetics of this catalytic reaction.  The final gas mixture 

contains approximately 41-55% of H2 and 31-38% of CO2 [12].  The separation and sequestration 

of CO2 from the H2/CO2 gas mixture is necessary in order to provide pure H2 and to prevent the 

emission of greenhouse gases into the atmosphere (i.e., CO2) [13,14].  Furthermore, simultaneous 

removal of CO2 during the WGS reaction leads to a shift of the reaction equilibrium towards the 

products, increasing H2 production.  The gasification of coal is typically performed at 900-1800 

 

H2O + CO      ⇌       H2 + CO2               ∆𝐻° =  −41.2 𝑘𝐽/𝑚𝑜𝑙                                       (Eq. 1.1) 
Catalyst 
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°C to reduce char formation [6].  The resulting high pressure (>30 atm) syngas is passed through 

a reactor where the WGS reaction is performed at 200-400 °C to activate the catalyst [15].  

Typically, a gas mixture of H2 and CO2 exits the WGS reactor at pressures between 30 and 50 atm 

and at temperatures higher than 250 °C, depending on the catalyst used [12].  The high pressure 

and high temperature conditions of the WGS reaction increase the challenges for the methods and 

materials required to perform this separation. 

A variety of processes can be employed to separate H2 from CO2 after the WGS process.  

The most common method is pressure swing adsorption (PSA) in which a gas mixture is separated 

based on differences in the affinities of various gas species for an adsorbent material at a given 

pressure [16].  PSA is capable of providing high purity H2 gas (99.9%) [17].  However, the pressure 

needs to be increased and decreased alternately during the separation process in order to adsorb 

and desorb the target gas, making PSA an energy intensive process.  Another method used to 

separate H2 from CO2 is temperature swing adsorption (TSA).  TSA separates gas mixtures based 

on the affinity between a gas species and an adsorbent material at various temperatures [18].  

Similar to PSA, TSA is based on phase equilibrium and, thus, is also an energy intensive process 

due to the repeating heating and cooling cycles.  In fact, most separation techniques that are based 

on phase equilibrium, such as cryogenic distillation [19], electric swing adsorption [20], and 

vacuum swing operations [21], could achieve gas separation effectively and produce gases with 

high purity.  Unfortunately, these processes require repeated changes in phase by means of 

adjusting either pressure or temperature that lead to complex, high cost, and high energy 

consumption processes [19].   
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In contrast to conventional techniques, membrane technology only requires a differential 

pressure across a membrane to perform the separation without subjecting the mixture to phase 

changes.  Membranes perform gas separation by selectively allowing one gas species to pass 

through the membrane while retaining another on the high pressure side [22].  Membrane-based 

gas separation consumes significantly less energy compared to phase equilibrium techniques [23], 

has low gas production cost, and a small footprint, making it a promising candidate for gas 

separations [24,25].  Several types of membranes have been used for industrial gas separations 

including nitrogen separation from air, CO2 removal from natural gas, and H2 recovery from purge 

streams in ammonia production [22–25].  

Based on the materials used for their preparation, membranes can be categorized as 

inorganic or polymeric.  Inorganic membranes are made from ceramics [26–31], zeolites [32–39], 

carbons [40–44], metals [45–47], and hybrid metal-organic frameworks (MOFs) [48–56].  

Inorganic membranes exhibit high gas flux and high gas selectivity, however, the complexity of 

their preparation, poor flexibility, and low mechanical strength limit their use to the laboratory 

scale.  In contrast, the fabrication of polymeric membranes is relatively easy and inexpensive since 

many polymers exhibit good flexibility and high mechanical strength.  Most polymeric materials, 

however, have glass transition temperatures below 300 °C, which restricts them from high 

temperature applications.  The types of polymers used in gas separations include polyimides [57–

59], polysulfones [60,61], polyurethanes [62,63], and polybenzimidazoles [64–66].  Polymeric 

membranes exhibit a trade-off between permeability and selectivity that has resulted in upper 

bounds for gas separations [67–69]. 
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Unlike pure polymer membranes, polymer blend membranes are prepared by mixing 

miscible or immiscible polymers to strategically combine the desired characteristics or properties 

of the individual components.  For example, a thermally stable polymer could be blended with a 

mechanically strong polymer to simultaneously increase the thermal stability and mechanical 

strength.  Blending a highly selective polymer with a highly permeable polymer to increase both 

selectivity and permeability beyond that of the individual polymers is also a good strategy.  

Although polymer blend membranes possess attractive characteristics and properties, their gas 

separation performances are strongly affected by their morphologies that are governed by the 

miscibility and compatibility of the blended polymers [70].  For a polymer blend membrane at a 

fixed polymer composition, different morphologies, such as layer-by-layer, matrix-droplet, and 

co-continuous, result in different gas transport properties.  Therefore, different models, including 

series, parallel, Maxwell, and the equivalent box, were developed to predict gas transport 

properties for each case [71].  

Another type of membrane known as a mixed-matrix membrane (MMM) is prepared by 

dispersing additives in a polymeric matrix.  MMMs with improved gas separation properties over 

pure polymers have been reported in the open literature. These MMMs are generally made of one 

polymer combined with silica [72–74], zeolite [75–77], carbon nanotube [78,79], MOF [80–83], 

or zeolitic imidazolate framework (ZIF) [84–86] additives.  This combination allows for MMMs 

to display enhanced gas permeabilities and selectivities, good flexibility and mechanical strength, 

easy processability, and low cost, properties that make them attractive materials for industrial gas 

separations.  While MMMs show great potential in gas separations, their actual performance relies 

on the matching of the intrinsic permeability and selectivity of the additive and polymer matrix 
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[87,88] as well as their interaction and compatibility, similar to the performance limitation of the 

polymer blend. 

The research presented herein focuses on H2/CO2 separations using MMMs under 

industrially relevant conditions of pressure and temperature.  As described earlier, efficient H2/CO2 

separations could have a significant impact on clean energy production and greenhouse gas 

sequestration by reducing energy consumption and costs associated with the process.  Separating 

H2 from CO2 is challenging due to the similarities in kinetic diameters (H2 = 2.89 Å, CO2 = 3.30 

Å).  Furthermore, the H2/CO2 gas mixture produced in industrial processes is at high pressure and 

high temperature (30 atm and 300 °C) [12], raising the technological demands in terms of the 

thermal, chemical, and mechanical stability of the membranes.  Many membranes have been 

fabricated, characterized, and tested at low pressure and low temperature at laboratory scale, 

showing promising results for H2/CO2 separations [66,85,89–95].  Several membranes have been 

tested at high temperature (>230 °C) but low pressure (2-8 atm) [66,84,89,96–98].  In most cases, 

however, the true separation performances of the membranes were not measured under industrially 

relevant conditions. 

In order to thoroughly evaluate the performance of a membrane under real world 

conditions, a high pressure, high temperature (HPHT) permeameter was constructed to simulate 

the industrial conditions of the WGS reaction and to determine H2 and CO2 permeance through flat 

and tubular membranes at pressures up to 30 atm and temperatures up to 300 °C. The construction, 

calibration, and testing of the permeameter is described in Chapter 2.  A polybenzimidazole (PBI) 

membrane coated on a microporous zirconia layer deposited on a porous SS-316 tubular support, 

as well as flat membranes of PBI, were tested to calibrate and evaluate the performance of the 
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permeameter.  In Chapter 3, methods for coating polymeric membranes (e.g., PBI and Matrimid®) 

on a microporous zirconia layer deposited on a porous SS-316 tubular support were developed.  

Different coating techniques, such as spray-coating and dip-coating, were used to develop an 

effective method for the fabrication of polymeric tubular membranes.  The fabricated tubular 

membranes were also tested in the HPHT permeameter for H2/CO2 separations at high pressure 

and high temperature.  In Chapter 4, flat and tubular MMMs, containing different weight 

percentages of colloidal ZIF-8 in 50/50 PBI/6FDA-DAM polymer blends, were fabricated and 

tested for H2/CO2 separations with pure H2 and CO2 and a 50/50 H2/CO2 mixture at 30 atm and 

300 °C.  Their thermal stability and morphology were studied, and models for the calculation of 

gas permeation in polymer blends were evaluated based on membrane morphology.  The results 

showed that the MMMs were thermally and mechanical stable at the testing conditions and that 

they exhibited improvements in gas selectivity as compared to most polymeric membranes using 

the Robeson’s plot [69].  
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APPENDIX 1 FIGURE 

 

Fig 1.1. Industrial coal gasification process and generation of H2 and CO2 through the WGS 

reaction followed by H2/CO2 separation. 
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CHAPTER 2 

 

GAS PERMEAMETER FOR MEASUREMENT OF FLAT AND TUBULAR 

MEMBRANES AT HIGH PRESSURE AND HIGH TEMPERATURE 

 

 

ABSTRACT 

A permeameter was constructed to test gas permeation at high pressure and high 

temperature.  Membrane cells were custom-made to house both flat and tubular membranes.  

Fittings and parts for the permeameter were selected to match the high pressure and high 

temperature requirements.  A virtual instrument (VI) computer program was developed in 

LabVIEW to control the instrument and acquire data.  To test the instrument, flat and tubular 

polybenzimidazole membranes were tested at 30 atm and 300 °C with pure H2 and CO2 gases and 

a 50:50 H2/CO2 gas mixture. The permeation results show that PBI membranes are suitable for 

H2/CO2 separations under water-gas shift reaction conditions (e.g., 30 atm and 300 °C).  The flat 

membrane exhibits H2/CO2 ideal selectivities of 24 (10 atm) and 26 (30 atm) at 300 °C, whereas 

the tubular membrane showed H2/CO2 ideal selectivities of 22 (10 atm) and 23 (30 atm) and a 

mixed gas selectivity of 17.8 (30 atm), all at 300 °C.  The H2 and CO2 permeabilities of tubular 

membranes are slightly less than those for flat membranes, which may result from the thickness 

of the tubular membrane being thicker than its estimated value.  The permeation results also 

indicate that the permeameter is suitable for measuring gas transport properties of a membrane at 

high pressure, high temperature, especially for those highly permeable membranes.  Additionally, 

the design of the permeameter permits it to conduct fast measurements with various pressures at 

constant temperature using different geometries of the membranes.   
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2.1. INTRODUCTION 

 The demand for clean energy has increased in recent years due to environmental pollution 

and global warming, making H2 a good source of energy compared to traditional fossil fuels [1].  

Because H2 is considered a clean energy source, its industrial generation through the gasification 

of coal and the water-gas shift (WGS) reaction has become more important in recent years [2–4].  

One of the major by-products of H2 production from the WGS reaction is the greenhouse gas CO2, 

which plays a major role in global warming.  Consequently, for environmental protection, 

separating H2 from CO2 is a critical and necessary step during the H2 production process.  In 

industry, pressure swing adsorption [5] and cryogenic distillation [6] have been applied to separate 

H2 from CO2, however, these processes are energy intensive and increase the operating costs. 

An alternative solution for gas separation is to use membrane technology [6,7]. A 

membrane separates gases by selectively passing some gas molecules, while reducing the diffusion 

of others.  Compared to conventional methods, membrane technology exhibits several major 

advantages, such as lower energy consumption, lower cost, a smaller footprint, and less 

environmental impact [6–8].  In recent years, membrane technology has been well studied, and 

membranes have been developed and tested at the laboratory scale, showing promising properties 

for H2/CO2 separations [9–16].  The majority of gas permeation experiments, however, have been 

conducted at temperatures below 50 °C and at pressures less than 10 atm.  Very few experiments 

have been conducted under industrial conditions of pressure (30-60 atm) and temperature (250-

400 °C) [17,18] due to the limitations of existing testing instruments.   

Several membranes have been tested at high temperature and low pressure [9–11,19–23] 

or at high pressure and low temperature [24,25].  Most of the instruments capable of testing at high 
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temperature and low pressure were constructed based on the concept of constant-volume, variable-

pressure in which the downstream volume of the instrument remains constant while the increased 

pressure from permeate in this volume is recorded.  Depending on the resolution of the downstream 

pressure transducer, an instrument based on this concept typically provides accurate results for a 

membrane that has low gas permeability or a small membrane area, and the solubility and 

diffusivity coefficients are determined from the time-lag in the plot of downstream pressure versus 

time.  However, in order to obtain an accurate measurement, a sufficient evacuation is required to 

degas the instrument and membrane between experiments, which lengthens the experimental 

period.  Additionally, this design may not be suitable for testing highly permeable membrane 

materials, in which the high flux can easily saturate the downstream volume and over pressurize 

the downstream pressure transducer.  Instruments for measurement at high pressure and low 

temperature normally employ the concept of variable-volume, constant-pressure in which the 

downstream pressure remains at atmospheric pressure while the flow rate of the permeate is 

measured.  An instrument based on this design is apt to test highly permeable membrane materials 

and, since no evacuation is required between experiments, it can conduct gas permeation tests 

quickly.  However, it is not suitable for testing low permeable membrane materials or a membrane 

with a small area for which the flow rate of the permeate can be too small to detect. 

The limitations of performing gas permeation experiments at industrially relevant pressure 

and temperature arise from different aspects. One common barrier results from the limited thermal 

stability or mechanical strength of membrane materials to high pressures and high temperatures 

[26,27].  For example, the WGS reaction produces a gas mixture at 30 atm and 300 °C that is 

typically streamed to a gas separator that also operates at these conditions.  A polymeric membrane 
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in this unit would not only be subjected to high pressure that may cause membrane tearing, but 

also to high temperature that may decompose the polymeric material.  Another restraint comes 

from limited thermal stability and mechanical strength of seals or parts used on the instrument.  In 

a high pressure and high temperature environment, sealing the low pressure side from the high 

pressure side is difficult to achieve and hence becomes a major concern because leaks could 

invalidate results or, even worse, result in a catastrophic mechanical failure.  As described 

previously, instruments were designed and constructed to measure pressure of permeate at a 

constant volume [9,10] are suitable for measuring slightly permeable membranes.  For highly 

permeable membranes, or when operating at high pressure and high temperature, it is more 

advantageous to measure permeate flow rate at a constant pressure with mass flow meters.  In this 

work, a high pressure, high temperature (HPHT) permeameter was designed and constructed to 

test membranes under industrially relevant conditions of feed, pressure, and temperature.  The 

HPHT permeameter is capable of handling high flux measurement for both flat and tubular 

membranes.  The construction of the instrument is described in detail, and the testing of high 

performance flat and tubular polybenzimidazole (PBI) membranes at high pressure and high 

temperature was accomplished using pure H2 and CO2 and their 50:50 mixture. 

2.2. DESIGN AND ASSEMBLY 

2.2.1 Theory and Design 

The HPHT permeameter is designed to measure the gas permeance through a membrane 

by measuring gas flux at constant downstream pressure.  Given the permeate flow rate, J, the 

differential pressure across the membrane, ∆p, and the active membrane area, A, the gas permeance 

Q is calculated using Eq. (2.1).  With a known membrane thickness, l, the gas permeability of a 
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membrane, P, is calculated using Eq. (2.2).  The membrane selectivity, α, is then determined by 

calculating the ratio of the gas permeances of two different gas species, Qa/Qb.  

