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ABSTRACT 

CO2 capture, sequestration, and utilization is a critical path to mitigate the CO2 emissions to the 

environment. An important strategy is to decarbonize fossil fuels and produce H2 and CO2 at high 

temperatures. The resulting H2/CO2 mixture must be separated to obtain H2 for usage and CO2 for 

sequestration or utilization. Membrane technology has inherent advantages for gas separation 

because of its high energy-efficiency, small footprint, and ease ofscale up. However, cost-effective 

materials with superior H2/CO2 separation properties at 150 °C or above are lacking. This 

dissertation addresses this gap via the development ofnovel membrane materials and the structural 

optimization of industrial thin film composite (TFC) membranes. 

In membrane material studies, we firstly demonstrated that H2/CO2 separation performance can be 

significantly enhanced by chemical cross-linking of solid polybenzimidazole (PBI) films in 

terephthaloyl chloride solution. Our second study illustrated that PBI doped with polyprotic acids 

such as H3PO4 and H2SO4 exhibits ultrahigh H2/CO2 selectivity. The acids cross-link PBI chains, 

decrease free volume and drastically improve H2/CO2 diffusivity selectivity. Third, we 

investigated mixed matrix materials (MMMs) containing PBI and palladium (Pd) nanoparticles, 

which have a strong affinity towards H2 and thus exhibit extremely high H2/CO2 solubility 

selectivity. The loading of Pd nanoparticles dramatically increases H2 solubility and H2/CO2 

solubility selectivity, resulting in a significant increase in H2 permeability and H2/CO2 selectivity 

at temperatures of 100 - 200 °C. 

This dissertation also focuses on membrane fabrication using the developed novel materials as 

well as membrane structure optimization. Industrial membranes are often TFC membranes with a 
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thin selective layer and a porous support which should have negligible resistance to gas transport. 

To optimize membrane structures, we systematically studied the geometric restriction of support 

on gas permeance using an integrated experimental and modeling approach. Track-etched 

polycarbonate nano filtration membranes and real industrial poly( ether sulfone) microporous 

supports were used as model supports in the demonstration. Our study confirms that high-flux TFC 

membranes require porous supports with high porosities and small pores. Finally, high

performance TFC membranes were fabricated for H2 purification and CO2 capture based on our 

novel materials and the optimized membrane structure. Our TFC membranes exhibited great 

H2/CO2 separation performance at temperature as high as 230°C with H2 permeance ofca. 400 gas 

permeation unit and H2/CO2 selectivity of ca. 90. Such performance is superior to state-of-the-art 

H2 purification membranes, demonstrating their potential application in industry. 
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CHAPTER 1 

INTRODUCTION 
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1.1 MEMBRANE TECHNOLOGY 

Membrane gas separation has enjoyed significant growth in the last three decades for industrial 

gas separation, due to its high energy-efficiency, small footprint, simplicity in operation, and 

easiness in scale-up.1
-3 Polymeric gas separation membranes simply work as selective barriers, 

allowing the passage of certain gas components while rejecting the others. Industrial membrane 

gas separation technology was first commercialized in the early 1980s for hydrogen separation 

(Prism® membranes).4 With the development of membrane materials and processes for new 

applications, the global market size of gas separation membranes has grown significantly over last 

three decades, and it reached to USD 1.3 billion by 2014.5 Of that business, production of high 

purity nitrogen from air, adjustment of H2/CO ratio in syngas, hydrogen recovery from 

hydrocarbon mixtures, and acid gas ( e.g. CO2 and H2S) removal from natural gas are most widely 

practiced in industrial processes.6
-
7 The key to advance membrane technology is a membrane with 

high productivity ( or gas permeance) and high separation efficiency ( or selectivity). However, 

there is a trade-off between membrane productivity and selectivity, i.e., higher permeability results 

in lower selectivity.8-
11 There have been intensive efforts in design and synthesis ofnovel polymers 

for membrane gas separation, such as polyimides, perfluoropolymers, poly( ethylene oxide) 

containing materials, poly(ionic liquids), polymers of intrinsic microporosity, and thermally 

rearranged polymers. 1-
2 These efforts lead to significant understanding of structure/property 

relationship for the design of new materials, and move the trade-off lines towards higher 

permeability and higher selectivity. 
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1.2 FUNDAMENTALS OF MEMBRANE GAS SEPARATION1 

Gutter 
layer 

30 - GOµm 

Mlcroporous 
support 

Non-woven 
fabric 00 - 150µ 

Figure 1.1 Schematic of an industrial thin film composite membrane comprised of a selective 
layer, gutter layer, and porous support (from top to bottom).2

' 
12 

As shown in Figure 1.1, thin film composite (TFC) membranes which have been widely used for 

industrial gas separations. They are comprised of a thin selective layer (50-200 nm) that provides the 

molecular separation and a thick porous support layer (30-60 µm) that provides mechanical. A highly 

permeable gutter layer may be used to provide a smooth surface for the deposition of the thin selective 

layer. 13 The microporous support and gutter layer contribute essentially no resistance to gas flow. Therefore, 

the resistance to gas transport in the thin film composite membranes lies mainly in the selective layer. 

Consequently, the productivity and separation efficiency of a TFC membrane is determined primarily by 

the thin selective layer. 

The permeation process of gas penetrants through the dense polymeric thin films can be 

described by the solution-diffusion model. 14 Gas penetrants dissolve into the film surface on the 

upstream side, then diffuse across the film due to the concentration gradient, and finally desorb 

1 This section is partially adapted with permission from a book chapter, L. Zhu, M. Omidvar, and H. Lin, 
Manipulating polyimide nanostructures via cross-linking for membrane gas separation, in M . A. Carreon 
(Ed.), Membranes for gas separations, World Scientific, 2017, pp. 243-270. 
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from the film on the downstream side. The permeability of a polymer film to gas component A, 

PA, is defined as: 14 

(1.1) 

where NA [cm3(STP) cm-2 s-1
] is steady-state gas flux across the film, l (cm) is the film thickness, 

and p 1 (cmHg) and p2 (cmHg) are the downstream and upstream pressure of component A, 

10-10 3respectively. Gas permeability is usually expressed in Barrers, where 1 Barrer= 1 x cm 

Based on the solution-diffusion model, gas permeability can also be expressed as: 

S=x D (1.2)
A A 

where SA [cm3 (STP) cm-3 polymer atm-1
] is solubility coefficient of gas component A in the 

polymer, and DA (cm2 s-1
) is a concentration averaged effective diffusivity coefficient. Gas 

selectivity, characterizing separation efficiency of membranes, is a combination of solubility 

selectivity (SAISs) and diffusivity selectivity (DAIDs): 

(1.3)a AI B 

Gas solubility in polymers is primarily determined by its condensability (indicated by critical 

temperature, as shown in Table 1 ), and influenced by its interaction with polymers and free volume 

in polymers. Gas diffusivity is governed by penetrant size (indicated by kinetic diameter or critical 

volume, as shown in Table 1.1), polymer free volume, and polymer chain flexibility. Gas 

diffusivity can be described using a simplified free volume model: 11 
, 

15 

Aexpl-~) (1.4)C FFV 
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where A is a front factor depending weakly on temperature, Bis a constant related to size of gas 

penetrant, and FFV is the polymer fractional free volume. 

Table 1.1 Physical properties of gases 

polymers_ 16-1 7 

Kinetic
Gas 

diameter (A) 

H2 2.89 

CO2 3.30 

N2 3.64 

CH
4 3.80 

C3H6 4.68* 

C3Hs 5.06* 

* Lennard-Jones diameter.18 

and vapors governmg their transport properties m 

Critical 
volume (cm3 

mot-1) 

65 .1 

93 .9 

89.8 

99.2 

181.0 

203 .0 

Critical 
temperature (K) 

33.2 

304 

126 

191 

365 

370 

The free volume indicates the space generated by inefficient chain packing or transient gaps 

created by the thermally stimulated segmental motion of polymer chains. The FFV is defined as 

follows:15 

V-V 
FFV 0 (1.5)

V 

where Vis polymer specific volume (cm3/g), and Vo is the volume occupied by polymer chains 
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1.3 MEMBRANES FOR H2 PURIFICATION AND CO2 CAPTURE 

CO2 for 
uti I ization 

H20 ➔ Shifted syngas 
~ 55% H2 

or storage 

a➔ Gasifier -----+ Shift 4 0 2 _>_ _o_%_c__ Hz/CO2 Purified 
reactors 150 - 450 °c separation H2 

t 
steam 

Figure 1.2 Simplified process flow diagram for hydrogen or energy production from gasified 
coal. 19 The gasification follows C + H2O -----+ CO + H2, and the shift reaction follows CO + H2O 

-----+ CO2+H2. The separation of CO2 from the shifted syngas is a key step in the process train. 

H2 is an essential starting material used in chemical industries such as ammonia synthesis and 

oil refinery. In years to come, it may become a major clean fuel as on combusting it or using it in 

fuel cells produces only energy and water. Today's H2 is mostly generated from steam reforming 

or gasification of fossil fuels followed by the water-gas shift reaction. Figure 1.2 shows a block 

diagram for H2 or power production from coal with CO2 capture.20-22 In this process, coal is 

gasified to produce syngas, i.e., H2 and carbon monoxide (CO). The CO is converted to CO2 by 

the water-gas shift reaction, producing more H2. The shifted syngas contains ca. 55% H2 and over 

40% CO2 at 150-200°C and 20 - 40 bar.23 H2 must be purified before utilization or combustion, 

and CO2 must be removed from the syngas stream economically, to be utilized or sequestered with 

modest increase in energy costs.20-21 The conventional technologies for this H2/CO2 separation is 

based on adsorption (e.g., pressure swing adsorption) or absorption (e.g., amine scrubbing, 

25Rectisol and Selexol), which are energy intensive and expensive.24
- In contrast, membrane 

technology provide a low-cost and energy-efficient alternative for H2 purification due to their 

inherent advantages such as simplicity in operation, small footprint and good processability. 1, 
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The key to the success ofH2/CO2 separation membranes is membrane materials with sufficient 

separation performance. Numerous attempts have been made using different types of materials 

such as metals, ceramics and polymers. Inorganic membranes including palladium, 27 zeolites28-29 

and graphene oxide,30-31 and mixed matrix materials containing size sieving zeolites or metal 

organic frameworks32-33 have been widely investigated. However, fabricating these materials into 

industrial membranes with thin selective layers is difficult, and the scale up of their production is 

very challenging compared with polymeric membranes. Polymeric membranes stand out because 

of their good processability and easiness in scale up, and they have achieved commercial success 

in many applications.34 A recent techno-economic analysis reveals polymeric membranes with H2 

permeability of ca. 30 Barrers and H2/CO2 selectivity of 15 at 150 °C can well beat the leading 

Selexol units in a 550 Megawatt integrated gasification combine cycle power plant.35-36 However, 

common commercial membrane polymers such as cellulose acetate (Separex), polysulfone 

(PRISM) and polyimide (Ube) have low H2/CO2 selectivity (typically less than 4) and thus cannot 

provide efficient H2/CO2 separation.37 Current polymer researches for H2 selective membranes are 

dedicated to improve gas selectivity by developing polymers with strong size sieving ability, or 

high H2/CO2 diffusivity selectivity (Dm/Dco2). Ongoing efforts include use of cross-linkable 

polyimides such as 6FDA-durene and 6FDA-ODA/NDA.38-39 The cross-linking modification has 

been shown to provide impressive selectivity improvement at expanse of decreasing permeability. 

Identification of cross-linked polyimides with good combination of H2/CO2 selectivity and H2 

permeability is required before these membranes are practical for industrial use. Multi-doping with 

halogen ions in polyaniline were also explored for H2/CO2 separation but the selectivity 

improvement was limited, making it unfavorable in recent studies.40-41 Some other attractive 

approaches include design and synthesis of polymers with rigid structure and good chain packing 
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efficiency such as polybenzimidazole and blend rigid polymers with metal oragnic frameworks, 

forming mixed matrix membranes.42-43 

1.4 RESEARCH OBJECTIVE AND DISSERTATION OVERVIEW 

The ultimate goal of this dissertation is to develop polymer-based TFC membranes with an H2 

1o-6 2 1permeance of several hundreds of gas permeance units (GPU, 1 GPU = cm3 (STP) cm- s-

cmHg-1 = 3.3 x 10-10 mol cm-2 s-1 Pa-1) and H2/CO2 selectivity of over 30 at elevated temperatures 

(150 °C or above). This enables membrane-based systems capturing 90% CO2 from coal-derived 

syngas while meeting the US Department of Energy (DOE) target of <10% increase in the 

levelized cost of electricity (LCOE). As shown in Figure 1.1, the selective layer ( ~ 100 nm) 

primarily determines productivity and separation efficiency of a TFC membrane. Therefore, our 

first objective is to develop high-performance selective layer material for H2/CO2 separation by 

exploring structure-transport property guidelines for designing polymers with high H2 

permeability and H2/CO2 selectivity. Materials that achieve high H2/CO2 selectivity as a result of 

either diffusivity selectivity or solubility selectivity are all taken into consideration. The thick 

porous support layer (30 - 150 µm) in a TFC membrane (Figure 1.1) is designed to provide 

mechanical strength and negligible resistance to gas transport. To optimize the gas separation 

performance of TFC membranes, our second objective is to investigate the effect of microporous 

support morphology on gas permeance across TFC membranes. This systematic study provides a 

direct and practical guidance in the fabrication of high flux TFC membranes by using ideal 

microporous supports. 