Q = 
J

A ∆p
      (Eq. 2.1) 

P = Q × l   (Eq. 2.2) 
 

The HPHT permeameter was designed to monitor and record gas flow to the feed side, gas 

flow from the retentate in order to adjust the stage cut, and gas flow to the permeate side to measure 

the permeance for pure gases and gas mixtures (Fig. 2.1).  The flow of the high pressure feed to 

the upstream side of the membrane is regulated by a metering valve and measured with a pressure 

transducer.  To avoid damage of the instrument components by excessive pressurization, a check 

valve and a back pressure regulator were installed on the upstream side to ensure the pressure does 

not exceed a set level.  To minimize thermal losses during permeability experiments at high 

temperatures, the feed gas is preheated to 100 °C before it enters the high temperature furnace 

where the membrane cell is located.  In the furnace, the membrane is exposed to the feed gas heated 

to the desire temperature.  The pressure on the downstream side of the membrane is controlled by 

a back pressure regulator set to 1 atm and monitored with a pressure transducer (5 atm) to ensure 

that constant pressure is maintained during permeability experiments.  The mass flow meter 

installed on the downstream side measures the permeate flow rate, J, when gas diffuses through 

the membrane, providing a direct measurement of the total gas flux across the membrane.  Type 

K thermocouples were installed on the upstream and downstream sides and in the furnace to 

monitor, adjust, and record the temperatures of the feed, retentate, permeate, and the membrane.  

For wet gas mixtures, condensers were installed on both the upstream and downstream sides to 
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prevent excess water from entering the GC columns when the composition of the feed, retentate, 

and permeate are analyzed.  The HPHT permeameter design permits the measurement of gas 

permeabilities of membranes for H2, CO2, and their mixture at various temperatures and pressures.   

2.2.2 Components and Hardware Assembly 

2.2.2.1 Components 

 Considering the required mechanical strength against high pressure, thermal stability, and 

corrosion resistance, only stainless steel (SS-316) fittings and tubing with proper operating 

temperature and pressure ranges were used in the construction of the HPHT permeameter.  

Stainless steel 316 tubing with ODs of 1/8 inch (SS-T2-S-028-20) and 1/4 inch (SS-T4-S-065-20), 

high pressure bellow valves (SS-HBV51-C and SS-HBVS4-C), adjustable check valves (SS-4CA-

350 and SS-4CA-3), metering valves (SS-SS4-VH), back pressure regulators 

(KBP1J0D4D5E20000RD and KBP1F0D4D5E20000OG), and fittings rated up to 60.0 MPa were 

purchased from SwagelokTM.  Solenoid valves (SY114-5LOZ) to actuate pneumatic valves were 

purchased from SMC Corporation.  Two-stage brass pressure regulators (Y12-244F), rated up to 

250 psi, used to adjust pressure from 30 atm to 2 atm from the feed and retentate sides to the GC 

were purchased from Airgas®.  The upstream pressure transducer (UNIK 5000) with a range from 

70 mbar to 700 bar was purchased from General Electric Company.  The downstream pressure 

transducer (Baratron® 127) with a range up to 1000 torr, the mass flow controllers (MKS-1179B) 

with ranges from 500 to 2000 sccm, and the mass flow meters (MKS-179B) with ranges from 500 

to 1000 sccm were purchased from MKS Instruments.  To detect small flow rates on the 

downstream side, a 5 sccm mass flow meter (UFC-8100) was purchased from Unit Instruments.  

Temperature controllers (CN-7500) and thermocouples type K were purchased from Omega 
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Engineering. A gas chromatograph (SRI-8610C) equipped with a TCD detector, a molecular sieve 

column (MOL SIEVE 13X), and a polymer column (HAYESEP D) were purchased from SRI 

instruments and calibrated with H2, CO2, and H2/CO2 mixture standards using He and N2 as carrier 

gases for CO2 and H2, respectively. 

2.2.2.2 Membrane Cells 

 For the testing of flat membranes at high temperature and high pressure, a permeation cell 

was made of two CF flanges (MDC-130008 and MDC-110008 ConflatTM style, 7.0 cm OD) that 

sandwich and compress the membrane between high temperature aluminum tape (3M) and 

graphite gaskets to seal the membrane [17] (Fig. 2.2).  A copper gasket was used to contain leaks 

should the graphite gasket fail.  On the feed side flange, an additional set of glands (SS-2-VCR-3) 

was welded to allow the removal of the retentate and to control the stage cut of the membrane.  On 

the inner side of the downstream flange, a 1/2-inch stainless steel porous disk (1000-.500-.125-2-

A, Mott Corporation) was embedded to provide a support for the membrane.  The diameter of this 

porous support defines the membrane diameter to exactly 1/2 inch. 

 For the testing of tubular membranes, a cell made of a CF type full nipple (MKS-

100883055) and two CF type flanges (MKS-100883054) was made (Fig. 2.3).  On the downstream 

flange, a set of 1/4-inch gland (316L-4-VCR-3A) and 1/4-inch female VCR nut (SS-4-HVCR-1) 

was welded to the inner side to connect the tubular membrane support (AccuSep®) that was 

obtained from Pall Corporation.  The porous stainless steel 316 tubular support (Fig. 2.4) was 

coated with a thin layer of zirconia with an area of 13.8 cm2.  Similar to the flat membrane cell, a 

set of glands (SS-2-VCR-3) and nuts (SS-2-HVCR-4) was also welded to the flange to allow the 

removal of the retentate. 
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2.2.2.3 Hardware Assembly 

The HPHT permeameter (Fig 2.5) was assembled following the design shown in Fig. 2.1.  

The bending, cutting, welding, and assembling of the stainless steel tubing and fittings were 

completed according to the manufacturers’ recommendations [28].  The cracking pressure of the 

upstream check valves was adjusted to 525 psi, and the downstream check valves were adjusted 

to 45 psi to prevent excess pressure build-up and damage to the pressure transducers.  The 

backpressure regulators of the upstream and downstream sides were adjusted to 450 psi and 30 psi, 

respectively, in order to maintain the feed and permeate pressures.  The two-stage pressure 

regulators that lower the pressure from the upstream and downstream sides to the GC were adjusted 

to 20 psi to prevent damage to the GC components.  To prevent the accumulation of leaks from 

the membrane cell and fittings in the furnace, a flow of N2 continuously purged the furnace during 

permeability experiments. 

2.2.3 Electronics and Software 

2.2.3.1 Controller 

 The HPHT permeameter controls and monitors the experiments through data acquisition 

units (DAQ) that also serve as interfaces to communicate with a PC.  A NI-USB-6009 16 bit USB 

2.0 analog/digital converter, a 24 bit MCC DAQ USB-2408 series USB 2.0 analog/digital 

converter with built-in cold-junction compensation for direct measurements of different types of 

thermocouples, and a LabJack PS12DC relay module attached to a LabJack U3HV DAQ with 

digital I/O channels to control the solenoid valves were purchased.  All the pressure transducers, 

thermocouples, mass flow meters, mass flow controllers, and solenoid valves were connected to 

the DAQs using shielded cables to minimize noise in the signals.  Typical signal voltages for 
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pressure transducers ranged from 0 to 10 V and from 0 to 5 V for mass flow controllers and flow 

meters.  To control the temperature of the heater and furnace, solid state relays with attached heat 

sinks were used to deliver the high power required by the heaters.  The relays were connected to 

temperature controllers and to the PC through RS-232 serial interfaces, allowing for the PC to 

control the temperature of the heaters. 

2.2.3.2 Software 

 Figure 2.6 shows the front panel of the HPHT LabVIEW VI developed using LabVIEW 

2012 (National Instruments).  This VI controls and monitors the HPHT transducers, thermocouples, 

mass flow meters, and valves connected to the DAQs and presents the data to the operator in real 

time.  The VI also allows the operator to have full control of the instrument through the digital 

interface, which has a layout similar to the front panel of the controller on the HPHT permeameter.  

The experimental data, including time, pressures, temperatures, and flow rates, are written to a text 

file on the PC’s hard drive. 

2.3. EXAMPLES OF APPLICATION 

2.3.1 Flat PBI Membranes 

Polymer membranes with high H2/CO2 selectivities that are mechanically, thermally, and 

chemically stable at 300 °C and 30 atm are sought for their application in the WGS reaction.  

Polybenzimidazole (PBI) is a polymer with a tensile strength of 160 MPa and a Tg of 427 °C [29], 

making it a promising membrane material for H2 separations under WGS conditions.  Previous 

permeability tests conducted in our lab at 35 °C and 3 atm using flat PBI membranes (annealed at 

250 °C) showed a H2 permeability of 1.37 Barrers and a H2/CO2 ideal selectivity of 27.4.  It was 

previously shown that gas permeation in polymers increased with increasing temperature while 
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retaining selectivity [17].  It was anticipated that at 300 °C, PBI membranes would exhibit 

enhanced H2 permeability without significant decrease in H2/CO2 selectivity.   

Flat PBI membranes were prepared from a 26 wt% PBI solution containing 1.5 wt% LiCl 

(PBI Performance Products Inc.).  The casting solution was prepared by diluting 192 mg of the 26 

wt% PBI dope with 3 mL of N,N-dimethylacetamide (Aldrich) while stirring at 80 °C for 1 d.  

After a homogeneous solution was formed, the excess solvent was evaporated to obtain a 15 wt% 

PBI solution.  The solution was cast onto a glass substrate using an automatic film applicator 

(Sheen 1133N) with an adjustable doctor blade.  The membrane was dried for 4 h in a chamber 

that was heated at 50 °C and purged with N2.  The membrane was then placed in a vacuum oven 

to anneal at 80 °C for 1 d, 150 °C for 12 h, 200 °C for 12 h, and 250 °C for 1 d.  A piece of the flat 

PBI membrane with a thickness of 25 µm and an exposed area of 1.27 cm2 was mounted in the flat 

membrane cell (Fig. 2.2). 

Single gas permeation experiments with H2 and CO2 were performed at 300 °C with feed 

pressures ranging from 10 to 30 atm.  In a typical permeation experiment, the temperature of the 

membrane was kept constant for 6 h before measurement began.  Then, the upstream was 

pressurized to 30 atm with either H2 or CO2 while data from the temperature and pressure 

transducers and the mass flow meters were recorded.  Once steady state flow in the downstream 

was achieved, the duration of the experiment was extended at least 5 min.  Immediately after the 

data were acquired at this pressure, the feed pressure was dropped to 20 atm and then to 10 atm 

following the same experimental procedure for data acquisition.  At the end of the experiments, 

the upstream pressure was reduced to atmospheric pressure to obtain the response of the flow 
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meters for baseline correction.  Permeability data for H2 and CO2 in PBI at 35 °C and at 300 °C 

are shown in Table 2.1. 

Table 2.1 shows that the permeability of H2 increased approximately 37 times from 1.37 

Barrers at 35 °C and 3 atm to 51.25 Barrers at 300 °C and 30 atm.  For CO2, the permeability 

increased approximately 40 times from 0.05 Barrers at 35 °C and 3 atm to 2.01 Barrers at 300 °C 

and 30 atm.  Because the permeability of CO2 increased slightly more than the permeability of H2 

when the temperature was increased, the H2/CO2 ideal selectivity exhibited a minor decrease from 

27.4 at 35 °C to 25.5 at 300 °C.  Table 2.1 also shows that at 300 °C, the permeabilities of H2 and 

CO2 did not change significantly when the pressure was increased from 10 to 30 atm (permeability 

of H2 = 50.26 Barrers at 10 atm; H2 = 51.25 Barrers at 30 atm, CO2 = 2.13 Barrers at 10 atm; CO2 

= 2.01 Barrers at 30 atm).  Due to increased thermal motion of the polymer chains at elevated 

temperature, additional free volume was likely created in the membrane, leading to an 

enhancement in gas permeability and a decrease in H2/CO2 selectivity [9].  The H2 permeability 

for our PBI membrane (51.25 Barrers), tested at 30 atm and 300 °C, is similar to that for a PBI 

membrane (58 Barrer) that was tested at 3 atm and 250 °C [9].  However, the H2/CO2 selectivity 

for our flat PBI membrane (25.5) is lower than that for the tubular PBI membrane (43), which may 

be due to the difference in testing temperature. 

2.3.2 Tubular PBI Membranes 

 Tubular membranes present several advantages over flat membranes. For example, tubular 

membranes allow for larger membrane areas, resulting in larger flow rates.  Tubular membranes 

also offer better mechanical strength than flat membranes because the membranes are coated 

directly onto the tubular support facilitating the measurement of the gas transport properties of thin 
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membranes at high pressures and high temperatures.  Another benefit of using tubular supports is 

that they provide more reliable sealing of the low and high pressure sides than typical flat 

membrane cells.  The major drawback of tubular membranes is that the thickness of the membrane 

cannot be measured accurately due to the unevenness of the coating and due to polymer diffusion 

into the pores of the support.  Hence, gas permeance is used to evaluate the permeation properties 

of tubular membranes. 

Formation of a continuous thin membrane on a tubular support can be realized by 

comparing the gas flux before and after coating the membrane on the tubular support.  Therefore, 

it is important to perform a blank test using the bare tubular support to determine the gas flux of 

the support at the conditions the membrane would be tested.  For this test, the temperature was set 

to 300 °C and the support was pressurized with N2 at 5 atm.  The gas flow rate on the downstream 

was measured by the MFMs to determine the N2 permeance through the tubular support, which 

was found to be 14755 GPU.  It was, therefore, anticipated that a defect-free, coated membrane 

would reduce the gas flow rate of the bare tubular support and exhibit a gas selectivity higher than 

Knudsen selectivity. 

Tubular PBI membranes with areas up to 13.8 cm2 were coated on the tubular support.  The 

tubular PBI membrane was fabricated by dipping the tubular support into an 8 wt% PBI solution 

obtained from the dilution of a 26 wt% dope with N,N-dimethylacetamide.  The tubular support 

was rotated axially at 60 rpm during the coating process in which it was slowly immersed in the 8 

wt% PBI solution and then removed at the same speed.  The tubular membrane was left rotating 

at room temperature for 2 h and then transferred to a heated drying table at 50 °C for 4 h while 

purging with N2.  The drying protocol for the tubular membrane was the same as for the flat 
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membrane.  The resulting tubular membrane exhibited an estimated thickness of 16 ± 1 µm 

measured with a micrometer. 