This dissertation is comprised of 8 chapters including this introductory chapter. CHAPTER 2 

demonstrates that H2/CO2 diffusivity selectivity can be significantly enhanced by chemical cross-
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linking of solid polybenzimidazole (PBI) films in terephthaloyl chloride solution. Such 

enhancement in gas separation properties can be well correlated with the structural changes using 

a free volume model. CHAPTER 3 illustrates that PBI doped with polyprotic acids such as H3PQ4 

and H2SO4 exhibits ultrahigh H2/CO2 selectivity. The acids cross-link PBI chains, decreases free 

volume and drastically improves H2/CO2 diffusivity selectivity. For example, the PBI doped with 

H3PQ4 at a molar ratio of 1: 1 exhibits an unprecedented H2/CO2 selectivity of 140 at 150 °C, which 

is the highest among the known polymer-based materials. Both CHAPTER 2 and 3 are focused on 

designing rigid polymer structures with strong size sieving ability, achieving high H2/CO2 

diffusivity selectivity. In contrast, CHAPTER 4 investigates mixed matrix materials (MMMs) 

containing PBI and palladium (Pd) nanoparticles, which have a strong affinity towards H2 and thus 

exhibit extremely high H2/CO2 solubility selectivity. The loading ofPd nanoparticles (0 - 70 wt%) 

dramatically increases H2 solubility and H2/CO2 solubility selectivity, resulting in a significant 

increase in H2 permeability and H2/CO2 selectivity at temperatures of 100 - 200 °C. Gas 

permeation through TFC membranes can be restricted by the pore size and porosity of the porous 

supports, resulting in a reduction in permeance. CHAPTER 5 and 6 both reveal such geometric 

restriction using an integrated experimental and modeling approach. Track-etched polycarbonate 

(PC) nanofiltration membranes with uniform and straight cylindrical pores were used as model 

support membranes in CHAPTER 5; while in CHAPTER 6, real industrial poly(ether sulfone) 

(PES) microporous supports with non-uniform pore sizes and significant tortuosity were used as 

model supports. CHAPTER 7 demonstrates the fabrication of TFC membranes for H2 purification 

and CO2 capture at elevated temperatures using PBI based porous support, polydimethylsiloxane 

gutter layer, and PBI selective layer. Finally, CHAPTER 8 presents conclusions. 
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CHAPTER2 

TIGHTENING POL YBENZIMIDAZOLE (PBI) NANOSTRUCTURE VIA CHEMICAL 

CROSS-LINKING FOR MEMBRANE H:z/CO2 SEPARATION1 

1 This chapter is adapted with permission from an article published under the same title in Journal of 
Materials Chemistry A, 2017, 5, pp. 19914-19923. 
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2.lSUMMARY 

Membranes that permeate H2 and reject CO2 at temperatures above 150 °C are of great 

interest for low-cost H2 purification and pre-combustion CO2 capture. One of the leading 

polymers for this separation is poly[2,2 ' -(m-phenylene )-5 ,5 '-bisbenzimidazole] (PBI), which has 

good thermal stability and high H2/CO2 selectivity. This study, for the first time, demonstrates 

that H2/CO2 selectivity can be significantly enhanced by chemical cross-linking of PBI at solid 

state, in distinct contrast with the literature where cross-linking PBI in solutions decreased 

H2/CO2 selectivity. We prepared a series of cross-linked PBis by immersing PBI thin films in 

terephthaloyl chloride solutions for varying times to achieve different degrees of cross-linking, 

and then systematically investigated the effect of cross-linking on physical properties including 

gel content, thermal stability, cross-linking density, fractional free volume (FFV) and inter-chain 

spacmg. Gas sorption and pure- and mixed-gas permeation properties were determined at 

temperatures ranging from 35 to 200 °C. Cross-linking decreased CO2 sorption and significantly 

increased H2/CO2 selectivity with a slight decrease in H2 permeability. For example, after cross

linking of PBI, the H2/CO2 selectivity increased from 15 to 23 while the H2 permeability 

decreased from 45 to 39 Barrers at 200 °C. The performance of this cross-linked PBI surpasses 

the Robeson' s upper bound estimated at 200 °C, indicating their promise for H2 purification and 

CO2 capture. 

2.2 INTRODUCTION 

H2 production with CO2 capture is a promising route for environmentally friendly use of 

4fossil fuels with minimal CO2 emissions to the atmosphere.1- In this process, fossil fuels are 

decarbonized by reforming or gasification to generate mixtures of H2 and CO. The CO is further 
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converted to H2 and CO2 by the water-gas shift reaction. The produced H2 must be purified by 

removing CO2 for use in hydrogen-fueled turbines, ammonia synthesis or other applications, and 

the concentrated CO2 can then be sequestered underground or employed in applications like 

enhanced oil recovery. The cost of H2/CO2 separation contributes significantly to the overall 

process cost, which drives strong interest in developing low-cost and energy-efficient technology 

for H2/CO2 separation. 

Membrane technology has been widely investigated for H2/CO2 separation, due to its 

inherent advantages of high energy-efficiency, small footprint, and simplicity in operation.5-s 

Particularly, H2-permeating and CO2-rejecting membranes provide a low cost route when 

5 9 11operated at elevated temperatures (150 °C or above), where the shifted syngas is produced.2, , -

14 16Inorganic membranes such as palladium,12 zeolites13- and graphene oxide,15- and mixed 

matrix materials containing size sieving zeolites or metal organic frameworks 17-18 have been 

widely investigated. However, fabricating these materials into industrial membranes with thin 

selective layers is difficult, and the scale up of their production is very challenging compared 

with polymeric membranes. 

Polymeric membranes have achieved commercial success in many applications because of 

19their good processability and easiness in scale up. Gas permeation through polymeric 

membranes follows the solution-diffusion mechanism,20 where gas permeability (PA) is the 

product of a solubility coefficient (SA) and a diffusion coefficient (DA). For H2/CO2 separation, 

the diffusivity selectivity favors H2, because H2 has smaller kinetic diameter (2.89 A) than CO2 

(3.3 A), while the solubility selectivity favors CO2 due to its greater condensability than H2.6,21-22 

Consequently, conventional polymers do not show high H2/CO2 selectivity. For example, 
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common commercial membrane polymers such as cellulose acetate, polysulfone and Matrimid® 

exhibit H2/CO2 selectivity at 35 °C of 2.5,23 2.4,24 and 3.0,25 respectively. 

To achieve high H2/CO2 selectivity, membranes should have strong size sieving ability to 

obtain high H2/CO2 diffusivity selectivity.7, 26 Poly(2,2 ' -(m-phenylene )-5,5-bibenzimidazole) 

(PBI) has emerged as one of the leading polymers for H2/CO2 separation at elevated 

temperatures, because of its rigid structure and thus high H2/CO2 selectivity, as well as high 

thermal stability.5, 27-29 Ongoing efforts are focused on the development of hollow fiber 

11membranes based on PBI for a pilot scale demonstration of syngas purification. 9, 

Cross-linking can be used to manipulate polymer nanostructures by increasing chain rigidity 

and decreasing free volumes, and thereby improving size-sieving ability.7, 30-32 For example, 

polyimides have been cross-linked to improve H2/CO2selectivity.33-37 A thin film of a polyimide 

(6FDA-ODA/NDA) was cross-linked by 1,3-diaminopropane, and its H2/CO2 selectivity 

increased from 2.3 to 23 while H2 permeability decreased from 70 to 37 Barrers at 35 °C.35 

However, these cross-linked polyimides are not stable at 150 °C or above, due to the reversible 

reactions between imides and diamines. On the other hand, when PBI was cross-linked using 

3,4-dichloro-tetrahydro-thiophene-1, 1-dioxide38 and a ,a'-dibromo-p-xylene39 in solutions during 

film casting processes, H2/CO2 selectivity decreased and H2 permeability increased, presumably 

since the PBI chains were highly swollen in the solutions and the cross-linking did not increase 

size sieving ability.38-39 

Here, we report a facile route to cross-link PBI thin films at solid state to tighten their 

nanostructures, leading to an increase in the size sieving ability. We employ terephthaloyl 

chloride (TCL) as a cross-linking agent and tetrahydrofuran (THF) as a swelling agent to 

facilitate the cross-linking, and we systematically study the effect of cross-linking time on 
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physical properties of the cross-linked PBI samples such as gel content, cross-linking density, 

fractional free volume (FFV), inter-chain spacing, and CO2 sorption at various temperatures. We 

determined the pure- and mixed-gas permeability in the cross-linked PBI at temperatures up to 

200 °C, and benchmarked their H2/CO2 separation properties in the Robeson's upper bound plots. 

This work also aims to reveal the relationships between the structure and gas transport properties 

in these cross-linked polymers. 

2.3 EXPERIMENTAL 

2 .3 .1 Materials 

Celazole® PBI S 10 solution was provided by PBI Performance Products Inc. (Charlotte, NC). 

The solution contains 9 wt.% PBI (with a molecular weight of 35,000 Da) in N,N

dimethylacetamide (DMAc). TCL was supplied by Sigma-Aldrich Corporation (St. Louis, MO). 

Anhydrous DMAc (> 99%) and THF (> 99.9%) were purchased from Fisher Scientific 

(Waltham, MA). Gas cylinders of H2, N2 and CO2 with ultrahigh purity (UHP-grade) were 

obtained from Jackson Welding & Gas Products (Buffalo, NY). 

2.3.2 Preparation ofPB/ and cross-linked PB/films 

Thin films of PBI were prepared by a solution casting method using the following procedure. 

A desirable amount of PBI S10 solution was filtered using a 1.0 µm PTFE syringe filter (Fisher 

Scientific) and then cast on a glass plate using a casting knife (BYK-Gardner Inc., Geretsried, 

Germany) with a gate clearance of 200 µm. The film was then dried in an oven at 60 °C for 16 

hrs, followed by heating at 200 °C under vacuum for 24 hrs, and finally peeled off from the glass 
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plate for further use. The resulting film was about 12 µm thick, as measured by a digital 

micrometer (Starrett 2900, The L.S. Starrett Co., MA). 

To cross-link PBI films with TCL, we first dissolved 1.0 mmol TCL in 10 mL THF, and then 

immersed about 100 mg of PBI films in the TCL solution at 21 °C. The films were removed 

from the solution after a desired immersion time, washed with THF in a sonication bath for 4 

times and dried overnight in vacuum oven at 80 °C. To achieve different degrees of cross

linking, the immersion time was varied from 3 to 24 hrs. We labeled the resulting cross-linked 

PBI films as XLPBI-tH, where t represents the cross-linking time (in hr). 

2 .3 .3 Characterization ofchemical and physical properties 

We employed attenuated-total-reflection Fourier transform infrared (ATR FTIR) 

spectroscopy to monitor the reaction between PBI films and TCL, recording spectra using a 

FTIR spectrometer (Vertex 70, Bruker, MA) with a resolution of 4 cm-1. Thermal gravimetric 

analysis (TGA) was conducted using a thermal analyzer (Netzsch TG 209 Fl, Germany) at 

temperatures from 50 to 900 °C with a heating rate of 10 °C/min in an argon flow. Glass 

transition temperature (Tg) of the PBI films was determined using differential scanning 

calorimetry (DSC, Q2000, TA Instruments, DE). The films were first conditioned at 300 °C for 

5 min under a N2 flow of 50 mL/min, and then they were heated from 300 to 490 °Cat a ramping 

rate of 10 °C/min. The Tg value was taken as the midpoint of the heat capacity step change using 

the software of Universal Analysis (TA Instruments). We obtained wide-angle x-ray diffraction 

(W AXD) patterns of the samples using a Rigaku Ultima IV x-ray diffractometer over a scanning 

range of 5 - 45° at a scanning rate of 2.0°/min. The spectrometer has a Cu Ka x-ray source with 

a wavelength of 1.54 A. 
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We determined the gel content of XLPBis following a previously reported method.40 PBI 

films with mass mo were first immersed in a TCL solution. After cross-linking, the films were 

dried and weighed to determine their mass, m1. The films were then immersed in DMAc to 

extract the sol at 35 °C for 24 hrs. The remaining insoluble films were dried at 160 °C under 

vacuum for 6 hrs and then weighed to determine their mass, mgel• The gel content (wgeL) was 

calculated by eqn (2.1 ): 

m 
____§!!___ X 100% (2.1) 
mi 

The degree of cross-linking in polymers can be characterized using the average molecular 

weight of polymer chains between the cross-links (Mc, Da), which is estimated using eqn (2.2):30, 

41 

MPBI (2.2) 
X 

where MPB1 (308 g mol-1) is the molecular weight of a PBI repeating unit, and xis the conversion 

rate of amine groups in PBI repeating units. For the XLPBI samples before the sol extraction, 

the parameter ofx can be estimated using eqn (2.3 ): 

mi - mo . M Psi 
X (2.3) 

mo MTcL 

where 11m is the mass increase due to the cross-linking, and MTcL (132 g mol-1) is the molecular 

weight of the cross-links. Higher x values or lower Mc values indicate higher cross-linking 

density. Polymers with Mc value less than 1,000 Da are considered to be highly cross-linked.41 

The density of polymer films was determined at 21 °C using Archimedes' principle and an 

analytical balance (Model XS64, Mettler-Toledo, OH) equipped with a density kit.42 A 

fluorinated solvent, Novec 7300 engineering fluid obtained from 3M Company (St. Paul, MN), 
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was used as an auxiliary liquid. The polymer specific volume (V) can be used to calculate 

fractional free volume (FFV), an important factor determining gas diffusivity, using eqn (2.4):43 

v-v0 V -I.3VwFFV (2.4)
V V 

where Vo is the occupied volume, and Vw is the van der Waals volume, which can be estimated 

using the group contribution method.44 For each XLPBI sample, we calculate its Vw value by 

considering the contributions from both uncross-linked and cross-linked chains using the 

conversion rates (or x values). 