 The membrane was tested at 300 °C and 30 atm with H2, CO2, and a 50:50 H2/CO2 mixture 

using the HPHT permeameter.  Single gas permeation experiments with the tubular PBI membrane 

were carried out following the same procedure used for flat PBI membranes.  For gas mixture 

experiments, a H2/CO2 mixture at 30 atm was introduced into the upstream side once the 

temperature of the membrane was equilibrated for at least 1 h.  After steady state was reached, the 

permeate was directed to the GC to determine its composition.  Due to similar thermal 

conductivities between H2 and He, N2 was used as carrier gas for the measurement of H2, and He 

was used for the measurement of CO2.  The H2 and CO2 compositions were alternately measured 

7 times, and the average was used to calculate the H2/CO2 ideal selectivity of the membrane.  The 

GC’s columns were purged between analyses with the carrier gas to flush the previous samples 

from the columns.  The gas permeation results for the tubular PBI membrane at 300 °C and 30 atm 

for H2, CO2, and the H2/CO2 mixture are shown in Table 2. 

 Kumbharkar, et al. [23] measured the gas permeance of PBI hollow fibers between 300 

and 400 °C at 5 to 8 atm.  Their work showed their PBI hollow fibers exhibited H2 and CO2 

permeances of 2.60 and 0.096 GPU, respectively, with a H2/CO2 ideal selectivity of 27.3.  These 

results are similar to those measured for the tubular PBI membrane in this work (Table 2).  Using 

Eq. (2.2) and the estimated thickness of the tubular membrane (16 µm), the gas permeability for 

H2 and CO2 were estimated and compared to those obtained for the flat membrane.  The results 

indicated that the tubular membrane was slightly less permeable for H2 and CO2 than the flat 

membranes at 10 to 30 atm and 300 °C, which possibly results from a difference between the 
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estimated and actual thickness of the tubular membrane.  The tubular membrane might be thicker 

than the estimation due to the diffusion of polymer solution into the pores of the support during 

coating.  The ideal gas selectivities of the flat membrane (23.6 to 25.5 at 10 to 30 atm and 300 °C) 

and tubular membrane (22.1 to 23.1 at 10 to 30 atm and 300 °C) are similar.  The measurement of 

gas mixture selectivity at 30 atm and 300 °C showed a reduction in H2/CO2 selectivity from 23.1 

(ideal) to 17.8 at a stage cut of 0.2.  Gas mixture selectivity drops from ideal selectivities have 

been observed before and are attributed to the increased concentration of CO2 in the feed 

competing with H2 for diffusion pathways in the membrane [15].  It should be noted that the 

accumulation of the retentate (CO2) on the upstream side is reduced by purging the feed from the 

surface of the membrane at a rate low enough to provide a maximum selectivity (stage cut of the 

membrane).  In the HPHT permeameter, this is accomplished by connecting a piece of tubing at 

the opposite end of the feed on the upstream side and lowering the temperature and pressure of 

this line to room temperature and 2 atm.  Purging rates are controlled with mass flow controllers 

based on the permeation rate across the membrane. 

 From the permeation results, it can be seen that the HPHT permeameter in this work is 

capable of testing the H2/CO2 separation of a membrane at industrially relevant pressure and 

temperature, which is superior to most instruments [9,10,12,19,23–25] that can only test a 

membrane at high pressure or high temperature.  Compared to the existing instrument in our lab 

for measuring gas permeation at high pressure, high temperature [17], the HPHT permeameter in 

this work exhibits several advantages.  First, the HPHT permeameter is better in measuring 

membranes with high gas permeability.  As described previously, at high temperature, polymeric 

membranes tend to be more permeable due to the thermal motion of the polymer chains, leading 
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to a significant increase in gas diffusivity.  The HPHT permeameter was designed based on the 

concept of variable-volume, constant-pressure, which implies that the flux will not build up on the 

downstream side of the membrane.  Therefore, the HPHT permeameter can handle high flux 

measurements better than instruments based on the concept of constant-volume, variable-pressure.  

Due to this feature, the HPHT permeameter is also suitable for testing inorganic membranes that 

normally exhibit high gas permeability.  Second, the variable-volume, constant-pressure design 

does not require the evacuation of the downstream side of the membrane, which simplifies the 

testing procedure and enables fast measurement at various pressures.  And last, the HPHT 

permeameter is versatile to membrane geometry, capable of measuring flat, tubular, and other 

membrane geometries. 

2.4. CONCLUSION 

The HPHT permeameter was designed and assembled to measure gas permeance through 

a membrane under industrially relevant conditions of feed, pressure, and temperature.  The design 

of the HPHT permeameter involved means to regulate the flow of high pressure gas.  For the 

assembly, all the fittings and parts were carefully selected and assembled according to 

specifications to ensure the instrument can properly handle gases at high pressures and high 

temperatures.  Because of the wide range of the MFMs (0.005 to 5 sccm, 0.5 to 500 sccm, 1 to 

1000 sccm) and MFCs (2 to 2000 sccm, 5 to 5000 sccm), the HPHT permeameter is capable of 

measuring flow rates up to 2000 sccm, making it suitable for measuring the gas transport properties 

of highly permeable membranes.  The results obtained with PBI membranes show that the HPHT 

permeameter can provide reliable gas permeance results for flat or tubular membranes using single 

gas or gas mixtures under industrial conditions.  Compared to other systems for gas permeation 



 

30 

measurement, the HPHT permeameter exhibits several features and advantages that make it more 

suitable for high pressure, high temperature applications. 
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APPENDIX 2 FIGURES AND TABLES 

 
Fig 2.1. Schematic diagram of the HPHT permeameter. V = high pressure bellow valve, BPR = 

back pressure regulator, PR = pressure regulator, MV = metering valve, CK = check valve, PT = 

pressure transducer, MFM = mass flow meter, and MFC = mass flow controller. 
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Fig 2.2. Optical image of a flat membrane cell for high pressure, high temperature gas permeation 

measurements. 
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Fig 2.3. Optical image of a tubular membrane cell. 
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Fig 2.4. Optical image of a zirconia-coated stainless steel tubular support. 
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Fig 2.5. Optical image of the assembled HPHT permeameter located in a fume hood. 
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Fig 2.6. LabVIEW front panel of the HPHT permeameter. 
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Table 2.1. Permeability (Barrer) of H2 and CO2 and H2/CO2 ideal selectivity in a flat PBI 

membrane at various temperatures and pressures. 

Temperature (°C)  35  300 300 300 

Pressure (atm)  3  10 20 30 

H2 permeability (Barrer)  1.37  50.26 50.53 51.25 

CO2 permeability (Barrer)  0.05  2.13 2.15 2.01 

H2/CO2 ideal selectivity  27.4  23.6 23.5 25.5 

1 Barrer = 1×10-10 cm3
(STP) cm-2 s-1 cmHg-1 
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Table 2.2. Permeance, permeability*, and selectivity of a tubular PBI membrane for H2 and CO2 

at high pressure and high temperature. 

Temperature (°C)  300 300 300 

Pressure (atm)  10 20 30 

H2 permeance (GPU)  2.55 2.52 2.52 

CO2 permeance (GPU)  0.12 0.11 0.11 

H2 permeability (Barrer)  39.34 38.75 38.84 

CO2 permeability (Barrer)  1.93 1.92 1.82 

H2/CO2 ideal selectivity  20.4 20.2 21.3 

H2/CO2 mixed gas selectivity  - - 17.8 

1 GPU = 1×10-6 cm3
(STP) cm-2 s-1 cmHg-1 

* 16 ± 1 µm for membrane thickness  
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CHAPTER 3 

 

COMPARISON OF FLAT AND TUBULAR POLYMERIC MEMBRANES FOR H2/ CO2 

SEPARATION 

 

 

ABSTRACT 

Tubular Matrimid® and PBI membranes were fabricated using the dip-coating technique.  The 

application time and polymer solution concentration were varied to determine the optimal coating 

conditions to obtain defect-free membranes.  The dip-coating technique, using an 8 wt% polymer 

solution, provided defect-free polymer membranes on tubular supports with thicknesses of 16 to 

18 µm.  The H2/CO2 separation performance of the flat and tubular polymeric membranes were 

compared from 3 atm and 35 °C to 30 atm and 300 °C.  The tubular Matrimid® membranes 

exhibited H2 permeability of 32.5 Barrers and H2/CO2 ideal selectivity of 3.8, which is similar to 

the reported H2 permeability (28.9 Barrers) and H2/CO2 ideal selectivity (3.0) of the flat Matrimid® 

membranes that were tested at the same conditions. The flat PBI membranes exhibited H2 

permeability of 51.3 Barrers and H2/CO2 ideal selectivity of 25.5, whereas the tubular membranes 

exhibited H2 permeability of 38.8 Barrers and H2/CO2 ideal selectivity of 21.3, both tested at 30 

atm and 300 °C.  The gas permeability and selectivity of the flat membranes are similar to those 

for tubular membranes tested under the same conditions, indicating that the dip-coating technique 

provides defect-free tubular membranes.  
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3.1 INTRODUCTION 

Membrane technology has been widely investigated and developed for several decades due 

to its economic merits.  Compared to conventional methods for gas separations, such as pressure 

swing adsorption [1] and cryogenic distillation [2], membrane-based separations leave a smaller 

footprint, require less maintenance, and consume less energy [2–4].  Due to these advantages, 

several types of membranes have been utilized in industrial processes for separating gas pairs such 

as O2 from N2 in O2 production [5–7], CO2 from N2 in flue gas from coal plants [8–11], H2 from 

purge streams in ammonia production [12–14], and H2 from CO2 in the water-gas shift (WGS) 

reaction [15–17].   

The two major parameters used to evaluate the gas separation performance of a membrane 

are permeability and selectivity.  Permeability is the product of gas flux and membrane thickness, 

while selectivity is the ratio of the permeabilities of two gases.  Membranes with high permeability, 

high gas flux, and high selectivity are typically desired.  While permeability and selectivity are 

intrinsic properties of a membrane material, gas flux can be increased by increasing the membrane 

area or decreasing the membrane thickness.  The fabrication of flat membranes with large areas is 

achievable, yet the low surface area to volume ratio requires large membrane cells for housing and 

sealing, which limits their applications.  For industrial applications, modules of tubular [18–20], 

spiral wound [21,22], and hollow fiber [23–25] membranes are preferred due to their high surface 

area to volume ratio that reduces the size of the membrane cells and lowers the manufacturing 

cost. 

Tubular membranes exhibit many advantages compared to flat membranes, especially in 

high pressure and temperature applications, such as the recovery of H2 in ammonia production and 



 

43 

the WGS reaction [14,26].  As mentioned previously, tubular membranes offer a higher surface 

area to volume ratio than flat membranes.  In addition, the sealing for tubular membranes is easier 

to achieve than for flat membranes.  In a typical flat membrane cell, the membrane sample sits on 

a permeable support, and sealants or O-rings are used to seal or tightly compress the membrane to 

prevent leaks.  During the sealing and mounting process, the membranes are subjected to 

compressive forces that can damage the membrane.  Furthermore, under high pressure and high 

temperature conditions, the sealant or O-rings tend to leak or fail, which could result in a 

catastrophic mechanical failure.  In the case of the tubular membranes, the stainless steel tubular 

supports do not require any sealant or O-rings and, thus, can safely be used under corrosive 

conditions and in high pressure and high temperature applications.  The most attractive feature of 

tubular membranes is the mechanical support they provide to the membranes under harsh 

conditions.  Membranes made of brittle materials, such as zeolites [27–29], metal-organic 

frameworks [30], zeolitic imidazolate frameworks [31,32], and carbon molecular sieves 

[18,20,33], are normally prepared on tubular supports and exhibit excellent mechanical strength in 

high pressure and high temperature environments.  Hollow fiber membranes also possess high 

surface area to volume ratios, however, the sealing capacity is limited by the sealants, which 

normally are epoxy resins that may decompose at higher temperatures [34,35].  Spiral wound 

modules formed from flat membranes require spacers in between the layers [21,36,37], which adds 

complexity and cost to the assembly for high pressure and high temperature applications.   

Most tubular membranes are made of inorganic materials, but a few polymeric materials 

have also been reported for low temperature and low pressure applications.  High performance 

polymers, such as polyimides [38–42] and polybenzimidazole (PBI) [43–45], have emerged in the 
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past few decades, finding use in membrane fabrication due to their low manufacturing cost and 

processability.  Tubular polymeric membranes of high performance polymers could find use in gas 

separations at high pressures and high temperatures if the fabrication of defect-free thin films can 

be achieved.  However, optimal fabrication conditions for tubular polymeric membrane have not 

been well discussed, and the gas separation performance of flat and tubular polymeric membranes 

has not been compared.  In this chapter, flat and tubular membranes were fabricated using a 

polyimide (Matrimid® 5218) and PBI (Fig. 3.1 A-B).  For the tubular membranes, different coating 

techniques and coating parameters were studied to determine the optimal fabricating conditions.  

Using H2, CO2, and their 50:50 mixture, the gas transport properties of the flat and tubular 

membranes were measured at various pressure and temperature ranges and compared. 

3.2 EXPERIMENTAL 

3.2.1 Materials 

All chemicals and solvents were used as received unless otherwise noted.  Anhydrous 

dimethylacetamide (DMAc, 99.8% purity) and chloroform (CHCl3, 99% purity) were purchased 

from EMD Chemicals and Fisher Scientific, respectively.  All organic solvents were dried prior to 

their use using activated 4A type molecular sieves.  Polybenzimidazole (PBI) S26 solution was 

purchased from PBI Performance Products, Inc. (26 wt% PBI and 1.5 wt% LiCl in 

DMAc, Mw ∼ 30,000) and used as received.  Matrimid® 5218 was purchased from Huntsman 

Advance Materials Americas, Inc. and was dried in a vacuum oven at 120 °C for 12 h prior to use.  

Zirconia-coated (10 µm layer) 316 stainless steel porous tubular supports (AccuSep®, Fig. 3.2) 

were received from Pall Corporation.  The zirconia layer had a pore size of 0.1 µm and an area of 
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13.8 cm2.  For gas permeation experiments, H2, CO2, N2, He, and a certified H2/CO2 (50:50) 

mixture were purchased from Airgas, Inc.  The purities of all the gases were greater than 99.99%.   

3.2.2 Membrane Fabrication 

3.2.2.1 Flat PBI Membrane Fabrication 

Flat PBI membranes were fabricated from a casting solution that was prepared by diluting 

192 mg of the 26 wt% PBI dope with 3 mL of N,N-dimethylacetamide (Aldrich) while stirring at 

80 °C for 1 d.  After a homogeneous solution was formed, the excess solvent was slowly 

evaporated until a 15 wt% PBI solution was obtained.  The solution was cast onto a glass substrate 

using an automatic film applicator (Sheen 1133N) with an adjustable doctor blade.  The membrane 

was then transferred to a heated chamber purged with N2 at 50 °C to dry for 4 h.  The membrane 

was then placed in a vacuum oven to anneal at 80 °C for 1 d, 150 °C for 12 h, 200 °C for 12 h, and 

250 °C for 1 d.  A piece of the flat PBI membrane with a thickness of 22 µm and exposed area of 

1.27 cm2 was used for gas permeation measurements. 