2 .3 .4 Gas sorption measurement 

We measured gas sorption in the polymer samples gravimetrically using a microbalance 

(IGA 001, Riden Isochema, UK) at pressures up to 12 atm and temperatures ranging from 35 to 

150 °C. The polymer samples each weighed around 80 mg, and the buoyancy effect on the 

weight readings was taken into account using Archimedes' principle. Prior to the gas sorption 

measurement, the sample was dried in vacuum at 150 °C for at least 10 hrs to remove residual 

solvents. Gas sorption at each pressure was considered at equilibrium once the microbalance 

reading remained unchanged for at least 1 hr. The gas sorption data were determined from the 

mass change of the polymer sample with the compensation for buoyancy.45 

2 .3 .5 Gas permeation measurement 

Pure-gas permeability at 35 °C was determined usmg a constant-volume and variable

pressure apparatus and can be calculated using eqn (2.5):46
-
48 

V) [dPi,A -(dPi,AJ l (2.5) 
Pi,AART dt dt leak 
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where VJ is the downstream volume, l is the film thickness, A is the effective film area for gas 

permeation, R is the gas constant, Tis the absolute temperature, and p2,A and p J,A are the upstream 

and downstream pressures, respectively. dp 1 ,Aldt is the steady state rate of pressure increase in 

the downstream volume at the feed pressure of p2,A, while (dp1 ,Aldt)1eak is the system leakage rate 

determined with both upstream and downstream under vacuum, which was less than 10% of 

dp1 ,Aldt in this study. The upstream pressure was about 8 atm and the downstream pressure was 

kept under vacuum (less than 1.0 cmHg). Gas permeability has a unit of Barrers (1 Barrer = 

Both pure- and mixed-gas permeability at elevated temperatures (100 - 200 °C) were 

determined using a constant-pressure and variable-volume apparatus as illustrated in Fig. 2.1.46, 

49 The entire permeation apparatus was placed in a temperature-controlled oven. The polymer 

film was masked using a brass disc and high temperature epoxy adhesives, and a copper gasket 

was used to mount the sample in the permeation cell. Digital mass flow controllers (SmartTrak 

100, Sierra Instruments Inc., CA) were used to control the flow rate of the sweep and feed 

(including the H2/CO2 composition). A backpressure regulator was used to control the feed 

pressure, and the permeate pressure was maintained at 0.02 psig using a metering valve. The 

composition of gas mixtures was determined by gas chromatography using a 3000 Micro GC 

Gas Analyzer (Inficon Inc., Syracuse, NY). We controlled the total feed flow rate at 100 cm3 

min-1, which is greater than the permeate gas flux(< 0.2 cm3 min-1), and therefore the stage-cut is 

less than 0.2%. 

49The mixed-gas permeability of gas component A can be calculated using eqn (2.6):46, 

(2.6) 
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where S is the flow rate of the sweep gas, and XA and Xsweep are the mole fraction of gas 

component A and sweep gas (N2 in this study) in the sweep-out stream, respectively. 

MFC 
~ vent 

CO2 feed--~ MFC 

f------------- ---------- -------------------- I 

I ~-J...---'-~ II I 

Temperature ----------~ ·••••· Permeation ! 
controlled oven I cell ! 

I I 
I ~~--~~ I
I I 
·-------------- ---------- ____________________J 

SweepSweep in--~ MFC out 

GC 

Figure 2.1 Schematic illustration of a constant-pressure and variable-volume apparatus for high 
temperature pure- and mixed-gas permeation measurement. P: pressure gauge, R: backpressure 
regulator, MFC: mass flow controller, and GC: gas chromatography. 

2.4 RESULTS AND DISCUSSION 

2 .4.1 Chemical cross-linking reaction 

Fig. 2.2 shows the reaction scheme of cross-linking PBI with TCL in anhydrous THF at 

21 °C. The acyl chloride groups in TCL react with the secondary amines on imidazole rings of 

PBI, forming tertiary amide groups and thus cross-linking the PBI chains. 

THF, 21 °C 

-2HCI 

Figure 2.2 Reaction scheme for cross-linking PBI using TCL in anhydrous THF at 21 °C. 

The cross-linking reaction was confirmed using FTIR, as shown by the spectra of PBI 

samples before and after cross-linking in Fig. 2.3. The appearance of characteristic peaks for 
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tertiary amides at 1630 cm-1 (C=O stretching) and 1225 cm-1 (C-N stretching of 3 °N) in XLPBis 

verifies the expected reaction occurred.50 The intensity of the peaks associated with amide 

groups is greater for XLPBI-24H than for XLPBI-6H, as expected due to the longer reaction time 

and thus higher degree of cross-linking in XLPBI-24H. The C=O stretching peak of tertiary 

amides (1630 cm-1) appears as a shoulder peak on the strong stretching peak at 1603 cm-1 

associated with benzene rings. 50 

amide : benzene ring 
C=O : stretch 

I 

:/ 

--:::i 
~ XLPBl-24H 
a, 
C 
co 
.Q... 
0 
~ XLPBl-6H 
<( 
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Wavenumber (cm-1
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Figure 2.3 Comparison of FTIR spectra of PBI and two representative XLPBI samples (XLPBI-
6H and XLPBI-24H) to confirm the cross-linking reaction between PBI and TCL. 

The thermal stabilities of PBI and two representative XLPBis (XLPBI-6H and XLPBI-24H) 

were investigated using TGA with derivative thermogravimetric analysis (DTG). As shown in 

Fig. 2.4, all samples are thermally stable up to 200 °C, indicating their suitability for use at 

3elevated temperatures (150 - 200 °C) for H2/CO2 separation.2- Although the PBI backbones are 

not expected to degrade below 580 °C,27 this Celazole® PBI SlO shows about 5.7 wt.% loss at 

250 - 500 °C, presumably due to the degradation of impurities in this commercial PBI product. 

The XLPBI-6H and XLPBI-24 show mass losses of 7.4 and 13.3 wt. % at 250 - 500 °C, 
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respectively, which are higher than PBI, due to the presence of degradable imide cross-links. 

The aligned huge peaks above 550 °C reflect the degradation of PBI backbones. 
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Figure 2.4 Curves of TGA (solid) and DTG (dotted) for the PBI and two selected XLPBI 
samples (XLPBI-6H and XLPBI-24H). 

2.4.2 Effect of reaction time on polymer physical properties 

The rate of reaction between PBI and TCL is extremely fast. As shown in Fig. 2.10 in 

Section 2.7 supplemental information, when droplets of dilute TCL solution (0.01 mol L-1) were 

added into 0.5 wt.% PBI solutions, insoluble gel was immediately produced (within 100 ms). 

This implies that the rate-limiting step for the cross-linking of PBI films is the diffusion of TCL 

into the films, which depends upon the extent of swelling of PBI in the TCL solutions.35 , 
51 THF 

swelling tests on 12-µm-thick PBI films (Fig. 2.11 in supplemental information) showed that 

THF uptake (3.8 wt.% or 5.4 vol.%) in PBI equilibrated after 15 hrs. Therefore, the immersion 

time of PBI films in the TCL solutions was varied from 3 to 24 hrs to achieve different degrees 

of cross-linking associated with partial to complete swelling of the films by THF. 
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Table 2.1 summarizes the effect of cross-linking time on physical properties of the XLPBI 

samples. The gel content of the XLPBI films was measured using DMAc, a good solvent for 

PBI. For XLPBI-3H, the gel content is only 11 %, presumably due to the limited amount ofTCL 

that diffused into the PBI films in this short time. On the other hand, most of the polymer chains 

can be cross-linked after 6 hrs, as indicated by a gel content of 77% for XLPBI-6H and up to 93% 

for XLPBI-24H. 

Table 2.1 Effect of reaction time on physical properties of the XLPBI samples, including the gel 
content (wgei), percentage of the mass increase (11mlmo), conversion rate (x), Mc, density, and 
FFV. 

Reaction Wgel 11mlmo Mc Density
Sample X FFV

time (hrs) (%) (%) (Da) (g cm-3) 

PBI 0 0 1.288 ± 0.017 0.160 ± 0.002 

XLPBI-3H 3 11 0.67 0.016 19,700 1.306 ± 0.015 0.147 ± 0.002 

XLPBI-6H 6 77 3.1 0.071 4,300 1.331 ± 0.010 0.130 ± 0.001 

XLPBI-12H 12 88 4.3 0.10 3,100 1.337 ± 0.008 0.125 ± 0.001 

XLPBI-18H 18 90 6.1 0.14 2,200 1.342 ± 0.018 0.121 ± 0.002 

XLPBI-24H 24 93 8.9 0.21 1,500 1.362 ± 0.011 0.107 ± 0.001 

Table 2.1 records the percentage of relative mass increase (11mlmo) for each sample, which 

increases with increasing the degree of cross-linking. For example, the mass of PBI films 

increases by 0.67 % after 3-hr cross-linking and by 8.9 % after 24-hr cross-linking. Additionally, 

the difference in the 11mlmo values for XLPBI-6H and XLPBI-24H is 5.8 %, which agrees well 

with their difference (5.9 %) in mass losses at 200 - 550 °C from the TGA results (cf. Fig. 2.4). 

The x values, calculated from the 11mlmo values using eqn (3), also increase with increasing 

the reaction time. For example, XLPBI-3H, XLPBI-6H, and XLPBI-24H exhibit the x values of 

0.016, 0.071 and 0.21, respectively. As shown in Fig. 2.2, the x value is also the stoichiometric 

ratio of the reacted PBI repeating units (or cross-links) to the overall PBI repeating units. 
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The degree of cross-linking in XLPBis is quantitatively characterized by the Mc value 

according to eqn (2.2). For XLPBI films cross-linked for short times, such as XLPBI-3H, the 

film surface may have higher cross-linking density than the center and therefore, the Mc value 

represents an average across the film. The Mc value dramatically decreases from 19,700 to 1,500 

Da as the cross-linking time increased from 3 to 24 hrs, confirming the higher cross-linking 

density for XLPBis with longer reaction time. Considering that XLPBI-3H has an Mc value of 

19,700 Da and PBI has a molecular weight of 35,000 Da, the average number of cross-links in a 

PBI chain is less than 2, indicating a loose network in XLPBI-3H. In contrast, XLPBI-24H with 

an Mc value of 1,500 Da can be regarded as a highly cross-linked network.41 

Table 2.1 also shows that increasing cross-linking density increases the polymer density and 

decreases FFV (as estimated by eqn (4)). For example, highly cross-linked XLPBI-24H has a 

density of 1.362 g cm-3 and FFV of 0.107, indicating a 5.4% increase in density and an 

impressive 33% loss in FFV compared with PBI. The decrease in FFV is expected to decrease 

gas permeability,52
-
54 as discussed in section 2.4.3 below. 

The structural changes in polymer chain packing induced by cross-linking are also observed 

in W AXD, as shown in Fig. 2.5. As the cross-linking time increases, the diffraction peak shifts 

from 23.1 ° for PBI to 24.0° for XLPBI-6H, and finally to 25.0° for XLPBI-24H. The 

corresponding d-spacing for the polymer chains decreases from 3.85 A (PBI) to 3.71 A (XLPBI-

6H) and then to 3.56 A (XLPBI-24H). These results suggest that the cross-linking effectively 

tightens the intersegmental structure among the polymer chains, which is also consistent with the 

decrease in FFV. 55 Decreases in both d-spacing and FFV (or increasingly tightened structures) 

are expected to increase the size sieving ability of the polymers for gas separation.30 
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Figure 2.5 Comparison of W AXD patterns for PBI and XLPBis with various cross-linking time. 
The d-spacing is calculated using the Bragg's law.47 

2.4.3 Effect of the cross-linking time on gas permeation properties 

Fig. 2.6a shows pure-gas permeability of H2 and CO2 at 35 °C as a function of the cross

linking time in XLPBis. Both H2 and CO2 permeability decreases with increasing the cross

linking time, due to the decreased FFV and d-spacing in XLPBis. Interestingly, the permeability 

seems to level off after a cross-linking time of 12 hrs. On the other hand, the H2/CO2 selectivity 

increases initially from 12 to 22 as the cross-linking time increases to 6 hrs, and then decreases 

before leveling off at 18 after 18-hr cross-linking, as shown in Fig. 2.6b. This behavior may be 

caused by the changes of FFV and free volume distribution for H2 and CO2.2 XLPBI-6H shows 

the highest H2/CO2 selectivity among XLPBis with a moderate H2 permeability. Similar 

phenomena have also been observed by cross-linking 12-µm-thick PBI films using malonyl 

chloride, where the cross-linked PBI exhibits the highest H2/CO2 selectivity (21) at cross-linking 

time of 6 hrs, as shown in Fig. 2.12 in the supplemental information. 
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Figure 2.6 Effect of the cross-linking time on (a) pure-gas permeability of H2 and CO2 at 35 °C, 
and (b) ideal H2/C02 selectivity for PBI and XLPBis at 35 °C; correlation of gas permeability 
with (c) 1/FFV and (d) I/Mc for XLPBis. The gas permeability has an uncertainty of less than 
8%, as estimated by error propagation and analysis. 56 

Gas permeability can be correlated with the polymer FFV using eqn (2. 7): 52
·
54 

A exp(- __!!_g__) (2.7)
P FFV 
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where Ap (Barrer) is a pre-exponential factor and Bp is a constant that increases with increasing 

penetrant molecular size. As shown in Fig. 2.6c, the gas permeability data can be described 

using eqn (7) with a Bp value of 0.53 and 0.65 for H2 and CO2, respectively. The greater Bp 

value for CO2 is consistent with its larger molecular size than H2, and indicates that CO2 

permeability decreases more rapidly with decreasing FFV than H2. 

Fig. 2.6d shows that the gas permeability decreases with increasing the cross-linking density 

(i.e., decrease in Mc values), and the behavior can be described using the following empirical 

equation: 

(2.8) 

where ao and a1 are adjustable parameters. The fittings are satisfactorily, as shown in Fig. 2.6d. 

The obtained ao values for H2 and CO2 are 1,700 and 1,800 Da, respectively, and the a1 values 

for H2 and CO2 are 0.13 and -2.7, respectively. 

In contrast to the literature results where cross-linking PBI in solutions decreased H2/CO2 

selectivity,3s-39 the increase in H2/CO2 selectivity in XLPBis in this study may be ascribed to the 

solid state of PBI with minimal swelling (i.e., 5.4 vol.% of THF in the swollen PBI at 

equilibrium) during cross-linking. If the polymer chains are highly swollen (such as in the 

solution) before the cross-linking, the obtained polymer networks do not seem to have tighter 

structure than the uncross-linked one after the solvent is removed.40 

2.4.4 Effect of cross-linking on gas sorption in XLPB/s 

The CO2 sorption was determined using a gravimetric method, while H2 sorption could not 

be determined due to its extremely low sorption in polymers.57 Fig. 2.7 compares CO2 sorption 

isotherms for PBI and XLPBI-6H at different temperatures, showing that CO2 sorption decreases 
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after cross-linking modification. The isotherms in glassy polymers can be described using the 

dual mode sorption model, as expressed by the following equation:58-59 

(2.9) 

where CA is the sorption of the penetrant A in the polymer, kD is the Henry's constant, C~ 1s 

Langmuir sorption capacity, and b is the affinity parameter. C~ is related to the excess non

equilibrium volume of glassy polymers using the following expression:58 

1
22414-L'la· T -T ·- (2.10) 

, g v· 

where lla is the difference of thermal expansion coefficients between the rubbery and glassy 

state of the polymer, and V is the molar volume of the gas dissolved in the polymer. The C~ 

value decreases linearly with increasing temperature, and both eqns (2.9) and (2.10) are used to 

fit the experimental isotherms. The Tg value is taken to be 437 °C, which was determined for the 

pure PBI using the DSC in this study. The XLPBI-6H degrades at 250 °C and thus, its Tg cannot 

be determined using the DSC. On the other hand, XLPBI-6H has relatively low cross-linking 

density and thus, it may be reasonable to assume that it has a Tg similar to pure PBI. As shown 

in Fig. 2.7, the fitting lines agree well with the experimental data. 
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Figure 2.7 Effect of temperature on the CO2 sorption isotherms in PBI and XLPBI-6H. The 
curves are the best fits to eqns (9) and (10) with the fitting parameters shown in Table 2.2. 

Table 2.2 summarizes the fitting parameters (including kD, b, and C~ ) for the CO2 isotherms. 

All the parameters decrease with increasing temperature. For example, kD values for PBI and 

XLPBI-6H at 35 °Care 0.70 and 0.63 cm3(STP)/cm3·atm, respectively. Both of these decrease 

to O at 150 °C, suggesting the disappearance of Henry's sorption. At each of the lower 

temperatures, XLPBI-6H has a lower kD value than PBI, indicating its lower Henry's law gas 

sorption capacity. Moreover, XLPBI-6H shows lower C~ values than PBI, which is consistent 

with the lower free volume caused by the cross-linking. The decreased CO2 sorption in XLPBis 

may promote high H2/CO2 selectivity. 
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Table 2.2 Parameters of the dual mode sorption model for CO2 sorption in PBI and XLPBI-6H 
at various temperatures. 

PBI XLPBI-6H 

Temp. kD c~ kD c~ 
(°C) (cm3(STP) 

b 
(cm3(STP) (cm3(STP) 

b 
(cm3(STP)(atm-1) (atm-1) 

cm-3·atm-1) cm-3) cm-3·atm-1) cm-3) 

35 0.70 0.66 23.3 0.63 0.57 21.4 
60 0.39 0.25 21.9 0.36 0.25 20.1 
100 0.08 0.12 19.5 0.07 0.10 17.9 
150 0 0.04 16.6 0 0.03 15.3 

2.4.5 H2/C02 separation properties in XLPB/s 

The PBI and XLPBI-6H films were tested for H2/CO2 separation at temperatures up to 

200 °C, because the industrial H2/CO2 separation is preferentially operated at high temperatures 

5 9(150 °C or above).2· • Table 2.3 summarizes the results. We selected XLPBI-6H as the model 

cross-linked polymer because it exhibited a good combination of high H2 permeability and good 

H2/CO2 selectivity among all XLPBis studied at 35 °C. Increasing temperature from 35 to 

200 °C increases gas permeability for both PBI and XLPBI-6H, but has minimal effect on 

H2/CO2 selectivity. This behavior can be ascribed to the two opposing factors. 2 Increasing 

temperature decreases the size sieving ability in polymers ( or H2/CO2 diffusivity selectivity), 

while it may increases H2/CO2 solubility selectivity, resulting in almost constant H2/CO2 

permeability selectivity. XLPBI-6H achieves a best combination of pure-gas H2 permeability 

(39 Barrers) and H2/CO2 selectivity (23) at 200 °C. 
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Table 2.3 Pure- and mixed-gas H2/CO2 separation properties in PBI and XLPBI-6H at elevated 
temperatures and a feed pressure of 11 atm. The gas mixture contains 50% H2 and 50% CO2. 

Pure-gas Mixed-gas (50% CO2/SO% H2)
TSample PA (Barrers) H2/CO2 PA (Barrers) Hi/CO2(OC) 

H2 CO2 Selectivity H2 CO2 Selectivity 
35 2.0 ± 0.1 0.17 ± 0.01 12 ± 1 
100 12 ± 1 0.85 ± 0.04 14± 1 10± 1 0.96 ± 0.04 11 ± 1 

PBI 
150 27 ± 1 1.9±0.1 14± 1 25 ± 1 2.2 ± 0.1 11 ± 1 
200 45±2 3.0 ± 0.1 15 ± 1 40±2 3.4 ± 0.2 12 ± 1 
35 0.91 ± 0.06 0.041 ± 0.003 22 ± 1 

XLPBI 100 8.7 ± 0.4 0.38 ± 0.02 23 ± 1 8.6 ± 0.4 0.48 ± 0.02 18 ± 1 
-6H 150 21 ± 1 0.93 ± 0.05 23 ± 1 19 ± 1 1.1 ± 0.1 18 ± 1 

200 39±2 1.7±0.1 23 ± 1 38±2 2.2 ± 0.1 17 ± 1 

The effect of temperature on gas permeability in PBI and XLPBI-6H thus can be described 

using an Arrhenius equation: 21 

P exp(-~I (2.11)
A,0 RT) 

where PA,o (Barrer) is a pre-exponential factor and Ep (kJ mol-1) is the activation energy for gas 

permeation. As shown in Fig. 2.8, eqn (2.11) well describes the experimental data with the 

fitting parameters of PA,o and Ep summarized in Table 2.4. For the PBI films, the Ep value for H2 

(23 kJ mo1-1) is higher than CO2 (21 kJ mo1-1), indicating greater influence of temperature on H2 

permeation. These values are also consistent with the literature (i.e., 19 kJ mo1-1 for H2 and 17 kJ 

mo1-1 for CO2).27 XLPBI-6H has higher Ep values for both H2 and CO2 than PBI, which is 

consistent with its stronger size sieving ability than PBI. 
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Figure 2.8 Effect of temperature on pure-gas H2 and CO2 permeability in PBI and XLPBI-6H 
films . The lines are the best fits to eqn (11 ). 

Table 2.3 also compares the H2/CO2 separation performance for pure-gas and binary 

mixed-gas (50% H2/50% CO2) in PBI and XLPBI-6H as a function of temperature. The 

mixed-gas H2 permeability and H2/CO2 selectivity are slightly lower than those for the pure gas, 

presumably because the competitive sorption of the gas mixtures decreases H2 solubility and thus 

permeability.60·61 Nevertheless, XLPBI-6H exhibits good H2/CO2 separation performance with a 

H2 permeability of 38 Barrers and a H2/CO2 selectivity of 17 at 200 °C in the mixed-gas test. 

The Robeson's plot has been widely used to compare the separation performance of any new 

53 62materials developed with the literature data at 25 - 35 °C, as shown in Fig. 2.9.21 
, , The upper 

bound represents the highest H2/CO2 selectivity achievable for every possible H2 permeability in 

known polymers or a trade-off between H2 permeability and H2/CO2 selectivity, i.e., higher H2 

permeability leads to lower H2/CO2 selectivity. The upper bound is also influenced by the 

temperature, as described using eqn (2.12):63 

(2.12) 
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where aAJs is gas selectivity, y indicates the effect of temperature on the solubility and diffusivity 

for gases A and B, and /3o,AJB and AAJs are determined by the penetrant physical properties.21 For 

H2 and CO2 in polymers, y has a value of -543 K.63 With the /30,AJB and AA!B value of 229 

Barrer0.429 and 0.429,62 the upper bounds at 35, 100, 150 and 200 °Care calculated and shown in 

Fig. 2.9. Increasing temperature moves up the upper bound and has no effect on the slope of the 

upper bounds. 

H permeability (Barrer) 
2 

Figure 2.9 Pure-gas H2/CO2 separation performance of PBI and XLPBI-6H in the Robeson's 
upper bound plots at various temperatures.62-63 For PBI and XLPBI-6H, the data points are for 
the temperatures of 35, 100, 150 and 200 °C from left to right. 

Fig. 2.9 also benchmarks pure-gas transport properties of PBI and XLPBI-6H against the 

upper bounds at different temperatures. For PBI, the H2/CO2 separation performance is below 

the upper bound at 35 °C. As the temperature increases to 200 °C, the separation performance of 

PBI reaches the upper bound predicted for 200 °C, indicating the good H2/CO2 separation 

capability of PBI at higher temperatures. On the other hand, the separation performance of 

XLPBI-6H is already on the upper bound at 100 °C, and surpasses the ones for both 150 and 

200 °C, demonstrating the enhanced the separation performance in the cross-linked PBI. 
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2.5 SUPPLEMENTAL INFORMATION 

2.5.1 Cross-linking ofPB/ using TCL 

The cross-linking agent, terephthaloyl chloride (TCL), can rapidly react with the secondary 

amine groups in polybenzimidazole (PBI). As shown in Fig. 2.10, the reaction was monitored 

when dilute TCL solution that contains 0.01 mol L-1TCL in dimethylacetamide (DMAc) was 

gradually added into 0.5 wt.% PBI/DMAc solutions. Insoluble gel was observed at 66 

millisecond (ms) after TCL were added. 

Figure 2.10 Photographs of the reaction between TCL and PBI by adding 0.01 mol L-1 TCL 
solution into 0.5 wt.% PBI solution at room temperature. Gels are formed after 66 ms. 

2.5.2 Kinetic ofTHF sorption in PB/ 

The sorption of a solvent in glassy polymeric films typically follows two steps: (1) Fickian 

sorption, which is typically characterized by an approximately linear section at the initial stage of 

sorption; (2) non-Fickian sorption that is further contributed by the relaxation of the polymeric 

65matrix.64
- In this study, the sorption of THF in PBI was measured by immersing 12-µm-thick 

PBI films in THF and monitoring the mass change of the PBI films at varying immersion times. 

The mass uptake of THF by the PBI at an emersion time of t is defined as Mr, and the 

equilibrium mass update is denoted as Moo. Fig. 2.11 plots the values of MtlMoo as a function of 
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the square root of immersion time (t112
), showing that MtfMoo and t112 has a linear relationship until 

t112 equals to around 11 min112 (i.e. t = 121 min). This indicates the PBI films began to relax after 

the immersion of 2 hrs, and then the sorption follows non-Fickian behavior. 
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Figure 2.11 Swelling test of 12-µm-thick PBI films in THF. Mr is the mass of THF sorbed by 
the PBI at an immersion time of t, and Moo is the equilibrium mass uptake in the sorption 
experiment. 

2.5.3 Cross-linking ofPB/ using malonyl chloride 

The 12-µm-thick PBI films were also cross-linked using malonyl chloride (MCL). All the 

cross-linking procedures are the same as those used for TCL. Fig. 2.12 shows pure-gas H2 and 

CO2 permeability and H2/CO2 selectivity at 35 °C as a function of the cross-linking time. Both 

H2 and CO2 permeability decreases with increasing the cross-linking time, while the H2/CO2 

selectivity increases initially from 12 to 21 as the cross-linking time increases to 6 hrs, and then 

decreases to 16 after 24-hr cross-linking. These behaviors are similar to PBI cross-linked with 

TCL. Additionally, these PBI cross-linked by MCL shows the highest H2/CO2 selectivity (21) at 

6-hr cross-linking, which is the same as those cross-linked with TCL. 
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Figure 2.12. Effect of the cross-linking time on H2/CO2 separation properties at 35 °C in the PBI 
films cross-linked using MCL. 