3.2.2.2 Tubular PBI and Matrimid® Fabrication by Dip-coating 

Solutions of 5, 8, and 12 wt% PBI in DMAc were prepared by diluting the PBI S26 solution 

with DMAc. Matrimid® solutions with the same concentrations were prepared by dissolving 

Matrimid® in chloroform.  During coating, the tubular supports were rotated at 60 rpm, held 

vertically, immersed into the polymer solution, and then withdrawn (Fig. 3.3).  The freshly coated 

supports were oriented horizontally and rotated at 60 rpm in air at 25 °C for 12 h to form a uniform 

film on the support.  The tubular PBI membranes were dried and annealed following the protocol 

used for the flat PBI membranes.  The tubular Matrimid® membranes were annealed in a vacuum 
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oven at 240 °C for 12 h.  The fabricated tubular Matrimid® and PBI membranes were shown in 

Fig. 3.4. 

3.2.3 Gas Permeation 

Gas permeation measurements at pressures ranging from 3 to 30 atm and at temperatures 

of 35 and 300 °C were conducted on a custom-built high pressure, high temperature (HPHT) gas 

permeameter [Chapter 2].  The HPHT permeameter was designed to measure gas permeance based 

on the permeate flow rate at constant downstream pressure.  Custom-made stainless steel flat and 

tubular permeation cells were used to house the flat and tubular membranes.  Permeation 

experiments were conducted by pressurizing the upstream side after the experimental temperature 

had been reached.  As the permeate gas diffused through the membrane and entered the 

downstream side, the permeate flow rate (J) was measured using a mass flow meter.  The gas 

permeance (𝑄) in GPU (1 GPU = 1×10-6 cm3
(STP) cm-2 s-1 cmHg-1) was calculated using Equation 

(3.1), where ∆p is the differential pressure across the membrane and 𝐴 is the effective membrane 

area. 

      Q =
J

A ∆p
                                                                       (Eq. 3.1) 

 

 If the membrane thickness, 𝑙, can be measured accurately, then the gas permeability (𝑃) 

of the pure polymer membranes can be calculated using Equation (3.2): 

 

𝑃 =  𝑄 × 𝑙                                                                         (Eq. 3.2) 
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 For mixed gas permeability measurements at 30 atm and 300 °C, a 50:50 H2/CO2 gas 

mixture was used as the feed.  The stage cut, which is the ratio of permeate flow to feed flow, was 

maintained at 0.2 by venting the upstream of the permeation cell through a mass flow controller to 

keep the feed composition constant.  The permeate composition was determined using an SRI gas 

chromatograph (8610C) equipped with a molecular sieve column (MOL SIEVE 13X), a polymer 

column (HAYESEP D), and a TCD detector.  N2 for H2 and He for CO2 were used as carrier gases 

to measure the concentration of H2 and CO2 in the permeate.  For each tubular polymeric 

membrane type (PBI and Matrimid®), two separately prepared membranes were tested and their 

gas permeance was measured a minimum of six times each. 

3.3 RESULTS AND DISCUSSION 

3.3.1 PBI and Matrimid® Membranes Fabricated by Dip-coating 

From Equation 1, it can be inferred that higher gas fluxes across the membrane can be 

achieved by decreasing the thickness of the membrane.  Thinner (<18 m) tubular membranes 

were obtained by dip-coating the tubular supports into polymer solutions having lower polymer 

concentrations.  Although the 5 wt% polymer solution provided the thinnest membrane, the lowest 

polymer concentration that could be used to form a defect free tubular membrane was 8 wt%, 

which resulted in a 16 to 18 m thick membrane.  Multiple coatings of the tubular support cannot 

be applied in this technique because the excess solvent in the polymer solution re-dissolves the 

previously coated polymer membrane on the tubular support.  Therefore, all of the tubular 

membranes tested for gas permeation were fabricated by dipping the tubular supports only once 

into 8 wt% polymer solutions.  The Matrimid® and PBI tubular membranes are shown in Fig 3.4. 
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3.3.2 Gas Permeation 

3.3.2.1 Low Pressure, Low Temperature Gas Permeation 

Single gas and gas mixture permeation experiments at 3 atm and 35 °C were conducted for 

tubular Matrimid® membranes.  Owing to PBI’s low permeability at ambient conditions, PBI 

membranes were not tested for gas permeation at 3 atm and 35 °C.  Using a micrometer with a 

resolution of 1 μm, the membrane thickness was estimated by averaging the thicknesses at 9 spots 

on the tubular support before (bare support) and after coating the membrane.  The estimated 

thickness, based on two tubular Matrimid® membranes, was 18 ± 3 µm.  Using this thickness value 

and Equation 2, the gas permeability and the H2/CO2 ideal selectivity were calculated (Table 3.1).  

Percent errors of 13, 9, 27, and 4%, were found for the H2 and CO2 permeabilities and the H2/CO2 

ideal and gas mixture selectivities when comparing the tubular Matrimid® membranes to the 

reported values for flat Matrimid® membranes [46]. The gas permeation properties for tubular and 

flat membranes were similar, indicating that the coating procedure deposited a defect-free 

Matrimid® membrane on the porous support.  

3.3.2.2 High Pressure, High Temperature Gas Permeation Tests 

The gas permeances of the flat and tubular PBI membranes were measured at 300 °C and 

at pressures ranging from 10 to 30 atm.  Using Equation 2 and the estimated thickness based on 

two tubular PBI membranes (16 ± 1 µm), the H2 and CO2 permeabilities and the H2/CO2 ideal 

selectivities for the flat and tubular PBI membranes were calculated (Table 3.2).  The results 

indicated that the tubular membrane was 22-24% and 9-11% less permeable for H2 and CO2, 

respectively, than the flat membrane.  This variation in permeability could result from deviations 

between the true and the estimated thickness of the tubular membrane that arise from the variations 
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in the thickness of the PBI layer on the tubular support.  The similar H2/CO2 ideal selectivities of 

the flat membranes (H2/CO2 = 23.6 at 10 atm and 300 °C and H2/CO2 = 25.5 at 30 atm and 300 

°C) and the tubular membranes (H2/CO2 = 20.4 at 10 atm and 300 °C and H2/CO2 = 21.3 at 30 atm 

and 300 °C) also support the possibility that the discrepancies in gas permeability between the 

tubular and the flat membranes arise from the estimation of the thickness and not from defects in 

the membranes.  The H2/CO2 (50:50) gas mixture separation of the tubular PBI membrane at 30 

atm and 300 °C showed that, despite using a stage cut of 0.20 (20% H2 recovery), the H2/CO2 

selectivity dropped from 21.3 (ideal) to 17.8.  The decreased selectivity of membranes to gas 

mixtures is generally attributed to the limited effectiveness that purging the retentate has on 

disrupting the accumulation of CO2 in the feed.  The effectiveness of the purging rate depends 

largely on the design of the cell [47–49]. 

Tubular Matrimid® membranes tested at 300 °C and at pressures that ranged from 10 to 30 

atm (Table 3.3) showed that the polymer retained its H2/CO2 ideal selectivity at temperatures close 

to its glass transition temperature (Tg = 305 °C [50]).  In the open literature, most of the Matrimid®-

based membranes were tested at either low pressures or ambient temperatures, and none have been 

tested at temperatures close to the Tg of the polymer.  From Table 3.3, it can be observed that the 

gas permeabilities for H2 and CO2 increased significantly from 35 °C (H2 = 32.53 Barrers and CO2 

= 8.65 Barrers) to 300 °C (H2 = 488 Barrers and CO2 = 94 Barrers), while the H2/CO2 selectivity 

increased moderately from 3.8 (35 °C) to 5.2 (300 °C).  The increased gas permeability for 

polymeric membranes resulting from elevated temperatures has been observed before and was 

attributed to the increased free volume that resulted from the increased thermal motion of the 

polymer chains as the temperature was increased [45].  Gas mixture selectivity for this membrane 
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(H2/CO2 = 4.2) was also lower than the H2/CO2 ideal selectivity (5.9) at 300 °C and 30 atm as in 

the case of PBI membranes, presumably due to the reduced effectiveness of the purging rate in 

disrupting the CO2 accumulation in the feed.  As the feed pressure increased from 10 to 30 atm at 

300 °C, the H2/CO2 ideal selectivities of tubular Matrimid® membranes remained relatively 

constant (5.2-5.9), indicating that the membrane was holding well at elevated pressure.  The 

permeation results of tubular Matrimid® membranes at 30 atm and 300 °C suggest that the tubular 

geometry may perform better than the flat geometry in the high pressure, high temperature 

environment. 

3.4 CONCLUSION 

Tubular PBI and Matrimid® membranes, fabricated using the dip-coating technique with 

an 8 wt% polymer solution, provided defect-free membranes on tubular supports with relatively 

thin membrane thicknesses (16 µm for PBI and 18 µm for Matrimid®).  Gas permeation results 

showed no significant differences in gas separation properties between the flat and tubular 

Matrimid® membranes at 3 atm and 35 °C or between the flat and tubular PBI membranes at 30 

atm and 300 °C, indicating the dip-coating technique provided defect-free membranes.  The tubular 

Matrimid® membrane also permitted the measurement of the H2/CO2 gas permeation properties of 

this polymer at temperatures close to its Tg and at pressures up to 30 atm.  The results showed 

significant enhancement in gas permeability and a slight increase in H2/CO2 selectivity from 3.8 

(35 °C) to 5.2 (300 °C).  The permeation results suggest that the tubular membrane can provide 

better sealing and may be more suitable than the flat membrane for high pressure, high temperature 

gas measurement. 
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APPENDIX 3 FIGURES AND TABLES 

 

 
Fig 3.1. Structures of (A) Matrimid® and (B) PBI. 

    

  

A 
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Fig 3.2. Optical image of a zirconia-coated stainless steel tubular support. 

  

VCR fitting Zirconia layer 
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Fig 3.3. Schematic of dip-coating technique for tubular support. 
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Fig 3.4. Optical images of tubular polymeric membranes: (A) Matrimid® and (B) PBI. 

  

A 
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Table 3.1. Pure gas and mixed gas permeability and selectivity for flat and tubular Matrimid® 

membranes measured at 35 °C and 3 atm. 

  Tubular Flat [67] 

H2 permeance (GPU)  1.81 - 

CO2 permeance (GPU)  0.48 - 

H2 permeability (Barrer)  *32.53 ± 0.03 28.88 

CO2 permeability (Barrer)  8.65 ± 0.02 9.52 

H2/CO2 ideal selectivity  3.8 3.0 

H2/CO2 mixed gas selectivity  2.5 2.6 

*Average of 2 membranes 

1 Barrer = 1×10-10 cm3
(STP) cm cm-2 s-1 cmHg-1 
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Table 3.2. Pure gas and mixed gas permeability and selectivity for flat and tubular PBI membranes 

measured at 300 °C and at various pressures. 

Temperature (°C)  300 300 300 

Pressure (atm)  10 20 30 

Flat PBI     

H2 permeance (GPU)  3.14 3.16 3.20 

CO2 permeance (GPU)  0.13 0.13 0.13 

H2 permeability (Barrer)  *50.26 ± 0.21 50.53± 0.26 51.25± 0.28 

CO2 permeability (Barrer)  2.13± 0.04 2.15± 0.04 2.01± 0.05 

H2/CO2 ideal selectivity  23.6 23.5 25.5 

Tubular PBI     

H2 permeance (GPU)  2.46 2.42 2.43 

CO2 permeance (GPU)  0.12 0.12 0.11 

H2 permeability (Barrer)  39.34 ± 0.11 38.75 ± 0.12 38.84 ± 0.11 

CO2 permeability (Barrer)  1.93 ± 0.02 1.92 ± 0.02 1.82 ± 0.02 

H2/CO2 ideal selectivity  20.4 20.2 21.3 

H2/CO2 mixed gas selectivity  - - 17.8 

*Average of 2 membranes 

1 Barrer = 1×10-10 cm3
(STP) cm cm-2 s-1 cmHg-1 

  



 

57 

Table 3.3. Pure gas and mixed gas permeability and selectivity for tubular Matrimid® membranes 

measured at 300 °C and at various pressures. 

  10 atm  20 atm  30 atm 

H2 permeance (GPU)  27.1  27.8  30.5 

CO2 permeance (GPU)  5.24  5.36  5.20 

H2 permeability (Barrer)  487.82  500.61  548.81 

CO2 permeability (Barrer)  94.32  96.43  93.66 

H2/CO2 ideal selectivity  5.2  5.2  5.9 

H2/CO2 mixed gas selectivity  -  -  4.2 

1 Barrer = 1×10-10 cm3
(STP) cm cm-2 s-1 cmHg-1 
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CHAPTER 4 

 

ZIF-8/(PBI/6FDA-DAM) IMMISCIBLE POLYMER BLEND MEMBRANES FOR HIGH 

PRESSURE, HIGH TEMPERATURE H2/CO2 SEPARATION 

 

 

ABSTRACT 

In this work, 50:50 PBI/6FDA-DAM immiscible polymer blend membranes were fabricated with 

various loadings of ZIF-8 nanoparticles to form mixed-matrix membranes.  The ZIF-8 

nanoparticles control the shape and size of the dispersed 6FDA-DAM domains.  The membranes 

were tested for the separation of H2/CO2 under industrially relevant conditions of composition, 

pressure, and temperature.  The membrane morphologies were found to have a significant impact 

on gas permeability and H2/CO2 selectivity.  With a 50:50 H2/CO2 mixture at 30 atm and 300 °C, 

the membranes exhibited a high H2 permeability of 358 Barrers and a H2/CO2 selectivity of 12.8, 

which surpasses the Robeson upper bound for H2/CO2 separations.  This work shows for the first 

time that polymer blend mixed-matrix membranes can be used for H2/CO2 separations at pressures 

up to 30 atm and temperatures up to 300 °C, exhibiting promising results for the production of 

clean fuel. 

. 
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4.1 INTRODUCTION 

Clean energy has grown in importance as environmental pollution and climate deterioration 

increases.  H2 is a high energy density carrier that only generates water after combustion and is 

considered a clean energy resource that can be used in gas turbines for the generation of electricity 

and in fuel cells for energy production [1–3].  H2 is also consumed in large quantities in processes 

such as crude oil refining [4], fertilizer production [5], and metal processing [6].  H2 is becoming 

a major commodity chemical, and the clean production of H2 has become an important 

technological challenge. 