2 .5.4 Effect of temperature on gas permeability 

The effect of temperature on pure-gas permeation in PBI and XLPBI-6H (cross-linked with TCL) 

is modeled using Arrhenius equation ( cf. eqn (11) in manuscript), and Table 2.4 summarizes the 

fitting parameters of pre-exponential factor (PA,o) and activation energy (Ep). 

Table 2.4 Pre-exponential factor and activation energy for pure-gas permeability in PBI and 
XLPBI-6H. 

PA,o(Barrer) PA,o (Barrer) 
PBI 18,000 23.1 770 21.4 
XLPBI-6H 54,000 27.8 2,240 27.6 
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2.6 CONCLUSIONS 

We report, for the first time, a facile approach to cross-link PBI to enhance H2/CO2 

selectivity for H2 purification and CO2 capture at elevated temperatures. A series of XLPBis 

were prepared with different degrees of cross-linking by treating PBI films at solid state with 

TCL in THF solutions for varying times. Increasing the cross-linking time increases cross

linking density, gel content and density, and decreases Mc, FFV, d-spacing, and gas permeability. 

The free volume model can be used to satisfactorily correlate gas permeability and polymer FFV 

in PBI and XLPBis. 

At 35 °C, the H2/CO2 selectivity increases from 12 for PBI to 22 for XLPBI-6H, and then 

decreases to 18 for both XLPBI-18H and XLPBI-24H, which is in distinct contrast with the 

literature where cross-linking PBI in solutions decreased H2/CO2 selectivity. PBI and XLPBI-

6H films are stable at temperatures of above 200 °C, and they were evaluated with pure-gas and 

binary gas mixture containing 50% H2 and 50% CO2 at 100 - 200 °C. Increasing the temperature 

enhances H2 permeability and has minimal effect on H2/CO2 selectivity. For example, XLPBI-

6H exhibits H2 permeability of 39 Barrers and H2/CO2 selectivity of 23 at 200 °C, which is 

above the Robeson's upper bound predicted for 200 °C, demonstrating its promise for membrane 

H2/CO2 separation at elevated temperatures. 
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CHAPTER3 

UNPRECEDENTED SIZE-SIEVING ABILITY IN POL YBENZIMIDAZOLE DOPED 
WITH POLYPROTIC ACIDS FOR MEMBRANE H2/CO2 SEPARATION1 

1 This chapter is adapted with permission from an article published under the same name in Energy 
and Environmental Science, 2018, 11, pp. 94-100. 
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3.1 SUMMARY 

Polymers with efficient and tight chain-packing and thus strong size-sieving ability are of 

great interest for H2/CO2 separation. Herein, we demonstrate a new approach in manipulating 

polymer structure by acid doping, leading to superior H2/CO2 separation properties. Specifically, 

polybenzimidazole (PBI) is doped with polyprotic acids such as H3PO4 and H2SO4. These acids 

cross-link PBI chains and drastically decreases free volume, improving H2/CO2 selectivity, 

which surpasses the Robeson's upper bound. For example, the PBI doped with H3PO4 at a molar 

ratio of 1:1 exhibits unprecedented H2/CO2 selectivity of 140 at 150 °C, which is the highest 

among the known polymer based materials and superior or comparable to that of the state-of

the-art 2D materials with sharp size separation such as graphene oxides, MoS2, and metal

organic frameworks. This facile approach to enhance polymer chain-packing efficiency opens 

up a new avenue in designing strong size-sieving polymers for membrane gas separations. 

3.2 INTRODUCTION 

H2 is a key chemical for use in oil refining and production of ammonia and methanol, and 

it has been explored as a clean fuel for fuel cells and electricity generation. Currently, H2 is 

mostly generated by steam reforming of fossil fuels followed by the water-gas shift reaction. 

The produced H2 is always mixed with CO2, and it must be purified before utilization. Ideally, 

the CO2 is captured for utilization or sequestration to mitigate its emissions to the environment. 1
-

3 Membranes that are permeable to H2 and reject CO2 at syngas processing conditions (150 °C 

and above) have been demonstrated as a low-cost and energy-efficient means ofH2 purification 

and CO2 capture.4-6 The key to the success of this technology is cost effective membrane 

materials with superior H2/CO2 separation properties. Recently, inorganic materials have been 

8widely explored, including graphene oxide (GO),7- MoS2,9 zeolites, 10 and metal-organic 

frameworks (MOFs)"-13 • The 2D layered materials of GO and MoS2 were stacked to form 

sub-nano channels between layers,7-9 and the MOFs and zeolites with apertures between the 

52 



molecular size of H2 (2 .89 A) and CO2 (3.3 A) 11 were designed, leading to extremely strong 

size sieving ability and thus superior H2/CO2 separation properties. However, the scale up of 

the production of the defect-free membranes with sub-nano channels presents an enormous 

challenge. Current commercial membranes for gas separation are based on polymers, partially 

owing to their good processability and ease of scale up.14 However, conventional polymers are 

amorphous and do not have the size separation as sharp as the stacked GO and MoS2 layers, 

zeolites or MOFs. 

Gas transport in polymeric membranes follows the solution-diffusion mechanism.14-15 Gas 

permeability (P) for each species is the product of its solubility (S) and diffusivity (D) in the 

polymer. Selectivity is thus determined by a combination ofsolubility selectivity and diffusivity 

selectivity. Because H2 is smaller and less condensable than CO2, polymers usually have 

favorable H2/CO2 diffusivity selectivity and unfavorable solubility selectivity, leading to only 

moderate H2/CO2 selectivity.1 For example, commercial polymeric membranes of cellulose 

acetate (CA), polysulfone (PSF) and Matrimid® have H2/CO2 selectivity of less than 3.16 

To achieve high H2/CO2 selectivity, polymers should have rigid chains with efficient chain

packing to obtain high H2/CO2 diffusivity selectivity. For example, poly[2,2 ' -(m-phenylene)-

5,5-bibenzimidazole] (PBI) shows a H2/CO2 selectivity of around 20 at 150 °C, due to its 

excellent size-sieving ability.17-19 The efficiency ofpolymer chain-packing can be improved by 

cross-linking.2°For example, PBI can be cross-linked using terephthaloyl chloride to increase 

its H2/CO2 selectivity by almost 100%. 21 Thin films of polyimides such as 6FDA-durene and 

6FDA-ODA/NDA can also be cross-linked using diamines to yield high H2/CO2 selectivity.22-

23 However, these cross-linked polyimides are not stable at 150 °C or above, due to thermally 

induced re-imidization. 24-25 

Herein, for the first time, we demonstrate a facile approach to improve polymer size-sieving 

ability by doping PBI with polyprotic acids such as H3PO4 and H2SO4. The acid doped PBI 

shows unprecedented H2/CO2 selectivity of 140 at 150 °C. Such selectivity is the highest among 
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the polymers known. This simple yet elegant approach of acid doping provides a flexible and 

exciting platform to enhance polymer chain-packing efficiency, and thus achieve sharp 

molecular size separation in polymers. 

3.3 EXPERIMENTAL SECTION 

3.3 .1 Materials 

Celazole® PBI solution was provided by PBI Performance Products Inc. (Charlotte, NC, 

US). The solution contains about 9.5 wt.% PBI (with a molecular weight of 35,000 Da) in N,N

dimethylacetamide (DMAc). Phosphoric acid (~ 98%), sulfuric acid (98%) and methanol 

(HPLC grade) were purchased from Thermo Fisher Scientific (Waltham, MA, US). Gas 

cylinders ofH2, CO2, N2 and CH4 with ultrahigh purity were obtained from Airgas Inc., Buffalo, 

NY,US. 

3.3 .2 Preparation ofPBI films 

PBI thin films were prepared by a knife casting method using the following procedure. First, 

4 mL of PBI solution was filtered using a 1.0 µm PTFE syringe filter (Thermo Fisher Scientific, 

US). Second, the pretreated solution was cast on a glass plate using a casting knife (BYK

Gardner Inc., Germany) with a gate clearance of 8 mils. Third, the wet film was dried overnight 

in a conventional oven at 60 °C under flowing N2, followed by heating at 200 °C under vacuum 

for 24 h. Finally, the resulting film was peeled off from the glass substrate. The obtained film 

has a thickness of about 10 µm, as measured by a Starrett 2900 digital micrometer (The L.S. 

Starrett Co., MA, US). 

3.3 .3 Preparation ofacid doped PB/ films 

Doping solution was prepared by dissolving the desired amount of H3PQ4 (or H2SO4) in 

methanol. A PBI film of mass mo (~ 150 mg) was then immersed into the doping solution at 
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23 °C on a stirring plate with a stirring speed of 60 rpm. The film was removed from the doping 

solution after 20 h, dried in a vacuum oven at 160 °C for 4 h, and weighed to determine its mass, 

m, . To achieve different doping levels (x), the acid concentration in the doping solutions was 

varied from 0.05 to 1.0 wt.% and the mass ratio of acid and PBI was varied from 0.16 to 1.28, 

as summarized in Table 3.1 . The doping level for each sample was determined using eqn (3 .1 ): 

ml - mo I M Acid 

mo I MPBJ (3 .1) 

where MPB1 (308 g mol-1
) is the molecular weight of a PBI repeating unit, and MAcid (98 g mol-1

) 

Table 3.1 Effect of initial acid concentration and acid/PB! molar ratio in the doping solutions 
on the doping level of the acid doped PBI samples. 

Acid 
Acid content in 

doping solutions (wt.%) 
Acid/PB! 

molar ratio 
Doping level (x) 

0.05 0.5 0.16 ± 0.04 
0.05 1.0 0.25 ± 0.03 
0.10 2.0 0.45 ± 0.06 
0.20 2.0 0.65 ± 0.05 
0.40 2.0 0.82 ± 0.03 
1.00 4.0 1.0 ± 0.1 
0.05 0.5 0.24 ± 0.05 

3.3 .4 Physical characterization ofPB Is doped with acids 

Attenuated-total-reflection Fourier-transform infrared (FTIR) spectra were recorded using 

an FTIR spectrometer (Vertex 70, Bruker, MA, US) over a wavenumber range of 600 to 4500 

cm-1 at a resolution of 4 cm-1 for 100 scans. A Rigaku Ultima IV x-ray diffractometer was used 

to obtain Wide-angle X-ray diffraction (W AXD) patterns over a 2-theta range of 5 - 45° with a 

scanning rate of 2.0° min-1
• The diffractometer has a Cu Ka x-ray source with a wavelength of 

1.54 A. Thermal gravimetric analysis (TGA) was conducted using a SDT Q600 

thermogravimetric analyzer (TA Instruments, DE, US) at temperatures from 30 to 900 °C with 

a heating rate of 10 °C min-1 under flowing nitrogen. 
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The density of polymer films was determined at 23 °C using Archimedes' principle and an 

analytical balance (Model XS64, Mettler-Toledo, OH) equipped with a density kit. !so-octane 

(>99 %, Thermo Fisher Scientific, Waltham, MA, US) was used as an auxiliary liquid.26 

We used a Carl Zeiss Auriga® scanning electron microscope (SEM, Oberkochen, Germany) 

to examine the surface and cross-section of PBI films, and elemental analysis was performed 

using an energy-dispersive X-ray spectrometer (EDS, Oxford Instruments, Abingdon, UK) with 

the INCA analysis software. Prior to SEM-EDS characterization, the film cross-section was 

prepared by freeze-fracturing in liquid N2 and the sample was coated with gold using a sputter 

coating machine (Structure Probe Inc., PA, US). 

Gas sorption isotherms of the polymer samples were determined using a high accuracy 

gravimetric sorption analyzer (IGA 001, Riden Isochema, UK) at pressures up to 15 atm and 

150 °C. The sample loading for each measurement is around 100 mg, and the buoyancy effect 

27on the mass reading was taken into account using Archimedes' principle.26
- Prior to gas 

sorption measurement, the sample was dried overnight at 160 °C under vacuum to remove any 

guest molecules. The gas sorption values were determined from the equilibrated mass changes 

of the polymer sample with the corresponding compensation for buoyancy. 

3.3 .5 Pure-gas permeation measurement 

The polymer film was masked using a brass disc and high temperature epoxy adhesives, 

and the effective area for gas permeation was 3.9 cm2
• A copper gasket was used to mount the 

sample in a permeation cell. This cell was assembled in a constant-volume and variable-pressure 

apparatus inside a temperature controlled oven at 150 °C. The leak rate in this apparatus was 

measured before starting the permeation experiments, and again afterwards. Pure-gas 

permeability was determined by monitoring the steady-state rate ofpressure increase in a fixed 

29downstream volume (Vd) using eqn (3 .2):28
-
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V) [ dp,,A -[ dp, ,A J l 
P2,AART dt dt leak (3,2) 

where l is the film thickness, A is the effective film area for gas permeation, R is the gas constant, 

Tis the absolute temperature, and p2,A and p1 ,A are the upstream and downstream pressures, 

respectively, (dp1 ,Aldt) is the steady state rate of pressure increase in the downstream volume, 

(dp1 ,Aldt)ieak is the system leak rate determined with both upstream and downstream volumes 

under vacuum, and was less than 10% of dp1 ,Aldt in this study, Each sample was measured at 3 

different upstream pressures ranging from 8 to 15 atm, and the downstream pressure was always 

kept under high vacuum (less than 0.02 atrn), which was negligible relative to the feed pressures, 

3.3 .6 Mixed-gas permeation measurement 

The mixed-gas permeability at 150 °C was determined using a constant-pressure and 

variable-volume apparatus. 30 SmartTrak® digital mass flow controllers (Sierra Instruments Inc., 

CA, US) were used to control the feed flow of 60 cm3 (STP) min-1 H2 and 60 cm3 (STP) min-1 

CO2, and a backpressure regulator was used to maintain the feed pressure of 12.6 atm. N2 (2 

cm3 (STP) min-1
) was employed as sweep gas for the permeate stream at atmospheric pressure. 

The composition of the permeate stream was periodically analyzed using a 3000 Micro GC gas 

analyzer (Inficon Inc., Syracuse, NY, US). Gas composition results were recorded only after 

steady state was reached. Mixed-gas permeability of gas component A can be calculated using 

eqn (3 .3):29-30 

(3 .3) 

where S is the flow rate of the sweep gas, and XA and Xsweep are the mole fraction of gas 

component A and sweep gas (N2 in this study) in the sweep-out stream, respectively. 
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3.4 RESULTS AND DISSCUSSION 

(a) 

' 

s 1.0 wt 0 1, H,PQ. 
methanol 

20 hrs. 22 ·c 

Figure 3.1 Schematic illustration of (a) proton transfer mechanism and hydrogen bonding in 
PBl-H3PQ4 blends, and (b) preparation of H3PQ4 doped PBI films . SEM images with overlaid 
SEM/EDS mapping ofphosphorus on the (c) surface and (d) cross-section of a PBI-(H3PQ4)!.o 
film. The red dots display the distribution ofphosphorus in the polymer. 

As shown in Fig. 3.la, H3PQ4 can strongly interact with PBI chains via proton transfer from 

the acid to imidazole rings of PBI and hydrogen bonding, and thus it cross-links the PBI.31 In 

comparison, a monoprotic acid such as HCl is not expected to cross-link the PBI chains. PBI 

doped with H3PQ4 has been widely explored for use in high temperature proton exchange 

membranes for fuel cell applications. 32-35 However, there are no prior reports of its application 

for membrane gas separation. This study, for the first time, investigates PBI doped with 

polyprotic acids for membrane gas separation. A series of H3PQ4 doped PBis (i.e., PBI

(H3PO4)x) were prepared by immersing PBI films (with thickness of ca. 10 µm) in solutions 

containing H3PQ4 and methanol (Fig. 3.lb). Different H3PQ4 doping levels (x = 0.16 - 1.0) were 

obtained by varying H3PQ4 concentration in the solutions from 0.05 to 1.0 wt.% (see Table 3.1). 

Figs 3.lc and 3.ld show the elemental distribution of phosphorus on the surface and cross

section of a PBI-(H3PQ4)1.o film, respectively, as measured using scanning electron 

microscopy/energy-dispersive x-ray spectrometry (SEM/EDS). The even distribution of 

phosphorus in the analyzed area indicates that the PBI films are homogenously doped with 
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Figure 3.2 (a) FTIR spectra and (b) W AXD patterns ofPBI and the PBI-(H3PO4)x films . Curves 
are labelled with the values ofx (defined as molar ratio of H3PQ4 to the PBI repeating unit) . 

Fig. 3.2a presents Fourier-transform infrared (FTIR) spectra of PBI-(H3PO4)x films after 

vacuum drying at 160 °C. The proton transfer from H3PQ4 to PBI leads to formation ofH2PO4-, 

1 1 33indicated by the characteristic peaks of PO2 (1050 cm- ) and P(OH)2 (870 cm-1 and 945 cm- ) . 

The PBI-(H3PO4)x samples were also characterized by thermal gravimetric analysis (TGA, Fig. 

3.5) which showed that their degradation temperature is above 200 °C, which is consistent with 

literature results,36 and demonstrates their promise for practical H2/CO2 separation at 150 °C. 

Moreover, these complexes are chemically stable in harsh environment containing CO, oxygen, 

water vapor, and methanol at 150 - 200 °C.37-38 

Fig. 3.2b depicts the effect of H3PQ4 doping on Wide-angle X-ray diffraction (W AXD) 

patterns of the PBI-(H3PO4)x films . PBI shows a diffraction peak at 22°, which corresponds to 

ad-spacing ( or average inter-segmental distance between polymer chains) of4.0 A. The H3PQ4 

doping shifts the diffraction peak to 25°, which corresponds toad-spacing of 3.6 A. This 10% 

decrease in interchain distance reflects the strong interaction between H3PQ4 and the imidazole 

groups in PBI (Fig. 3.la). The decrease in d-spacing inevitably increases size-sieving ability 

and thus H2/CO2 diffusivity selectivity.39-40 
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Figure 3.3 (a) Pure-gas permeability ofH2 and CO2 at 150 °Casa function ofthe H3PO4 doping 
level in PBI. (b) CO2 and CH4 sorption isotherms for PBI and PBI-(H3PO4)1.o at 150 °C. CH4 
is used as a surrogate for H2, and the curves are the best fits to the dual mode sorption model 
with the fitting parameters summarized in Table 3.3. (c) Effect of acid doping level on polymer 
density and FFV values of PBI-(H3PO4)x.at 23 °C and 150 °C. (d) Correlation of pure-gas 
permeability in PBI-(H3PO4)x with the FFV using the free volume model (Equation 1) at 
150 °C. 

Pure-gas H2 and CO2 permeability of PBI and the PBI-(H3PO4)x samples were measured at 

150 °C and feed pressures ranging from 8.0 to 15 atm. The results are summarized in Table 3.2. 

CO2 permeability for each sample is independent offeed pressure, indicating that the acid doped 

PBis are resistant to CO2 plasticization. As shown in Fig. 3.3a, increasing the H3PO4 doping 

level decreases the pure-gas permeability, and drastically increases the H2/CO2 selectivity. For 

example, PBI shows H2/CO2 selectivity of 16, while PBI-(H3PO4)1.o shows a remarkable 

selectivity of 140, which is much higher than that of any previously studied polymer. 
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To elucidate how the H3PO4 loading affects gas transport properties, pure-gas sorption of 

CO2 and CH4 in PBI and PBI-(H3PO4)!.o were determined using a gravimetric sorption analyzer 

at 150 °C, and their isotherms are shown in Fig. 3.3b. The experimental data is well described 

by the fitting curves based on the dual mode sorption model.41 CH4 is used as a surrogate for 

H2, because H2 sorption is too low to measure gravimetrically. Neither CH4 nor H2 is expected 

to interact with polymers.41 The CO2 and Cfu sorption both decrease slightly after acid doping, 

due to the reduction in ace ssible free volume for gas sorption. The CO2/Cfu solubility 

selectivity remains unchanged with the acid doping. For example, the CO2/CH4 solubility 

selectivities for PBI and PBI-(H3PO4)1.o at 15 atm are 8.3 and 8.6, respectively. These results 

imply that the decrease in gas permeability and increase in H2/CO2 selectivity in the H3PO4 

doped PBis can be ascribed to the changes in diffusivity and diffusivity selectivity, respectively. 

Because the PBI-(H3PO4)x samples show similar gas solubility, gas permeability can be 

correlated with the fractional free volume (FFV) using the following equation:42 

(3.4) 

where AA (Barrer) is a pre-exponential factor and BA is a constant that increases with increasing 

penetrant size. The FFV is defined as:42 

FFV=(V-Vo)IV (3 .5) 

where Vis the polymer specific volume, and Vo is the occupied volume ofthe polymer estimated 

by the group contribution method (Table 3.4).43 As shown in Fig. 3.3c, increasing the doping 

level increases the polymer density and decreases the FFV. For instance, PBI-(H3PO4)1.o has a 

density of 1.498 g cm-3 and FFV of 0.070 at 23 °C, reflecting a 16% increase in density and a 

56% loss in FFV compared with PBI. Due to thermal expansion, the FFV increases with 

increasing temperature (cf. Table 3.4). At 150 °C, PBI-(H3PO4)1.o exhibits FFVof0.087 , which 

is 24% higher than its FFV value at 23 °C. 

As shown in Fig. 3.3d, gas permeability can be satisfactorily described using eqn (3.4) with 

a BA value of 0.54 and 0.93 for H2 and CO2, respectively. The greater BA value for CO2 is 
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~

consistent with its larger molecular size than H2. As the FFV decreases, the CO2 permeability 

decreases more rapidly than H2 permeability, leading to an exponential increase in H2/CO2 

selectivity, as indicated by the fitting line. 
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Figure 3.4 (a) Pure-gas H2/CO2 separation performance ofPBI-(H3PO4)xwith different doping 
levels (x = 0.16-1.0) and PBI-(H2SO4)0.24 at 150 °C versus Robeson ' s 2008 upper bound at 
35 °C.44 The orange line is the upper bound predicted for 150 °C.45 Commercial glassy polymers 
for gas separation are included for comparison: CA, PSF, Matrimid and PPO.16 (b) Comparison 
of H2/CO2 separation performance of PBI-(H3PO4)x with the state-of-the-art membrane 
materials: green squares (1 to 6) representing polymeric membranes and mixed matrix 
membranes (MMMs);6· 47-51 black triangles (7 to 9) representing inorganic materials including 
GO,7 MoS2,9 and zeolite; 10 and orange diamonds (10 to 14) representing MOF membranes and 
their composites. 11· 13·52-54 The box on the right explains the data points in detail. 

With a good combination of H2 permeability and H2/CO2 selectivity, PBI-(H3PO4)0.16 was 

further evaluated using a binary gas mixture (50%H2/50%CO2) at a feed pressure of 12.6 atm 

and 150 °C. It exhibits mixed-gas H2 permeability of 12 Barrers and H2/CO2 selectivity of 31. 

As shown in Table 3.5, these values are very close to the pure-gas properties, suggesting the 

absence of competitive sorption and plasticization at 150 °C.44
-4

5This behavior is very different 

from conventional studies of polymers for CO2/CH4 separation at 35 °C, where CO2 can 

plasticize the polymer matrix, decreasing the size-sieving ability and thus CO2/CH4 

selectivity.46-48 This contrast also demonstrates an advantage of operating the membrane 

H2/CO2 separation at high temperatures, where CO2 sorption is low and the adverse effect of 

plasticization can be avoided. 
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The H2/CO2 separation properties of PBI-(H3PO4)x are benchmarked in a Robeson 's plot 

(Fig. 3.4a).49 The upper bound represents a tradeoff between H2 permeability and H2/CO2 

selectivity, and the highest H2/CO2 selectivity achievable for any given H2 permeability in 

polymers. For example, the separation performance of commercial polymers such as CA, PSF, 

Matrimid and poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is below this upper bound. 16 

Meanwhile, our PBI-(H3PO4)x samples are significantly above the 2008 upper bound 

empirically drawn for 35 °C and another predicted for 150 °C,50 indicating their superior 

H2/CO2 separation performance. Interestingly, a trend line drawn over the data points of PBI

(H3PO4)x is almost parallel to the upper bound, which is consistent with the notion that 

decreasing free volume decreases permeability and increases selectivity.51 

Fig. 3.4b compares H2/CO2 separation performance ofPBI-(H3PO4)x samples with the state

of-the-art materials including polymers,52 mixed matrix membranes (MMMs) comprising 

MOFs or palladium nanoparticles,6· 53-56 inorganic materials ( e.g., GO, MoS2 and zeolites),7·9-

10 and layered MOF nanosheets.11
• 

13
• 

57-59 The PBI-(H3PO4)x samples exhibit higher H2/CO2 

selectivity than these leading materials with superior size-sieving ability, except for the layered 

MOF nanosheets. 11 More importantly, in contrast to the layered 2D materials (such as MOFs, 

GOs and MoS2) with challenges in membrane manufacturing and scale-up, the PBI-(H3PO4)x 

can be easily incorporated into the current manufacturing practice for polymers-based 

membranes. 

To demonstrate the generality of the concept ofpolyprotic acid doping to increase polymer 

size-sieving ability, PBI was also doped with H2SO4 at a level of 0.24, i.e., PBI-(H2SO4)0.24, 

following the same procedure used for preparing PBI-(H3PO4)x. The successful doping of 

H2SO4 was confirmed by the FTIR spectrum ( cf. Fig. 3.6). Similar to the H3PO4 doping, H2SO4 

doping also increases polymer density, decreases FFV (cf., Table 3.4) and reduces d-spacing 

(cf., Fig. 3.7). As shown in Fig. 3.4a, PBI-(H2SO4)0.24 exhibits H2/CO2 separation performance 

above the upper bound. With a similar doping level, PBI-(H2SO4)0.24 and PBI-(H3PO4)0.2s 
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exhibit almost the same H2 permeability and H2/CO2 selectivity, presumably due to the similar 

effect of acids in enhancing the chain-packing efficiency for PBI. 