 H2 is produced industrially via the steam reforming of natural gas, gasoline, or diesel, or 

via gasification processes using biomass or coal [7–9].  Both processes operate at high temperature 

in the presence of water to produce synthesis gas (syngas), a mixture consisting of 25-30% H2, 30-

60% CO, and 5-15% CO2 [10].  Depending on the type of catalyst employed, the water-gas shift 

(WGS) reaction is subsequently performed to generate more H2 from the syngas by reacting CO 

with water at 200 to 300 °C (low temperature catalyst) or at 300 to 400 °C (high temperature 

catalyst) [11].  While H2 is generated through this two-step process, a significant amount of CO2 

is simultaneously generated that must be separated from H2, not only because CO2 is a greenhouse 

gas, but also because H2 purification is required before transport to prevent pipeline corrosion by 

CO2.  Conventionally, processes based on phase equilibria, such as pressure swing adsorption 

[12,13] and cryogenic distillation [14], are used for gas separations.  Nevertheless, major 

drawbacks, including a large footprint, high cost, and high energy consumption, limit the 

effectiveness of these processes [15].  In contrast, membrane technology for gas separations does 

not require phase change and, hence, is more economical and less energy intensive [16].  Moreover, 
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membranes have a smaller footprint, less environmental impact, are easier to operate, and require 

less maintenance than conventional methods [14,17]. 

 For H2/CO2 separations at industrially relevant conditions, sustaining the mechanical and 

chemical stability of the membranes at high pressure (30-60 atm) and high temperature (200-

400 °C) is the primary challenge for selecting the membrane materials.  Polybenzimidazole (PBI, 

Fig. 4.1A) is a high performance polymer that exhibits high thermal and chemical stability.  PBI’s 

glass transition temperature (Tg) is above 400 °C, and its rigid structure makes it resilient even at 

temperatures above 300 °C [18].  Additionally, PBI is mechanically robust and easy to process, 

which is desirable for membrane fabrication.  PBI membranes exhibit high selectivity for H2 over 

CO2 at high temperature (H2/CO2 = 43 at 250 °C) [19], however, its H2 permeability (58 Barrers 

at 250 °C) is relatively low due to its rigid structure.  In order to enhance the gas permeability, and 

hence the gas flux, various permeable materials have been added to PBI to form composite 

membranes.  For example, hybrid organic-inorganic materials, such as zeolitic imidazolate 

frameworks (e.g., ZIF-7 and ZIF-8), were added to PBI to form mixed-matrix membranes (MMMs) 

[20–22].  Polymeric materials, such as Matrimid®, were also combined with PBI to form polymer 

blend membranes [23].  These composite membranes exhibited a significant increase in H2 

permeability, while maintaining H2/CO2 selectivity as compared to pure PBI.   

 While most PBI-based membranes with additives exhibit improved gas transport properties, 

concern still remains regarding the performance of PBI-based membranes under high pressure and 

high temperature.  In the open literature, most PBI-based composite membranes have been tested 

at either low pressure (2-5 atm) or ambient temperature at the lab scale.  Several PBI-based 

membranes have been tested at higher temperatures that range from 230 to 400 °C, but only at 
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pressures ranging from 2 to 8 atm [18,19,24].  None has been tested under both high pressure (>30 

atm) and high temperature (> 300 °C) conditions, which would truly reflect the performance of 

these membranes.  In this study, PBI-based membranes with different loadings of additives were 

fabricated, characterized, and tested for H2 and CO2 gas permeation at low pressure and low 

temperature as well as at high pressure and high temperature.  A high performance and highly 

permeable polymer, 6FDA-DAM (Fig. 4.1B), was blended with PBI to improve the gas 

permeability while maintaining the high H2/CO2 selectivity of PBI.  6FDA-based polymers exhibit 

Tg values above 300 °C [25], which are suitable for high temperature applications.  They have 

been used in polymer blend membranes and have shown significant enhancements in gas 

permeability [26].  The 50:50 PBI/6FDA-DAM immiscible polymer blend in this work was 

compatibilized by introducing small amounts (5, 10, and 20 wt%) of ZIF-8 nanoparticles to form 

MMMs.  ZIF-8 is a hybrid framework material consisting of Zn atoms and 2-methylimidazolate 

linkers.  ZIF-8 has the sodalite-type topology (Fig. 4.1C) with a pore aperture of 3.4 Å and a cage 

diameter of 11.1 Å.  ZIF-8 is well known for its exceptional chemical and thermal stability [27].  

ZIF-8 has been widely used in membranes to enhance gas separation properties [28–33].  It has 

also been reported that ZIF-8 nanoparticles can control the microstructure in an immiscible 

polymer blend by reducing the polymer interfacial surface tension and limiting the coalescence of 

the dispersed phase,  thus forming membranes with better uniformity [34].  Due to the high thermal 

stability of the individual components, PBI, 6FDA-DAM, and the fabricated ZIF-8/(PBI/6FDA-

DAM) MMMs were tested for H2/CO2 separations at 30 atm and 300 °C using pure H2 and CO2 

as well as an equimolar mixture. 
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4.2 EXPERIMENTAL 

4.2.1 Materials 

All chemicals and solvents were used as received unless otherwise noted.  Anhydrous N,N-

dimethyl acetamide (DMAc, 99.8% purity) and methanol (MeOH, 98% purity) were purchased 

from EMD Chemicals, Inc. and Fisher Scientific, respectively.  Anhydrous 1-methyl-2-pyrrolidone 

(NMP, 99.8% purity), tetrahydrofuran (THF), and 2-methylimidazole (Hmim) were purchased 

from Sigma-Aldrich.  All organic solvents were dried using activated type 4A molecular sieves 

prior to use.  4,4-(Hexafluoroisopropylidene) diphthalic anhydride (6FDA, >99% purity) was 

purchased from Akron Polymer Systems, Inc. and was dried under vacuum at 150 °C prior to use. 

2,4,6-Trimethyl-1,3-phenylenediamine (DAM, >97% purity) was purchased from TCI America 

and purified by vacuum sublimation.  Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98% purity) was 

purchased from EMD Chemicals Inc.  Polybenzimidazole (PBI) S26 solution (26% (w/w) in 

DMAc, 1.5% (w/w) LiCl, Mw ∼ 30,000) was purchased from PBI Performance Products, Inc. and 

used as received.  For gas permeation experiments, H2, CO2, N2, He, and a certified H2/CO2 (50:50) 

mixture were purchased from Airgas, Inc.  The purities of all the gases were greater than 99.99%.  

Tubular supports (AccuSep®) coated with a 10 µm thick zirconia layer (pore size of 0.1 µm and a 

total area of 13.8 cm2) on top of the tubular 316L stainless steel porous supports were obtained 

from Pall Corporation. 

4.2.2 Synthesis of ZIF-8 

Colloidal ZIF-8 was synthesized following a reported procedure [35].  In a typical ZIF-8 

synthesis, a solution of Zn(NO3)2·6H2O (1.467 g, 4.94 mmol) in 100 mL of methanol was added 

to a solution of Hmim (3.245 g, 39.52 mmol) in 100 mL of methanol.  The mixture was stirred for 
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1 h, and the resulting ZIF-8 particles were separated by centrifugation.  Then, the ZIF-8 particles 

were washed three times with methanol and three times with DMAc.  A portion of the ZIF-8 

particles was dried at 150 oC under vacuum for 1 d for characterization, and the remaining was 

stored in DMAc as a colloidal suspension. 

4.2.3 Synthesis of 6FDA-DAM 

 6FDA-DAM was synthesized using a reported procedure [36,37].  6FDA and DAM were 

purified by vacuum sublimation before the polymer synthesis.  The polymerization was 

accomplished at 25 °C in a 100 mL 3-necked round bottomed flask under a nitrogen atmosphere.  

6FDA (2.00 g, 4.5 mmol) was dissolved in 7.5 mL of NMP and added dropwise into a 3.0 mL 

solution of 0.68 g of DAM (4.5 mmol) in NMP.  The mixture was stirred for 26 h and then 1.7 mL 

(18.0 mmol) of acetic anhydride and 2.6 mL (18.0 mmol) of trimethylamine were added to the 

flask to induce imidization of the polyamic acid.  After 26 h, the polyimide was precipitated into 

methanol, separated by vacuum filtration, and dried in a vacuum oven at 120 °C for 48 h.  The 

weight average molecular weight and PDI of the synthesized 6FDA-DAM were 75,000 Da and 

1.64, respectively, determined using a gel permeation chromatograph (Viscotek GPCmax, VE2001) 

equipped with a Viscotek TDA 302 Triple Array Detector and two ViscoGEL I-Series (I-MBHMW 

3078, Viscotek) columns. 

4.2.4 Membrane Fabrication 

4.2.4.1 Polymer Blend Membrane Fabrication 

To fabricate a 50:50 (w/w) PBI/6FDA-DAM polymer blend membrane, 2 wt% solutions 

of PBI in DMAc and 6FDA-DAM in DMAc were stirred separately at 80 °C for 1 d.  The 6FDA-



 

68 

DAM solution was added to the PBI solution and the mixture was stirred at 80 °C for 2 h.  The 

mixture was then concentrated to 15 wt% by evaporating excess DMAc at 80 °C and then cast 

onto a glass substrate using a Sheen Automatic Film Applicator (1133N) equipped with an 

adjustable blade forming a flat membrane.  The formed membranes were then dried in a N2-purged 

heated drying table at 50 °C for 4 h, peeled off the glass substrate, and annealed following a 

reported protocol in a vacuum oven at 80 °C for 1d, 150 °C for 12 h, 200 °C for 12 h, and 250 °C 

for 1d [34]. 

4.2.4.2 MMM Fabrication 

Flat 5, 10, and 20 wt% ZIF-8/(PBI/6FDA-DAM) MMMs were fabricated in the same 

fashion as the polymer blend membranes maintaining the composition of the polymers at 50:50 

(w/w).  The colloidal ZIF-8 nanoparticles were added to the PBI solution and stirred at 80 °C for 

12 h in a capped vial.  Then, the 6FDA-DAM solution was added to the ZIF-8/PBI mixture and 

stirred at 80 °C for 2 h after which the solution was concentrated to 15 wt% by evaporating excess 

DMAc at 80 °C.  The casting, drying, and annealing of the MMMs were performed following the 

same protocols used for the polymer blend membranes. 

4.2.4.3 Tubular Membrane Fabrication 

Tubular membranes of PBI, PBI/6FDA-DAM, and 5 and 10 wt% ZIF-8/(PBI/6FDA-DAM) 

MMMs were prepared by dip-coating the tubular supports.  The coating solutions were prepared 

following the procedures described for the polymer blends and the MMMs, except that the 

solutions were concentrated to 8 wt%.  The tubular support was immersed and removed from the 

coating solution at 1 cm/s and then rotated at 60 rpm at room temperature for 4 h.  The drying and 
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annealing of the tubular membranes were performed following the same protocol used for the 

polymer blend membranes.   

4.2.5 Characterization 

4.2.5.1 Characterization of ZIF-8 and Membranes 

Samples of the as-synthesized ZIF-8 nanoparticles, 50:50 PBI/6FDA-DAM polymer blend 

membrane, and 5, 10, and 20 wt% ZIF-8/(PBI/6FDA-DAM) MMMs were characterized by X-ray 

diffraction (XRD), scanning electron microscopy (SEM), and thermogravimetric analysis (TGA).  

XRD patterns were obtained using a Rigaku Ultima III diffractometer with Cu Kα X-ray radiation.  

The patterns were acquired from 5 to 40° 2 at a rate of 1°/min.  A LEO 1530 VP ultra-high-

resolution SEM equipped with a field emission gun operated at 10 keV was used to acquire 

secondary electron images to determine the morphology and particle size of the ZIF-8 

nanoparticles as well as the morphologies and thicknesses of the membranes.  Cross-sections of 

the membranes were prepared by freeze-fracture in liquid nitrogen.  Prior to imaging, the samples 

were sputter-coated with Au/Pd using a Denton Vacuum Desk II sputter coater.  A Perkin-Elmer 

Pyris-1 TGA instrument was used to determine the thermal stability of the samples under N2. The 

temperature was increased from 100 to 700 °C at a rate of 5 °C/min and then from 700 to 1000 °C 

at 10 °C/min.  In addition, a long term thermal stability analysis was conducted by loading a 5 wt% 

ZIF-8/(PBI/6FDA-DAM) MMM in the TGA to monitor the weight loss at 300 °C for 1 d. 

4.2.5.2 Gas Permeation 

 Single gas permeation measurements at 35 °C and 3 atm were performed using a custom-

built gas permeameter described previously [38].  A stainless steel permeation cell was used to 
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house the flat membrane that separated the system into an upstream and a downstream side with 

constant volumes.  Before experiments started, the permeameter was evacuated for 12 h after 

which the leak rate of the instrument in the downstream side was measured.  In a typical experiment, 

the permeameter exposed the upstream side of the membrane to a constant feed pressure, e.g., 3 

atm, and then measured the gas flux through the membrane as pressure increments in the 

downstream side until the steady state was achieved.  The duration of the experiments was 6 h.  

Two separately fabricated membranes were tested a minimum of four times each with H2 and CO2. 

 Gas permeation measurements at 300 °C and at pressures ranging from 5 to 30 atm were 

conducted using a custom-built high pressure, high temperature (HPHT) gas permeameter 

equipped with mass flow meters on the downstream side, mass flow controllers to purge the 

retentate on the upstream side, and pressure transducers on both the upstream and downstream 

sides.  The HPHT permeameter was designed to measure the gas flow rate across the membrane 

at a constant downstream pressure of 1 atm.  A stainless steel tubular permeation cell was used to 

house the tubular membrane (Fig. 4.2).  Permeability experiments were conducted by pressurizing 

the upstream side volume to a set pressure after the membrane reached the experimental 

temperature.  As the gases permeated through the membrane and entered the downstream side, the 

permeate flow rate was measured and recorded with mass flow meters.  The permeability, P, 

expressed in Barrers (1 Barrer = 1×10-10 cm3
(STP) cm cm-2 s-1 cmHg-1) can be calculated using 

Equation (4.1) with the measured flow rate J, the membrane thickness l, the differential pressure 

across the membrane Δ𝑃 , and the exposed membrane area A.  In practice, however, when the 

constant volume method to measure gas permeation is used, Equation (4.2) can be used to calculate 

permeability by incorporating experimental parameters and constants like the downstream 
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pressure gradient at the steady state dp/dt, the volume of the downstream side Vcell, the operating 

temperature T, the average feed pressure 𝑈𝑆𝑃̅̅ ̅̅ ̅̅ , the molar volume of gas Vm, and the gas constant 

R.  Alternatively, if the membrane thickness cannot be measured accurately, the gas permeance Q, 

expressed in GPU (1 GPU = 1×10-6 cm3
(STP) cm-2 s-1 cmHg-1), can be calculated using Equation 

(4.3): 

     𝑃 =
𝐽 ∙ 𝑙

Δ𝑃 ∙ 𝐴
                                                                       (Eq. 4.1) 

 

      𝑃 =  
𝑉𝑚 ∙ 𝑉𝑐𝑒𝑙𝑙 ∙ 𝑙 ∙ 𝑑𝑝 𝑑𝑡⁄

𝑅 ∙ 𝑇 ∙ 𝐴 ∙ 𝑈𝑆𝑃̅̅ ̅̅ ̅̅
                                                        (Eq. 4.2) 

 

     𝑄 =
𝑃

𝑙
                                                                       (Eq. 4.3) 

 

 For 50:50 H2/CO2 mixed gas permeability measurements at 300 °C and 30 atm, the stage 

cut of the membrane (% recovery) was maintained at 0.2 (20%) by purging the retentate through 

a mass flow controller to keep the feed composition constant.  The permeate composition was 

determined using a SRI gas chromatograph (8610C) equipped with a molecular sieve column 

(MOL SIEVE 13X), a polymer column (HAYESEP D), and a TCD detector.  N2 and He were used 

as the carrier gases to measure the concentrations of H2 and CO2, respectively.  For each tubular 

membrane composition, two separately coated membranes were tested a minimum of six times 

each with H2 and CO2.   