3.5 SUPPLEMENTARY INFORMATION 

3.5.1 Thermal gravimetric analysis (TGA) 

Fig. 3.5 shows the TGA curves of PBI and a representative H3PO4 doped PBI sample, PBI

(H3PO4)1.o. Both of the samples are thermally stable up to 200 °C, indicating their suitability 

for use at 150 °C for H2/CO2 separation. Although the PBI backbones are not expected to 

degrade below 500 °C,17 this Celazole® PBI shows about 5.0 wt.% loss (!::,.m1) at 250 - 500 °C, 

presumably due to the degradation of impurities in this commercial PBI product. At 500 °C, 

PBI-(H3PO4)1.o loses 1.4 wt.% (!::,.m2) more mass than PBI, due to the decomposition ofH3PO4 

(3 .6) 

Both of the samples have massive weight loss above 500 °C, reflecting the degradation of their 

PBI backbones.17 
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Figure 3.5 Thermal gravimetric analysis ofPBI and a representative H3PO4 doped PBI sample, 
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3.5.2 Fourier-transform infrared (FTIR) spectroscopic characterization 

Fig. 3.6 compares FTIR spectra ofPBI and acid (H3PQ4 or H2SO4) doped PBI samples. The 

proton transfer from H3PQ4 onto nitrogen in PBI leads to formation ofH2PO4-, indicated by its 

1 1characteristic peaks ofPO2 (1050 cm- ) and P(OH)2 (945 cm-1 and 870 cm- ) . 
33 The protonation 

reaction between PBI and H2SO4 is also confirmed by the formation ofHSo4-, indicated by the 

PBl-(H SO)
2 4 0.24 

S-OH (HSO 
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Figure 3.6 Comparison of FTIR spectra of PBI, PBI-(H2SO4)0.24 and PBI-(H3PQ4)0.2s. 

3.5.3 Wide-angle X-ray dijfraction (WAXD) characterization 

The structural changes in polymer chain packing induced by acid doping were investigated 

using W AXD, as shown in Fig. 3.7. PBI shows a diffraction peak at 22°, which corresponds to 

ad-spacing (or average inter-segmental distance between polymer chains) of 4.0 A based on 

Bragg's law. Interestingly, both H3PQ4 and H2SO4 doping shifts the diffraction peak to 25°, 

which corresponds toad-spacing of3.6 A. The result demonstrates that polyprotic acid (H3PQ4 

or H2SO4) doping effectively reduces the interchain spacing via tight cross-linking. 
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Figure 3.7 Comparison ofWAXD patterns for PBI, PBI-(H2SO4)0.24 and PBI-(H3PQ4)0.2s. The 

d-spacing is calculated based on Bragg's law. 

3.5.4 Manipulating acid doping level 

The effect of initial acid concentration and acid/PB! molar ratio on the doping level was 

systematically investigated. The doping level for the resulting samples was determined using 

eqn (3 .1) and is summarized in Table 3.1. Increasing initial acid concentration (or acid/PB! 

molar ratio) effetively increases the doping level. As a result, acid doped PBI samples with 

different x values (0.16-1 .0) were obtained. 

3.5 .5 Pure-gas transport properties 

Table 3.2 summarizes pure-gas H2/CO2 separation properties of PBI and acid doped PBI 

samples at 150 °C. During the permeation measurement, the system leakage is less than 10% 

of the permeate flux and the trans-film pressure varies from 8 to 15 atm. Gas permeability for 

each sample is independent of feed pressure, demonstrating these films are defect-free and 

resistant to CO2 plasticization. Generally, increasing doping levels decreases gas permeability 
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while significantly increasing H2/CO2 selectivity. For example, PBI-(H3PO4)1.o shows a 

remarkable selectivity of 140, which is much higher than the value of 16 obtained for pure PBI. 

At a similar doping level, PBI-(H2SO4)0.24 and PBI-(H3PO4)0.2s exhibit almost the same H2 

permeability and H2/CO2 selectivity, presumably due to the similar effect of acids in enhancing 

chain-packing in PBI. 

Table 3.2 Pure-gas transport properties of PBI and acid doped PBI samples at 150 °C. 

H2 Permeability (Barrer) CO2 Permeability (Barrer) Doping H2/CO2 
Acid 

level Selectivity
8 atm 11 atm 15 atm 8 atm 11 atm 15 atm 

0 27 27 27 1.6 1.7 1.7 16 
0.16 12 12 12 0.40 0.38 0.37 32 
0.25 8.4 8.5 8.6 0.18 0.18 0.18 49 

H3PO4 0.45 6.0 6.1 6.1 0.10 0.10 0.10 61 
0.65 4.5 4.5 4.5 0.066 0.066 69 
0.82 2.5 2.6 2.5 0.031 0.031 0.030 84 
1.0 1.5 1.5 1.5 0.011 0.011 140 

H2SO4 0.24 7.3 7.4 7.5 0.17 0.16 0.16 47 

3.5.6 Gas sorption analysis 

The isotherms in glassy polymers can be described using the dual mode sorption model, as 

expressed by the eqn (3.7):61 

(3 .7) 

where CA is the sorption of the penetrant A in the polymer, kD is the Henry's constant, C~ is 

Langmuir sorption capacity, and b is the affinity parameter. Table 3.3 summarizes the fitting 

parameters for the CO2 and CH4 isotherms of PBI and PBI-(H3PO4)1.o. As shown in Fig. 3.3b, 

the fitting lines agree well with the experimental data. Acid doping has minimal effect on gas 

sorption in PBI polymers as indicated by the similar fitting parameters for both PBI and PBI-
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Table 3.3 Parameters of the dual mode sorption model for gas sorption in PBI and PBI-

(H3PO4)!.o at 150 °C. 

PBI PBI-{H3PO411.o 

Gas 
kD 

(cm3(STP) 
cm-3·atm-12 

b 
(atm-1) 

c~ 
(cm3(STP) 
cm-32 

kD 
(cm3(STP) 
cm-3·atm-1) 

b 
(atm-1) 

c~ 
(cm3(STP) 
cm-32 

CO2 0.20 0.28 3.2 0.18 0.22 3.1 
CH4 0.02 0.40 0.51 0.01 0.40 0.50 

3.5.7 Determining fractional free volume (FFV) 

The fractional free volume (FFV) can be determined using eqn (3 .8):42 

V -I.3VwFFV V-Vo 
V V (3 .8) 

where Vis the specific volume, Vo is the occupied volume, and Vw is the van der Waals volume, 

which can be estimated using the group contribution method.43 For each acid doped PBI, we 

calculate its Vw value by considering the contributions from both acid (H3PQ4 or H2SO4) and 

PBI. The V values at 23 °C (V23°c) can be derived from density measurment at 23 °C, while 

their values at 150 °C (V1so0 c) are calcuated based on thermal expansion theory using eqn 

(3 .9):62 

(3 .9) 

where l'::..T (127 K) is the temperature difference, and a v is the average volumetric thermal 

expansion coefficient in acid doped PBI samples. This a v value can be estimated using eqn 

(3 .10): 

(3 .10) 

where x1 and x2 are volume fractions of PBI and acid (H3PQ4 or H2SO4) in acid doped PBI 

samples, respectively; and a v ,1 and a v,2 are volumetric thermal expansion coefficients for PBI 

and acid, respetively. The a v, 1 value for PBI is 6.9x10-5 K-1, as reported by the manufacturer, 
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the a v,2 value for H2S04 is 5.6 x10-4 K 1 ,62 and the a v,2 value for H3PQ4 was determined to be 

4.8x l0-4 K-1 based on H3PQ4 denstiy-temperature correlations at 25-170 °C.63 The detailed 

values used in determination of the FFVvalues at 23 and 150 °Care shown in Table 3.4. 
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Table 3.4 Calculation of the FFV values for polymers at different doping levels using the group contribution method. 43 

Acid 

Doping 
level 

(x) 

0 

0.16 

0.25 

H3P04 
0.45 

0.65 

0.82 

1.0 

H2S04 0.24 

Vw Vo 

(cm3 moi-1
) (cm3 moi-1

) 
Density 

(g cm-3) 

154.6 201.0 1.288 ± 0.017 

160.9 209.1 1.353 ± 0.005 

164.4 213.7 1.370 ± 0.005 

172.3 223.9 1.405 ± 0.005 

180.1 234.2 1.436 ± 0.009 

186.8 242.8 1.457 ± 0.007 

194.7 253.1 1.498 ± 0.008 

163.3 212.3 1.392 ± 0.005 

23 cc 

V23 °c 
FFV 

(cm3 moi-1) 

239.1 0.160 ± 0.017 

239.2 0.126 ± 0.009 

242.7 0.119± 0.007 

250.6 0.106± 0.011 

258.8 0.095±0.011 

266.5 0.089± 0.007 

272.3 0.071 ±0.012 

238.2 0.109 ± 0.010 

av 

00-s K-') 

6.9 

8.3 

9.0 

10.6 

12.0 

13.1 

14.4 

9.3 

150 cc 

Viso 0 c 
FFV 

(cm3 moi-1) 

241 .2 0.167 ± 0.017 

241 .7 0.135 ± 0.009 

245.5 0.129±0.007 

254.0 0.118 ± 0.011 

262.8 0.109±0.011 

271.0 0.104 ± 0.008 

277.3 0.087 ±0.013 

241.0 0.119 ± 0.012 

70 



3.5.8 Mixed-gas H2/C02 separation properties 

Table 3.5 compares the H2/CO2 separation performance for pure-gas and binary mixed-gas 

(50% H2/50% CO2) measurements for PBl-(H3PO4)0.16, which provides a good combination ofH2 

permeability and H2/CO2 selectivity. It exhibits mixed-gas H2 permeability of 12 Barrers and 

H2/CO2 selectivity of 32, which are very close to the pure-gas separation performance, suggesting 

the absence of competitive sorption and plasticization in acid-doped PBI at 150 °C. 

Table 3.5 Comparison ofpure- and mixed-gas H2/CO2 separation properties in PBl-(H3PO4)0.16 at 

150 °C and total feed pressure of 12.6 atm. 

Pure-gas Mixed-gas (50% CO2/SO% H2) 

H2 CO2 H2/CO2 H2 CO2 H2/CO2 
(Barrers) (Barrers) Selectivity (Barrers) (Barrers) Selectivity 

12 0.39 31 12 0.37 32 

3.6 CONCLUSIONS 

We have demonstrated, for the first time, the enhancement of polymer chain-packing efficiency 

by doping with polyprotic acids to improve the size-sieving ability and H2/CO2 separation 

properties in PBI at 150 °C. The polyprotic acids (H3PO4 or H2SO4) form complexes with PBI, 

which are stable up to 200 °C and show great promise for H2 purification and CO2 capture. The 

acid doping has negligible effect on gas sorption, and it significantly reduces FFVand d-spacing, 

and thereby drastically improves H2/CO2 diffusivity selectivity. For example, PBl-(H3PO4)1.o 

exhibits an unprecedented H2/CO2 selectivity of 140, which is much higher than that of any known 

polymers, and superior or comparable to the emerging 2D materials such as GOs, MoS2 and MOFs. 

The free volume model is successfully used to correlate the gas permeability and structural changes 

induced by acid doping. 
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CHAPTER4 

SORPTION ENHANCED HYDROGEN PURIFICATION USING MIXED MATRIX 
MEMBRANES 
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4.lSUMMARY 

Polymeric membranes have been widely explored for energy-efficient and low-cost CO2 

capture and H2 purification in the integrated gasification combined cycle (IGCC) processes. 

Conventional approaches are focused on designing rigid polymers with strong size sieving ability 

achieving high H2/CO2 diffusivity, such as poly[2,2 '-(m-phenylene )-5 ,5 '-bisbenzimidazole] (PBI). 

In contrast, we investigate mixed matrix materials (MMMs) containing PBI and palladium (Pd) 

nanoparticles, which have a strong affinity towards H2. Pd nanoparticles with uniform diameters 

of 6 - 8 nm are prepared via hot-injection approaches, which show infinite H2/CO2 solubility 

selectivity, compared with < 0.1 for typical polymers. The effect of Pd loading (0 - 70 wt%) and 

temperature on the pure- and mixed-gas H2/CO2 separation properties are thoroughly evaluated. 

The loading of Pd nanoparticles dramatically increases H2 solubility and H2/CO2 solubility 

selectivity, resulting in a significant increase in H2 permeability and H2/CO2 selectivity at 

temperatures of 100 - 200 °C. For example, adding 70 wt% Pd in PBI increases H2 permeability 

from 25 to 70 Barrers and H2/CO2 selectivity from 13 to 29 at 150 °C. Such performance is above 

the upper bound of the Robeson's plot for H2/CO2 separation, demonstrating their potential for 

industrial H2/CO2 separation. 

4.2 BACKGROUND 

H2 is an essential starting material used in chemical industries such as ammonia synthesis and 

oil refinery. In years to come, it may become a major clean fuel as on combusting it or using it in 

fuel cells produces only energy and water. Today's H2 is mostly generated from steam reforming 

or gasification of fossil fuels followed by the water-gas shift reaction. The yield is so-called 

' shifted syngas' mainly comprises ofH2 and CO2. H2 must be purified before utilization, and CO2 
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is then knocked out from gas streams using separation technologies based on adsorption ( e.g., 

pressure swing adsorption) or absorption (e.g., amine scrubbing, Rectisol and Selexol). 1-
2 In 

contrast to those energy-intensive sorption processes, H2-permeable and CO2-rejective polymeric 

membranes have been widely investigated as a low-cost and energy-efficient alternative for H2 

purification due to their inherent advantages such as simplicity in operation, small footprint, and 

4good processability.3
- The success of membrane technology is highly dependent on high

performance membrane materials. 