4.3 RESULTS AND DISCUSSION 

4.3.1 Characterization of ZIF-8 

 The experimental XRD pattern of the synthesized ZIF-8 nanoparticles confirmed the 

material was ZIF-8 since the 2° positions of the peaks and the ratios of the peak intensities are 
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consistent with the theoretical XRD pattern (Fig. 4.3) [39].  The positions of the main peaks of the 

synthesized ZIF-8 match those in the theoretical pattern at 2θ = 7.3°,12.7°, and 18.0°.  The SEM 

image in Fig. 4.4 shows that the ZIF-8 particles have diameters ranging from 30 to 80 nm with a 

cubic morphology that represents the sodalite-related framework [40].  The ZIF-8 nanoparticles 

synthesized using methanol in this work are smaller than those synthesized using 

dimethylformamide (50-150 nm) [33] as well as the commercially available Basolite® Z1200 (200 

nm) [32].  Since the ZIF-8 nanoparticles were incorporated into the 50:50 PBI/6FDA-DAM blend 

in the colloidal form, they were expected to have better dispersion and less aggregation in the 

membrane when compared to ZIF-8 added in the dried form [33].  The TGA plot for the 

synthesized ZIF-8 in Fig. 4.5 shows no weight loss from 100 to 200 °C, a 10% weight loss from 

200 to 500 °C that resulted from the removal of residual solvent and guest molecules trapped in 

the pores, and a significant weight loss beyond 500 °C due to the decomposition of ZIF-8 [27]. 

4.3.2 Membrane Characterization 

4.3.2.2 Thermal Stability 

PBI and 6FDA-DAM are high performance polymers that have high Tg (PBI Tg = 425 °C, 

6FDA-DAM Tg = 395 °C) and thermal stability.  Thermogravimetric analysis of the polymers (Fig. 

4.5) shows that PBI and 6FDA-DAM are thermally stable up to 450 °C.  PBI exhibited a 6% weight 

loss from 100 to 170 °C due to the removal of moisture and residual DMAc solvent (boiling point: 

165 °C), and reached a plateau up to 300 °C.  A similar weight loss of up to 6% was observed for 

the 50:50 PBI/6FDA-DAM blend and for the ZIF-8 compatibilized MMMs at temperatures up to 

300 °C that was also attributed to the removal of moisture and residual solvent.  For the MMMs, 

the major weight loss occurred above 480 °C signaling the decomposition of the materials.  
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Thermal analysis of the 5 wt% ZIF-8/(PBI/6FDA-DAM) MMM (Fig. 4.6) showed the MMM did 

not lose weight over a period of 1 d at a constant temperature of 300 °C, confirming the resilience 

of the MMMs at 300 °C over this timeframe. 

4.3.2.3 Membrane Morphology 

 SEM images of the freeze-fractured membrane cross-sections (Fig. 4.7) show the size, 

shape, and continuity of the dispersed phase in the membranes.  For the 50:50 PBI/6FDA-DAM 

immiscible blend membranes (Fig. 4.7A), a matrix-droplet structure with ellipsoidal dispersed 

domains embedded in a continuous matrix was observed.  By selectively extracting 6FDA-DAM 

with THF, the continuous and dispersed phases were identified.  The SEM image of the THF-

extracted 50:50 PBI/6FDA-DAM membrane (Fig. 4.7B) and the histogram (Fig. 4.7C) confirmed 

that PBI was the continuous phase and 6FDA-DAM was the dispersed phase with an average 

domain size of 6.9 ± 7.4 µm2.  The addition to the polymer blend of ZIF-8 nanoparticles as a 

compatibilizer significantly reduced both the size and the size distribution of the 6FDA-DAM 

domains in the MMMs (Fig. 4.7D, 7G).  As shown in the SEM image of the THF-extracted cross-

section of the 5 wt% ZIF-8/(PBI/6FDA-DAM) MMM (Fig. 4.7E) and its corresponding histogram 

(Fig. 4.7F), the domain sizes of the 6FDA-DAM phase were more uniform and smaller (0.89 ± 

0.40 µm2) than those in the 50:50 PBI/6FDA-DAM blend.  As the loading of the ZIF-8 

nanoparticles in the polymer blend increased, the domain sizes became even smaller and more 

uniform.  The SEM images of the cross-sections of the 10 and 20 wt% ZIF-8/(PBI/6FDA-DAM) 

MMMs (Fig. 4.7G and 4.7J, respectively), the THF-extracted cross-sections (Fig. 4.7H and 4.7K, 

respectively), and their corresponding histograms (Fig. 4.7I and 4.7L, respectively) showed further 

reductions of the domain sizes, from 0.29 ± 0.16 µm2 (10 wt% ZIF-8 loading) to 0.13 ± 0.11 µm2 
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(20 wt% ZIF-8 loading), with increased ZIF-8 loadings.  Compatibilization of a PBI/6FDA-DAM-

DABA immiscible blend membrane using ZIF-8 particles revealed a similar size reduction for the 

dispersed phase [34].  

 The reduction of the domain size of the dispersed phase in the MMMs could be the result 

of improved compatibility between the two polymers in the blend in the presence of ZIF-8 

nanocrystals.  In emulsion chemistry, some additives can compatibilize immiscible polymers by 

impeding coalescence, leading to a more uniform distribution of the dispersed phase in the 

continuous phase [41].  During phase separation in the PBI/6FDA-DAM blend, the 6FDA-DAM 

tends to coalesce in order to reduce interfacial tension, leading to a non-uniform distribution of 

domain sizes.  When ZIF-8 particles are added to the polymer blend, they migrate to the interface 

of the polymers thereby lowering the interfacial tension between the polymers.  The low interfacial 

tension enhances the compatibility between the polymers and restricts the coalescence, hence, 

forming small and uniform dispersed domains.  It is important to note that at 50:50 PBI/6FDA-

DAM blend composition, the compatibilization effect of the ZIF-8 nanoparticles in the blend is 

high since the domain sizes are reduced from 6.9 ± 7.4 µm2 for the polymer blend to 0.13 ± 0.11 

µm2 for the 20 wt% ZIF-8/(PBI/6FDA-DAM) MMM. 

 Similar size reductions of the dispersed 6FDA-DAM domains in PBI with ZIF-8 were 

observed for the tubular membranes.  Due to the good adherence of the membranes to the tubular 

supports, only part of each tubular membrane was removed for analysis by SEM.  The 

morphologies of the cross-sections (Fig. 4.8) also showed 6FDA-DAM as the dispersed phase and 

PBI as the continuous phase, indicating that the geometry of the membrane does not affect the 

membrane’s morphology.  Additionally, it can be seen that the sizes of 6FDA-DAM domains in 
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the tubular PBI/6FDA-DAM (6.0 ± 3.2 µm2) and ZIF-8/(PBI/6FDA-DAM) MMM (0.76 ± 0.28 

µm2) membranes (Fig. 4.8A and 4.8B, respectively) are similar to those observed in the flat 

membranes (Fig. 4.7A and 4.7D, respectively). 

4.3.3 Gas Permeation 

4.3.3.2 Low Pressure, Low Temperature Gas Permeation 

Low pressure (3 atm) and low temperature (35 °C) H2 and CO2 permeabilities in flat PBI, 

6FDA-DAM, 50:50 PBI/6FDA-DAM, and the MMMs of the blend with 5, 10, and 20 wt% ZIF-8 

loadings are summarized in Table 4.1.  The 50:50 PBI/6FDA-DAM blend membrane exhibited a 

significant 393% increase in H2 permeability from 1.37 Barrers (PBI) to 6.76 Barrers (blend), 

which stems from the incorporation of the highly permeable and less selective 6FDA-DAM 

polymer into the membrane, thereby reducing the effective membrane thickness and introducing 

more efficient diffusional paths.  Compared to the pure PBI membrane, however, the 50:50 

PBI/6FDA-DAM blend membrane exhibited a 44% decrease in H2/CO2 selectivity, from 27.4 to 

15.2.  Since the 50:50 PBI/6FDA-DAM blend was not compatibilized, the decrease in H2/CO2 

selectivity may have resulted from the formation of voids at the interface of PBI and 6FDA-DAM 

due to poor interaction and large interfacial tension [26]. 

 Compared to 50:50 PBI/6FDA-DAM blend membranes, the 5 wt% ZIF-8/(PBI/6FDA-

DAM) MMMs exhibited a 36% decrease in H2 permeability from 6.76 to 4.30 Barrers, but their 

selectivities (H2/CO2 = 25.2) were similar to PBI (H2/CO2 = 27.4) and higher than the 50:50 

PBI/6FDA-DAM blend (H2/CO2 = 15.2).  This increase in H2/CO2 selectivity may be due to the 

compatibilizing effect provided by ZIF-8 nanoparticles.  The SEM image in Figure 4.4D shows 

that, when a small amount of ZIF-8 (e.g., 5 wt%) is present in the polymer blend membrane, the 
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ZIF-8 nanoparticles migrate to the polymer interface and enhance the compatibility and interaction 

between the polymers, lowering the surface tension between the polymers by reducing the size of 

the 6FDA-DAM domains, and consequently reducing the formation of voids at the interface 

[26,34].  Although the reduction of voids cannot be observed by SEM images, the high H2/CO2 

selectivity of the 5 wt% ZIF-8/(PBI/6FDA-DAM) MMMs suggests that they have less voids than 

the 50:50 PBI/6FDA-DAM blend membranes.  The presence of ZIF-8 nanoparticles in the polymer 

blends may also have acted as a barrier that mitigated the percolation effect by inducing the 

formation of discrete domains.  This could explain the decreased gas permeability and improved 

H2/CO2 selectivity of the 5 wt% ZIF-8/(PBI/6FDA-DAM) MMMs compared to the 50:50 

PBI/6FDA-DAM blend membranes (Table 4.1).  

 Although the presence of 5 wt% ZIF-8 in the polymer blend improved the separation 

properties of the membranes, ZIF-8 loadings above 5 wt% resulted in increased permeabilities and 

decreased H2/CO2 selectivities (Table 4.1).  Compared to the 5 wt% ZIF-8/(PBI/6FDA-DAM) 

MMMs, the 10 wt% ZIF-8/(PBI/6FDA-DAM) MMMs exhibited an increase in permeability for 

H2, from 4.30 Barrers to 7.52 Barrers, and an increase in permeability for CO2, from 0.18 Barrers 

to 0.48 Barrers.  Compared to the 5 wt% membranes, the 20 wt% ZIF-8/(PBI/6FDA-DAM) 

MMMs also showed increases in permeability for H2, from 4.30 Barrers to 14.29 Barrers, and for 

CO2, from 0.18 Barrers to 3.38 Barrers.  The increases in gas permeability could have resulted 

from changes in the membrane microstructure due to the presence of a higher ZIF-8 loading that 

reduced the size of the dispersed domains, but increased the quantity of the domains significantly.  

By comparing Fig. 4.7E to Fig. 4.7H, it can be seen that due to the size reduction in the dispersed 

domains, the quantity of domains has become larger and the domains are closer to each other as 
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the ZIF-8 content increased in the PBI/6FDA-DAM blend. These changes in the dispersed domains 

may have increased the probability of the formation of continuous channels of the dispersed phase 

through the thickness of the membrane, as was reported previously [42–45].  Any continuous 

channels formed by the highly permeable and less selective polymer, 6FDA-DAM, would increase 

the gas permeability and lower the H2/CO2 selectivity.  Additionally, permeability and selectivity 

changes for these membranes correlate with the changes in the membrane microstructure due to 

the higher loadings of ZIF-8.  Table 4.1 also shows that the H2/CO2 selectivity for the ZIF-

8/(PBI/6FDA-DAM) MMMs decreased from 25.2 to 15.9 as the ZIF-8 loading increased from 5 

to 10 wt% in the polymer blend membranes.  This decrease in selectivity may arise from the 

formation of voids in the membrane resulting from the aggregation of the ZIF-8 nanoparticle 

additive.  Non-selective voids can be created around ZIF-8 nanoparticles as they aggregate, which 

also leads to higher permeability and lower selectivity [33,38].  Unfortunately, the ZIF-8 

nanoparticle size is similar to the size of the polymer nodules, making it difficult to visualize the 

aggregation of ZIF-8 nanoparticles in the polymer blend.  

 The gas separation performance of these membranes (50:50 PBI/6FDA-DAM and ZIF-

8/(PBI/6FDA-DAM) MMMs) measured at 35 °C and 3 atm are compared to other polymer 

membranes in a Robeson’s plot shown in Fig. 4.9 [46].  The pure PBI membrane is located below 

the 2008 upper bound, whereas the 50:50 PBI/6FDA-DAM polymer blend membrane is located 

on the upper bound mostly due to its improved permeability over pure PBI and its good H2/CO2 

selectivity.  The 5 wt% and 10 wt% ZIF-8/(PBI/6FDA-DAM) MMMs are located above the upper 

bound due to the combined increase in permeability and the retention or small decrease in 

selectivity.  The overall results suggest that, by adjusting the amount of ZIF-8 added to the 50:50 
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PBI/6FDA-DAM polymer blend membranes, one may control the gas transport properties of the 

ZIF-8-compatibilized polymer blend mixed-matrix membranes.  The results also show that there 

is a limit to the amount of ZIF-8 nanoparticles that can be loaded into the polymer blend before 

other factors (e.g., percolation, void formation) take control or interfere with the properties of the 

membranes, as was observed for the 20 wt% ZIF-8/(PBI/6FDA-DAM) MMMs, where the 

separation performance of the membrane decreased significantly due to changes in membrane 

microstructure and possible void formation due to the aggregation of ZIF-8 nanoparticles.  

4.3.3.2 High Pressure, High Temperature Gas Permeation 

Gas permeation experiments with tubular membranes were conducted on a custom-built 

HPHT permeameter at pressures from 5 to 30 atm and at 300 °C.  Tubular membranes of PBI, 

6FDA-DAM, 50:50 PBI/6FDA-DAM, and the 5 wt% and 10 wt% ZIF-8/(PBI/6FDA-DAM) 

MMMs were tested for pure H2 and CO2 and their 50:50 mixture.  As described previously, the 

tubular membranes adhere tightly to the tubular supports, making the measurement of tubular 

membrane thickness difficult using SEM.  Since all of the tubular membranes were prepared from 

8 wt% polymer solutions, their estimated thicknesses, measured with a micrometer, were similar 

(12-16 µm).  Their effective membrane area was also identical since the porous area (13.8 cm2) is 

the same for all tubular supports facilitating the comparison of properties such as permeance.  As 

discussed previously, the measured gas permeabilities for tubular immiscible polymer blend 

membranes may not be completely accurate due to uncertainties in the measurement of the 

membranes thickness, which may arise from the dip-coating technique employed, the 

measurement error associated with the micrometer, and the potential infiltration of the porous 

support by the polymer chains.  A more convenient property to compare the gas transport properties 
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of these membranes is the gas permeance that is calculated using the measured flow rates across 

the membranes.  Gas permeabilities, however, can still be used for coarse comparisons and to 

evaluate trends.  The single gas permeation properties of the tubular membranes for H2 and CO2 

are summarized in Table 4.2.  The calculated H2/CO2 ideal selectivity of the tubular PBI membrane 

at 5 atm and 300 °C (H2/CO2 = 22.2) was similar to that reported for PBI hollow fibers (H2/CO2 = 

21.7) [24].  The results of testing the membranes at 300 °C show that gas permeation increases 

significantly compared to values at low temperature (35 °C) due to the increased segmental motion 

of the polymer chains at high temperatures that create larger free volumes in the membranes.  The 

H2 permeability increased from 1.37 to 38.2 Barrers, from 6.76 to 324 Barrers, from 4.30 to 473 

Barrers, and from 7.52 to 1109 Barrers, whereas the CO2 permeability increased from 0.05 to 1.74 

Barrers, from 0.45 to 20.1 Barrers, from 0.18 to 29.4 Barrers, and from 0.48 to 129 Barrers for 

membranes of PBI, 50:50 PBI/6FDA-DAM, and the 5 wt% and 10 wt% ZIF-8/(PBI/6FDA-DAM) 

MMMs, respectively.  Increased gas permeability for polymer membranes at temperatures higher 

than 35 °C were also reported previously [18,19].  Since permeability in polymer membranes is 

explained by the solution-diffusion model, the increased permeability can be explained in terms of 

increments in gas diffusivity with increasing temperatures as described by Equation (4.4), where 

𝐷0 is the pre-exponential factor for diffusivity, 𝐸𝑎 is the activation energy for diffusion, 𝑅 is the 

universal gas constant, and 𝑇  is the gas temperature.  It can be seen that at high temperature, 

diffusivity plays a dominant role over solubility and governs the permeation process, which 

accounts for the large increase in H2 and CO2 permeability at 300 °C observed for all the 

membranes in Table 4.2.   
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           𝐷 =  𝐷0 ∙ 𝑒−
𝐸𝑎
𝑅𝑇                                                          (Eq. 4.4)     

 

When comparing the gas permeances and selectivities of the tested membranes (Table 4.2), 

the gas permeance increased in the order of PBI < 50:50 PBI/6FDA-DAM < 5 wt% ZIF-

8/(PBI/6FDA-DAM) MMM < 10 wt% ZIF-8/(PBI/6FDA-DAM) MMM, whereas the H2/CO2 

selectivity decreased in the order of PBI > 5 wt% ZIF-8/(PBI/6FDA-DAM) MMM > 50:50 

PBI/6FDA-DAM > 10 wt% ZIF-8/(PBI/6FDA-DAM) MMM (Fig. 4.10).  It can be seen that the 

permeance increased as the permeable content (6FDA-DAM and ZIF-8) increased in the PBI 

matrix, regardless of the testing temperature or membrane geometry.  For the 50:50 PBI/6FDA-

DAM membrane, permeation experiments were conducted with a feed pressure from 30 atm to 5 

atm, as well as from 5 atm to 30 atm, to investigate the compression effect by feed pressure.  Based 

on the similarities in gas permeance and H2/CO2 selectivity, it was found that the feed pressure 

does not significantly compress the membrane and impact the gas permeation properties.  

Interestingly, 6FDA-DAM membranes tested at 300 °C exhibited an 11% increase in H2 

permeability and a 70% decrease in CO2 permeability that resulted in an increase in the H2/CO2 

ideal selectivity from 1.1 at 35 °C to 3.8 at 300 °C.  This significant increase in H2/CO2 selectivity 

could be attributed to the decreased CO2 solubility in the polymer membrane at elevated 

temperature [47]. 

  Gas mixture (50:50 H2/CO2) separation results acquired at 30 atm and 300 °C with PBI, 

PBI/6FDA-DAM, and 5 and 10 wt% ZIF-8/(PBI/6FDA-DAM) MMMs are shown in Table 4.3 and 

in Fig. 4.10.  Compared to pure gas measurements, all of the membranes except for PBI exhibited 

a decrease in H2 permeance but not in CO2 permeance, which led to a reduction in PBI’s H2/CO2 
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selectivity from 27.4 (ideal, PBI) to 17.8 (mixture, PBI) and to 6.5 (mixture, MMM) for the 10 wt% 

ZIF-8/(PBI/6FDA-DAM) MMM.  This phenomenon is commonly seen in gas mixture 

measurements and typically stems from the effect of penetrant competition, in which CO2 

competes against H2 for diffusional paths in the membrane [33].  It can also be observed that the 

trends in gas permeance and selectivities from gas mixture measurements were similar to those 

from single gas measurements in which the gas permeability increased and H2/CO2 selectivity 

decreased as the permeable content (6FDA-DAM, ZIF-8) increased in the membrane. 

The H2 permeabilities and H2/CO2 ideal and mixed gas selectivities of the polymer blend 

membranes tested at 30 atm and 300 °C are compared in a Robeson plot (Fig. 4.9).  It can be seen 

that all of the polymer blend membranes tested at 300 °C using single gases and a 50:50 H2/CO2 

gas mixture surpassed the 2008 upper bound due to their high H2 permeability and high H2/CO2 

selectivity.  Compared to other PBI-based membranes that have been tested at high temperature 

(230-250 °C), the polymer blend membranes exhibited similar or better H2 permeability and 

slightly lower H2/CO2 selectivity.  A pure tubular PBI membrane that was tested at 3 atm and 

250 °C exhibited a high H2/CO2 selectivity of 43 [19], however, its H2 permeability (58 Barrers) 

is lower than that for the 5 wt% ZIF-8/(PBI/6FDA-DAM) MMM (472 Barrers) that was tested at 

300 °C.  The 30/70 (w/w) ZIF-8/PBI MMMs that have been tested at 2 atm and 230 °C exhibited 

a similar H2 permeability (470 Barrers) but higher H2/CO2 selectivity (26.3) [21] as compared to 

the 5 wt% ZIF-8/(PBI/6FDA-DAM) MMM (472 Barrers, H2/CO2 = 17.4), which may result from 

the differences in membrane casting solvent and membrane thermal treatment. It is worth 

mentioning that the polymer blend membranes in this work were tested at much higher pressure 

and temperature conditions than those reported PBI-based membranes that were tested at high 
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temperature (230-250 °C), indicating that the polymer blend membranes are not only thermally 

stable, but also mechanically robust to withstand the high pressure.  To the best of our knowledge, 

this is the first time that polymer blend membranes have been tested for H2/CO2 separation at 30 

atm and 300 °C and have exhibited attractive separation properties. 

4.4 CONCLUSION 

High performance 50:50 PBI/6FDA-DAM immiscible polymer blend membranes and their 

ZIF-8-containing MMMs were fabricated and tested for H2/CO2 separations at industrially relevant 

conditions of pressure and temperature.  SEM images revealed that the addition of ZIF-8 

nanoparticles reduced the size and improved the uniformity of the dispersed 6FDA-DAM domains 

in the PBI matrix.  The changes in membrane morphology significantly impacted the gas 

permeation properties of the membranes.  It was observed that smaller dispersed domains led to 

an increase in gas permeability and a decrease in H2/CO2 selectivity probably due to the 

microstructural change of the dispersed phase in the matrix.  Gas permeation experiments at 300 °C 

and at pressures that ranged from 5 to 30 atm showed that a large increase in gas permeability is 

attainable at high temperatures with the retention or minimal loss of selectivity.  Permeation 

experiments using a 50:50 H2/CO2 mixture at 30 atm and 300 °C showed that the 5 wt% ZIF-

8/(PBI/6FDA-DAM) MMMs exhibited promising results for H2/CO2 separation. These 

membranes showed an increase in H2 permeance and the retention of H2/CO2 selectivity, as 

compared to the polymer blend without ZIF-8 nanoparticles.  Overall, the 50:50 PBI/6FDA-DAM 

polymer blend membranes and their ZIF-8-based MMMs tested at 300 °C surpassed the Robeson’s 

2008 upper bound for H2/CO2 separations, indicating the potential for these membranes to be 

utilized for the purification of H2 in the WGSR.  
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APPENDIX 4A FIGURES AND TABLES 

  

 

 
Fig 4.1. Structures of (A) PBI and (B) 6FDA-DAM and of (C) ZIF-8 calculated using the 

crystallographic data in [27]. 
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Fig 4.2. Optical image of tubular membrane cell. 

  



 

85 

 
Fig 4.3. XRD patterns of ZIF-8: (A) theoretical calculated using the crystallographic data in [27] 

and (B) as-synthesized. 
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Fig 4.4. SEM image of synthesized ZIF-8 nanoparticles. 
  

100 nm
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Fig 4.5. Thermogravimetric analysis of ZIF-8, 6FDA-DAM and PBI polymers, PBI/6FDA-DAM 

polymer blend, and ZIF-8/(PBI/6FDA-DAM) MMMs performed under N2. 
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Fig 4.6. Thermal stability (constant temperature TGA) of 5 wt% ZIF-8/(PBI/6FDA-DAM) MMM 

under N2 at 300 °C for 24 h. 
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 Fig 4.7. SEM images of the cross-sections (A,D,G,J), THF-extracted cross-sections (B,E,H,K), 

and the histograms of the domain size (C,F,I,L) of the ZIF-8/(PBI/6FDA-DAM) membranes: (A-

C) 0 wt%, (D-F) 5 wt%, (G-I) 10 wt%, and (J-L) 20 wt% ZIF-8.  The left and right sides of the 

SEM images represent the air and glass sides of the membranes, respectively, and the membrane 

casting direction was out of the plane of the page. 
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Fig 4.8. SEM images of cross-sections of tubular membranes showing the internal morphology: 

(A) PBI/6FDA-DAM, (B) 5 wt% ZIF-8/(PBI/6FDA-DAM) MMM.  

  

A 
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Fig 4.9. H2 permeability- H2/CO2 selectivity Robeson plot for PBI (■), 50:50 PBI/6FDA-DAM (

▲), 5 wt% ZIF-8/(PBI/6FDA-DAM) MMM (●), and 10 wt% ZIF-8/(PBI/6FDA-DAM) MMM (

◆),tested with pure gases at 3 atm and 35 °C (blue), at 30 atm and 300 °C (orange), and at 30 atm 

and 300 °C with a H2:CO2 (1:1) gas mixture (green).  The x error bars represent the standard 

deviations of H2 permeability, while the y error bars represent the standard deviations of H2/CO2 

selectivity.  Some error bars are not observed because they are encompassed by the symbols. 
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Fig 4.10. Gas permeance of H2 (A), CO2 (B), and H2/CO2 selectivity (C) of PBI, PBI/6FDA-DAM, 

and 5 wt% and 10 wt% ZIF-8/(PBI/6FDA-DAM) MMMs tested at 30 atm and 300 °C with pure 

gases and a H2/CO2 (1:1) gas mixture. 

. 

0

20

40

60

80

PBI PBI/6FDA-DAM   5 wt%

 ZIF-8/(PBI/6FDA-DAM)

10 wt%

 ZIF-8/(PBI/6FDA-DAM)

P
er

m
ea

n
ce

 (
G

P
U

)
Single gas H2 Gas mixture H2Single gas H2 Gas mixture H2 A

0

2

4

6

8

10

PBI PBI/6FDA-DAM   5 wt%

 ZIF-8/(PBI/6FDA-DAM)

10 wt%

 ZIF-8/(PBI/6FDA-DAM)

P
er

m
ea

n
ce

 (
G

P
U

) Single gas CO2 Gas mixture CO2 BSingle gas CO2 Gas mixture CO2

0

5

10

15

20

25

PBI PBI/6FDA-DAM   5 wt%

 ZIF-8/(PBI/6FDA-DAM)

10 wt%

 ZIF-8/(PBI/6FDA-DAM)

H
2
/C

O
2

se
le

ct
iv

it
y

Single gas Gas mixture C



 

93 

Table 4.1. H2 and CO2 permeabilities and H2/CO2 ideal selectivities of PBI, 6FDA-DAM, 

PBI/6FDA-DAM, and ZIF-8/(PBI/6FDA-DAM) MMMs at 35 °C and 3 atm. 

Average of 2 membranes. 

1 Barrer = 1×10-10 cm3
(STP) cm cm-2 s-1 cmHg-1 

 

 

  

 

H2 permeability 

(Barrer) 

CO2 permeability  

(Barrer) 

H2/CO2  

Selectivity   

PBI   1.37 ± 0.03 0.05 ± 0.01 27.4 ± 1.1 

6FDA-DAM  1020 ± 18.4 943 ± 4.5   1.1 ± 0.1 

PBI/6FDA-DAM   6.76 ± 1.61 0.45 ± 0.09 15.2 ± 2.6 

5 wt% ZIF-8/(PBI/6FDA-DAM) MMM   4.30 ± 0.15 0.18 ± 0.04 25.2 ± 5.9 

10 wt% ZIF-8/(PBI/6FDA-DAM) MMM   7.52 ± 0.35 0.48 ± 0.02 15.9 ± 0.1 

20 wt% ZIF-8/(PBI/6FDA-DAM) MMM 14.29 ± 2.30 3.38 ± 1.01    4.3 ± 0.6 
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Table 4.2. Permeance, permeability and selectivity of H2 and CO2 measured at 300 °C and at 

various pressures using single gases for membranes of PBI, PBI/6FDA-DAM, and MMMs with 5 

wt%, and 10 wt% ZIF-8 loadings. 

Feed pressure 

(atm) 

H2 permeance 

 (GPU) 

H2 permeability 

(Barrers) 

CO2 permeance 

 (GPU) 

CO2 permeability 

(Barrers) 

Selectivity 

 

PBI 

30 2.52 ± 0.14 37.75 ± 1.55 0.11 ± 0.01 1.63 ± 0.28 23.4 ± 3.1 

20 2.52 ± 0.13 37.65 ± 1.56 0.11 ± 0.01 1.69 ± 0.33 22.6 ± 3.4 

15 2.53 ± 0.13 37.87 ± 1.66 0.11 ± 0.01 1.69 ± 0.30 22.7 ± 3.1 

10 2.55 ± 0.12 38.10 ± 1.76 0.12 ± 0.01 1.71 ± 0.30 22.5 ± 2.9 

5 2.55 ± 0.12 38.17 ± 1.83 0.12 ± 0.01 1.74 ± 0.33 22.2 ± 3.1 

6FDA-DAM 

30 70.52 ± 0.51 1128.25 ± 8.13 17.74 ± 0.12 283.85 ± 1.95 4.0 ± 0.2 

20 70.12 ± 0.63   1121.98 ± 10.05 17.81 ± 0.08 284.93 ± 1.27 3.9 ± 0.5 

15 69.88 ± 0.44 1118.15 ± 7.12 18.00 ± 0.11 287.98 ± 1.77 3.9 ± 0.4 

10 69.66 ± 0.41 1114.59 ± 6.57 18.33 ± 0.08 293.26 ± 1.22 3.8 ± 0.3 

5 71.60 ± 1.82   1145.53 ± 29.08 18.93 ± 0.31 302.86 ± 4.89 3.8 ± 1.2 

PBI/6FDA-DAM (high to low pressure) 

30 23.70 ± 5.00 324.65 ± 2.94 1.40 ± 0.47 18.96 ± 2.60 17.3 ± 2.2 

20 23.54 ± 5.09 322.44 ± 4.62 1.43 ± 0.49 19.37 ± 2.76 16.8 ± 2.2 

15 23.57 ± 5.11 322.72 ± 4.87 1.45 ± 0.50 19.59 ± 2.85 16.6 ± 2.2 

10 23.55 ± 5.09 322.54 ± 4.57 1.47 ± 0.52 19.88 ± 3.02 16.4 ± 2.3 

5 23.60 ± 4.59 323.91 ± 2.45 1.48 ± 0.52 20.06 ± 3.04 16.3 ± 2.6 

PBI/6FDA-DAM (low to high pressure) 

5 26.84 ± 3.24 322.10 ± 1.98 1.67 ± 0.44 20.04 ± 2.21 16.1 ± 2.2 

10 27.15 ± 3.77 325.74 ± 2.24 1.67 ± 0.45 20.15 ± 2.64 16.3 ± 2.2 

15 27.16 ± 4.02 325.89 ± 2.56 1.67 ± 0.52 20.02 ± 2.74 16.3 ± 2.2 

20 27.20 ± 4.86 326.42 ± 3.37 1.66 ± 0.72 19.92 ± 3.52 16.4 ± 2.3 

30 27.22 ± 4.52 326.72 ± 3.18 1.64 ± 0.33 19.68 ± 1.92 16.6 ± 2.6 

5 wt% ZIF-8/(PBI/6FDA-DAM) MMM 

30 29.52 ± 0.31 472.38 ± 4.89 1.71 ± 0.20 27.31 ± 3.24 17.4 ± 1.9 

20 29.31 ± 0.32 469.04 ± 5.17 1.77 ± 0.22 28.35 ± 3.58 16.7 ± 1.9 

15 29.35 ± 0.40 469.57 ± 6.45 1.81 ± 0.25 28.87 ± 3.90 16.4 ± 2.0 

10 29.29 ± 0.41 468.70 ± 6.56 1.83 ± 0.26 29.25 ± 4.11 16.2 ± 2.0 

5 29.57 ± 0.07 473.08 ± 1.08 1.84 ± 0.26 29.38 ± 4.15 16.3 ± 2.3 

10 wt% ZIF-8/(PBI/6FDA-DAM) MMM 

30 70.25 ± 1.79 1123.94 ± 28.59 7.16 ± 0.48 114.51 ± 7.70 9.9 ± 0.9 

20 68.96 ± 1.64 1103.41 ± 26.17 7.45 ± 0.81   119.25 ± 12.97 9.3 ± 1.2 

15 69.15 ± 1.39 1106.42 ± 22.22 7.54 ± 0.95   120.68 ± 15.21 9.2 ± 1.3 

10 69.26 ± 1.24 1108.06 ± 19.76 7.85 ± 0.75   125.60 ± 12.06 8.9 ± 1.0 

5 69.31 ± 1.26 1108.93 ± 20.11 8.04 ± 0.70   128.60 ± 11.26 8.7 ± 0.9 

Average of 2 membranes 

1 Barrer = 1×10-10 cm3
(STP) cm cm-2 s-1 cmHg-1 

1 GPU = 1×10-6 cm3
(STP) cm-2 s-1 cmHg-1 
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Table 4.3. Permeance, permeability, and selectivity of H2 and CO2 acquired at 300 °C and 30 atm using a H2/CO2 (50:50) mixture for 

membranes of PBI, PBI/6FDA-DAM, and ZIF-8(PBI/6FDA-DAM) MMMs with 5 wt%, and 10 wt% ZIF-8 loadings. 

Average of 2 membranes 

1 Barrer = 1×10-10 cm3
(STP) cm cm-2 s-1 cmHg-1 

1 GPU = 1×10-6 cm3
(STP) cm-2 s-1 cmHg-1 

 

  

 

H2 

 permeance 

 (GPU) 

H2 

 permeability 

(Barrer) 

CO2 

 permeance 

 (GPU) 

CO2 

permeability 

(Barrer) 

H2/CO2 

ideal 

selectivity  

PBI   2.36 ± 0.01 37.78 ± 0.26 0.13 ± 0.01 2.13 ± 0.03 17.8 ± 0.1 

PBI/6FDA-DAM 16.92 ± 2.99 251.58 ± 20.99 1.40 ± 0.91 20.33 ± 11.65 12.2 ± 4.2 

5 wt% ZIF-8(PBI/6FDA-DAM) MMM 22.39 ± 0.70 358.18 ± 11.20 1.78 ± 0.32 28.58 ± 5.16 12.8 ± 1.9 

10 wt% ZIF-8(PBI/6FDA-DAM) MMM 52.24 ± 1.69 835.73 ± 27.08 7.99 ± 0.46 127.75 ± 7.38   6.5 ± 0.1 
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APPENDIX 4B MODEL STUDY 

For a dense polymeric membrane that has uniform morphology, the solution-diffusion model 

(Equation 1) can be used to calculate the permeability of gases from solubility and diffusivity coefficients 

that can be determined independently [146,147].  The solubility, 𝑆, depends on the condensability of the 

penetrant gas in the polymer, and the diffusivity, 𝐷, measures the mobility of the penetrant gas through 

the membrane [148].  Typically, gas species with higher critical temperatures result in higher solubilities, 

while gas molecules with smaller kinetic diameters result in higher diffusivity [22].  The ideal selectivity 

(𝛼) can then be calculated using Equation (2): 

𝑃 =  𝑆 ∙ 𝐷                                                                  (1) 

                                                                             

        𝛼𝑎 𝑏⁄ =  
𝑃𝑎

𝑃𝑏
                                                                      (2) 

 The PBI/6FDA-DAM blend flat membranes with polymer weight compositions of 90/10, 70/30, 

and 50:50 were tested for gas permeation at 3 atm and 35 °C.  The gas permeation results calculated using 

the solution-diffusion model were compared to the predictions generated by other models, including the 

series model, the parallel model, the Maxwell’s model, and the equivalent box (EB) model [149].  Each 

model corresponds to a specific membrane morphology as shown in Fig. 1.  The gas permeabilities of the 

 

 

Fig. 1. Proposed models for permeability calculations according to phase dispersed 

structures of immiscible polymer blend membranes. (A) series structure, (B) parallel 

structure, (C) matrix-droplet structure, and (D) co-continuous structure. 
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pure PBI and 6FDA-DAM flat membranes were first measured and then applied in the models to predict 

gas permeability as a function of the 6FDA-DAM volume fraction (𝑉1), which was converted from the 

polymer weight compositions using Equation (3), where 𝑚 and 𝜌 are the mass and density for polymer 1 

and 2 in the blend.  The equations and the parameters for each model are summarized in Table 1. 

𝑉1 =
(𝑚1 𝜌1⁄ )

(𝑚1 𝜌1⁄ ) + (𝑚2 𝜌2⁄ )
                                                         (3) 

 The predictions of the models depend strongly on the orientation and structure of the blend 

components (Fig. 1).  When a highly permeable polymer is blended with a highly selective polymer, the 

series structure exhibits permeation properties similar to the highly selective polymer.  In this case, the 

highly selective polymer dominantly governs the gas permeation, while the highly permeable polymer 

works basically as a support.  In contrast, the parallel structure exhibits permeation properties similar to 

the highly permeable polymer due to the existence of a channel formed by the highly permeable polymer.  

Different from the series and parallel structures, the matrix-droplet (MD) structure, depending on the 

polymer that forms the matrix, might exhibit high permeability resembling the highly permeable polymer 

or high selectivity resembling the highly selective polymer.  And, because the second polymer is blended 

as droplets in the matrix, the blend membrane exhibits partial properties of the second polymer.  Maxwell’s 

model is commonly used for blend membranes with a MD structure.  However, as the volume fraction of 

the dispersed polymer increases, Maxwell’s model becomes inaccurate due to the emergence of 

percolation of in the dispersed phase or phase inversion [150–152].  The EB model is a combination of 

the series and parallel models and works appropriately for the co-continuous structure [149].  As the 

volume fraction of the dispersed polymer increases beyond the percolation threshold, channels formed by 

the dispersed polymer emerge throughout the membrane, and the permeation properties of the blend 

membrane become similar to the dispersed polymer. 
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Table 1 

Proposed models [149] for the calculation of permeability, 𝑃𝑏, in immiscible polymer blend membranes. 

 

Model Parameters 

Series  𝑃𝑏 =  
𝑃1𝑃2

𝑉1𝑃2 + 𝑉2𝑃1
 

𝑃1 and 𝑃2: permeability of polymer 1 and polymer 2 
𝑉1 and 𝑉2: volume fraction of polymer 1 and polymer 2 

 Parallel  𝑃𝑏 =  𝑃1𝑉1 + 𝑃2𝑉2 

Maxwell’s  𝑃𝑏 = 𝑃𝑚[
𝑃𝑑+2𝑃𝑚−2𝑉𝑑(𝑃𝑚−𝑃𝑑)

𝑃𝑑+2𝑃𝑚+𝑉𝑑(𝑃𝑚−𝑃𝑑)
] 

𝑃𝑚: permeability of matrix polymer 
𝑃𝑑: permeability of dispersed polymer 

𝑉𝑑: volume fraction of dispersed polymer 

Equivalent 
Box 

Model 
(EBM) 

 

𝑃𝑏 =  𝑃1𝑉1𝑝 + 𝑃2𝑉2𝑝 + 𝑉𝑠
2 [

𝑉1𝑠

𝑃1
⁄ +

𝑉2𝑠

𝑃2
] 

𝑉𝑠 = 𝑉1𝑠 + 𝑉2𝑠 
𝑉1𝑝 = [(𝑉1 − 𝑉1𝑐𝑟) (1 −⁄ 𝑉1𝑐𝑟)]𝑇1 

𝑉1𝑠 = 𝑉1 − 𝑉1𝑝 

𝑉2𝑝 = [(𝑉2 − 𝑉2𝑐𝑟) (1 −⁄ 𝑉2𝑐𝑟)]𝑇2 

𝑉2𝑠 = 𝑉2 − 𝑉2𝑝 

𝑃1 and 𝑃2: permeabilities of polymer 1 and polymer 2 
𝑉1 and 𝑉2: volume fractions of polymer 1 and polymer 2 

𝑉1𝑐𝑟 and 𝑉2𝑐𝑟: critical threshold percolation values of polymer 1 
and polymer 2 

𝑇1 and 𝑇2: critical universal exponents of polymer 1 and polymer 2 
For spherical dispersed domains, 𝑉1𝑐𝑟 = 𝑉2𝑐𝑟 = 0.156 and 

 𝑇1 = 𝑇2 = 1.833 
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 Immiscible blend membranes with various polymer ratios can result in different 

morphologies (Fig. 1) that exhibit unique gas permeation properties.  Depending on the 

morphology of the membrane, certain models can be used to interpret and predict the gas 

permeation properties (Table 1).  The experimental H2 and CO2 gas permeabilities of PBI/6FDA-

DAM blend membranes with different 6FDA-DAM volume fractions were summarized in Table 

2.  Comparing these experimental results to the predicted values from the models described in 

Table 1 and shown in Fig. 2 as a function of the 6FDA-DAM volume fraction, it can be seen that 

the experimental permeability for H2 is similar to the predictions from Maxwell’s model at 6FDA-

DAM volume fractions up to 49% (Fig 2A).  From Fig. 2B, it was observed that the experimental 

H2/CO2 ideal selectivity (22.4) was similar to the ideal selectivity predicted using Maxwell’s 

model (27.4) at the low 6FDA-DAM volume fraction of 10%.  Figure 2B also showed that as the 

6FDA-DAM volume fraction in the blend increased to 49%, the experimental H2/CO2 ideal 

selectivity decreased considerably to 15.2 and departed from the predicted value (H2/CO2 = 27.2) 

calculated from Maxwell’s model.  This drastic decrease in selectivity for immiscible polymer 

blend membranes can be explained by the percolation theory that suggests once the concentration 

Table 2. H2 permeability and H2/CO2 selectivity of 50:50 PBI/6FDA-DAM blend membranes at 

different polymer blend compositions 

PBI/6FDA-DAM 

 weight ratio 

6FDA-DAM 

 volume fraction 

H2 permeability  

(Barrer) 

H2/CO2 

 selectivity 

PBI 0 1.37 27.4 

90/10 PBI/6FDA-DAM 10 2.21 22.4 

70/30 PBI/6FDA-DAM 30 5.04 20.6 

50:50 PBI/6FDA-DAM 49 6.76 15.0 

6FDA-DAM 100 1020 1.1 

1 Barrer = 1×10-10 cm3
(STP) cm cm-2 s-1 cmHg-1 
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of the dispersed phase passes a percolation threshold, it starts to form continuous channels 

throughout the membrane.  The experimental H2/CO2 selectivity for the 50:50 PBI/6FDA-DAM 

blend membrane (H2/CO2 = 15.2) lied between the predictions of Maxwell’s model (H2/CO2 = 

27.2) and the EB model (H2/CO2 = 1.1), as shown in Fig. 2B, and exhibited a deviation of 44% 

and 1282% from Maxwell’s model and the EB model, respectively.  These observations assume 

 

Fig. 2. Experimental and predicted permeabilities of H2 (A) and H2/CO2 selectivities (B) 

according to 6FDA-DAM volume fractions in 50:50 PBI/6FDA-DAM blends.  
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that the 50:50 PBI/6FDA-DAM blend membrane morphology is represented primarily as a MD 

structure.  However, further investigation is required to prove the assumption. 
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