Gas transport across nonporous polymer membranes follows solution-diffusion mechanism.5 

Gas permeability P is thus the product of diffusivity D and solubility S coefficients, and gas 

selectivity also consists of diffusivity selectivity and solubility selectivity. For H2/CO2 separation, 

diffusivity selectivity favors H2, because H2 (with a kinetic diameter of 2.89 A) is smaller than 

CO2 (with a kinetic diameter of 3.3 A).6 However, solubility selectivity favors CO2 because CO2 

(with a critical temperature of 304 K) is much more condensable than H2 (with a critical 

temperature of 33 K).6 The favorable H2/CO2 diffusivity selectivity is offset by the unfavorable 

solubility selectivity, so most polymeric materials do not show high H2/CO2 selectivity.1-9 Due to 

the lack of specific interactions between H2 and polymers, there has been very little work focused 

on enhancing H2/CO2 solubility selectivity to improve H2/CO2 separation properties. Current 

polymer research (including our works in Chapter 2 and 3) is dedicated to improving polymer size 

sieving ability, or H2/CO2 diffusivity selectivity Ongoing efforts include the use of cross-linkable 

polyimides such as 6FDA-durene and 6FDA-ODA/NDA. 10
-
11 The cross-linking modification has 

been shown to provide impressive selectivity improvement at the expanse of decreasing 

permeability. Identification of cross-linked polyimides with a good combination of H2/CO2 

selectivity and H2 permeability is required before these membranes are practical for industrial use. 
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Multi-doping with halogen ions in polyaniline were also explored for H2/CO2 separation but the 

13selectivity improvement was limited, making it unfavorable in recent studies.12- Another 

attractive approach is to design polymers with rigid structure and good chain packing efficiency 

such as polybenzimidazole. 14-15 Poly[2,2 '-(m-phenylene )-5,5-bibenzimidazole] (PBI) is the 

leading type among this class of materials owing to its good H2/CO2 selectivity and thermal 

stability. A recent advance is a demonstration of pilot scale PBI membrane modules for H2 

purification and CO2 capture in National Carbon Capture Center, Alabama, USA. 16-17 The other 

efforts on inorganic membranes such as palladium,18 zeolites19-20 and graphene oxide,21-22 and 

mixed matrix materials containing size sieving zeolites or metal organic frameworks23-24 have been 

widely investigated. However, fabricating these materials into industrial membranes with thin 

selective layers is difficult, and the scale-up of their production is very challenging compared with 

polymeric membranes. 

In contrast to conventional strategy to improve material size sieving ability, our approach to 

simultaneously attain high H2 permeability and H2/CO2 selectivity in polymers consist of starting 

with strongly size-sieving PBI polymer and adding palladium (Pd) nanomaterials that have a strong 

affinity to H2. In this study, we have systematically investigated the gas sorption and permeation 

in a series of mixed matrix materials (MMMs) containing O - 70 wt% Pd nanoparticles. The 

loading of Pd nanoparticles dramatically increases H2 solubility and H2/CO2 solubility selectivity, 

resulting in a significant increase in H2 permeability and H2/CO2 selectivity at temperatures of 100 

- 200 °C. For example, adding 70 wt% Pd in PBI increases H2 permeability from 25 to 70 Barrers 

and H2/CO2 selectivity from 13 to 29 at 150 °C. This chapter will discuss pure-gas permeation 

properties of the MMMs in details, and H2 and CO2 solubility in the MMMs to reveal the influence 

ofH2-Pd interaction on H2/CO2 separation performance. 
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4.3 EXPERIMENTAL SECTION 

4 .3 .1 Materials 

Celazole® PBI powder with a molecular weight of 60,000 Da was provided by PBI 

Performance Products Inc. (Charlotte, NC, US). N,N-dimethylacetamide (DMAc) and toluene 

were purchased from Thermo Fisher Scientific (Waltham, MA, US). Palladium(II) acetylacetonate 

(35% Pd) and borane-tert-butylamine complex (8TB, 95%, powder) were purchased from Acros 

Organics. Oleylamine (OAm, technical grade 70%) was purchased from Sigma-Aldrich. All 

chemicals were used as received without further purification. Gas cylinders of H2, CO2, and N2 

with ultrahigh purity were obtained from Airgas Inc., Buffalo, NY, US. 

4.3.2 Preparation ofpalladium nanoparticles (Pd NPs) 

Palladium (Pd) nanoparticles (NPs) were synthesized by a modified hot-injection method, and 

the procedure was described elsewhere.25 The palladium precursor was prepared in a three-neck 

flask. In the meantime, the reducing agent, BTB, was dissolved in OAm by ultrasonication. The 

BTB solution was injected into the flask at 60 °C, and then the temperature was raised to 90 °C 

and held for one hour. Afterwards, methanol was added into the NP product dispersions to 

destabilize and precipitate them. The loosely aggregated NPs were then collected by centrifugation 

at 10000 rpm for 2 minutes. The washing process was repeated once more at 15000 rpm for 2 

minutes to remove residual ligands. The prepared NPs could be re-dispersed in solvents, such as 

chloroform and toluene. The production of Pd NPs was finally scaled up to 100 mg per batch, by 

simply increasing the amount of the precursors accordingly (300 mg Pd(AcAc )2 and 300 mg 8TB). 
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4 .3 .3 Preparation ofMMMs 

PBI-Pd MMMs were prepared by a solution-casting method using the following procedure. First, 

100 mg oleylamine modified Pd NPs were dispersed in 3.3 mL toluene by ultra-sonication (XXX) 

for 1 hour at 25 °C. Second, a desirable amount of PBI solution was gradually added into the Pd 

NPs dispersion during ultra-sonication, and the mixture was then sonicated for 1 hour. The Pd 

NPs/PBI mass ratio was controlled from 0/100, 20/80, 50/50 and 70/30 to obtain various Pd 

loading (0 - 70wt%) in MMMs.Third, the mixture was filtered using a 1.0 µm glass fiber syringe 

filter. Forth, the pretreated mixture was cast on a leveling silicon wafer (University Wafer, Boston, 

MA). A polished aluminum ring ( dia. 5 cm x height 2.5 cm) was used to restrict the movement of 

the mixture. The wet film was dried in a conventional oven at 60 °C under 100 mL/min dry N2 

purge for 16 hours, followed by heating at 160 °C under vacuum for 24 hours. Finally, the resulting 

free-standing films were peeled off from the silicon substrate. The films were about 10 µm thick, 

as measured by a Mitutoyo 293-340-30 digital micrometer (Aurora, IL, US). 

4 .3 .4 Nanostructural Characterization 

We characterized the size and morphology of Pd NPs using a JEOL JEM-2010 transmission 

electron microscope (TEM) at a working voltage of 200 kV. Samples were prepared by dropping 

a few microliters of a dilute NP dispersion onto a carbon-coated copper TEM grid. The cross

sections of MMMs for TEM imaging were prepared by microtome sectioning. 

3D tomography of MMMs was also performed using a Carl Zeiss Auriga crossbeam focused 

ion beam scanning electron microscope (FIB-SEM). The MMMs were first sputter coated with a 

ca. 50 nm gold layer. Before milling, a protective layer of 300 nm-thick Pt was deposited in the 

areas of interest of the specimen using the gas injection system. Then, the Ga+ FIB, working at 30 
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kV and 20· 103 pA, was used to create a trench on the top surface of the membranes. Serial 

sectioning combined with SEM imaging was carried out using an automated routine programmed 

in RunScript software with drift correction. Slices with nominal thickness of 5 nm were milled 

away by the FIB, and 300 individual SEM micrographs of the consecutive cross-sections exposed 

upon milling were recorded. The collection of consecutive SEM micrographs was processed to 

reconstruct the 3D internal structure of the MMMs using imaging processing software The final 

3D reconstructions displayed non-cubic voxels with x:y:z dimensions of l .8x2.2x 1.8 µm. 

4 .3 .5 Gas sorption measurement 

We measured H2 and CO2 sorption m PBI and the MMMs gravimetrically usmg a 

microbalance (IGA 001, Riden Isochema, UK) at pressures up to 10 bar and 150 °C. The samples 

each weighed around 150 mg, and the buoyancy effect on the weight readings was taken into 

account using Archimedes' principle. Prior to the gas sorption measurement, the sample was dried 

in vacuum at 300 °C for at least 24 h to remove residual solvents. Gas sorption at each pressure 

was considered at equilibrium once the microbalance reading remained unchanged for at least 1 h. 

The gas sorption data were determined from the mass change of the sample with the compensation 

for buoyancy. 26 

4 .3 .6 Gas permeation measurement 

Pure-gas permeability at 100 to 200 °C was determined using a constant-volume and variable

pressure apparatus and can be calculated using eqn ( 4.1 ):27 
-
29 

V) [dPi,A-(dPi,AJ l 
Pi,AART dt dt leak (4.1) 
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where VJ is the downstream volume, l is the film thickness, A is the effective film area for gas 

permeation, R is the gas constant, Tis the absolute temperature, and p2,A and p1 ,A are the upstream 

and downstream pressures, respectively. dp1,Aldt is the steady state rate ofpressure increase in the 

downstream volume at the feed pressure of p2,A, while (dp1 ,Aldt)1eak is the system leakage rate 

determined with both upstream and downstream under vacuum, which was less than 10% of 

dp1 ,Aldt in this study. The upstream pressure was about 4.5 atm and the downstream pressure was 

kept under vacuum (less than 1.0 cmHg). Gas permeability has a unit ofBarrers (1 Barrer= 10-10 

2cm3 (STP) cm cm- s-1 cmHg-1
). The films were masked using a copper disc and high temperature 

epoxy adhesives with service temperature up to 250 °C. A copper gasket was used to mount the 

sample in the permeation cell. 
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4.4 RESULTS AND DISCUSSION 

4.4.1 Nanostructure ofMMMs 

Figure 4.1 TEM images of (a) Pd NPs, (b) PBI/20wt%Pd NPs, (c) PBI/50wt%NPs, and (d) 
PBI/70wt%Pd NPs. (e) Overview SEM image of the trench carved with a FIB on the surface of a 
PBI/70wt%Pd film polymer composite membrane. The yellow frame indicates a central region 
within the imaged cross-section that was selected for further analysis. A representative (f) SEM 
image and (g) phase segmentation of cross-section of MMM containing 70wt% Pd: PBI phase is 
in green, Pd phase is in red, and micro-void is in black. (h) Surface-rendered views of the 
segmented 3D tomograms for MMMs containing 70wt% Pd embedded in PBI. Pd NPs are shown 
in blue, while PBI matrix is expressed as vacancy. 

Fig. 4.la displays the TEM image of Pd NPs synthesized from a hot-injection method.25 The 

NPs have uniform size at around 6 - 8 nm, and their surface is functionalized with ca. 1 0wt¾ 

oleylamine as measured by a thermal gravimetric analyzer. The oleylamine ligands can stabilize 

Pd NPs in suspensions. For example, there is no aggregation observed even after the mixture of 

Pd NPs and PBI in DMAc-toluene stands for one month. The small amount of oleylamine in the 

resulting MMMs may have minimal effect on gas transport properties. 

As shown in Fig. 4.1 b, 4.lc, and 4.ld, we used TEM to characterize the cross-section of the 

obtained MMMs with Pd loading from 20 to 70wt%. Pd NPs are homogeneously distributed in 
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PBI matrix. Even though there are some aggregates, their size is 100 nm or less. Aggregates in 

such size may not negatively affect the gas transport properties and mechanical strength of these 

MMMs because most works in MMM type materials have inorganic fillers with size larger than 

100 nm.30-31 

To further reveal dispersible nature of Pd NPs in PBI, we carried out 3D tomography on a 

PBI/70wt%Pd MMM using FIB-SEM technique. A trench was carved on the upper surface of the 

sample using a FIB (Fig. 4.le) and a series of SEM images were recorded of cross-sections 

exposed on successive FIB milling of 5 nm thin slices (Fig. 4.lf). After alignment of the stack of 

SEM images,30 the characterized volume was reconstructed in 3D as shown in Fig. 4.lg. All the 

particles are uniformly dispersed in the 3D space with dimensions of l.8x2 .2x 1.8 µm, forming 

some fast channels for H2 diffusion. 

4 .4 .2 Gas sorption properties 
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Figure 4.2 (a) H2 and (b) CO2 sorption isotherms of PBI, PBI/20wt%Pd, PBI/50wt%Pd, and Pd 
NPs at 150 °C. The H2 sorption in PBI and CO2 sorption in Pd NPs are negligible and thus are not 
presented. 
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Fig 4.2a displays the H2 sorption isotherms in MMMs and Pd NPs at 150 °C. At a gas pressure 

of 0.1 to 2.0 bar, H2 sorption in Pd NPs increases with increasing pressure. There is a huge jump 

on the isotherm at a pressure of ca. 1.3 bar, suggesting the metal-hydrogen system transforms from 

a dilute a-phase to a concentrated ~-hydride which is consistent with literature report.32 This phase 

transition significantly increases H2 sorption in Pd NPs, from 130 cm3(STP)/cm3at 1.0 bar to 610 

cm3(STP)/cm3at 1.5 bar. Pd NPs were completely saturated with H2 at around 2 bar, exhibiting a 

sorption value of 700 cm3(STP)/cm3. After adding Pd into PBI matrix, H2 sorption also increases 

by increasing Pd loading in MMMs. H2 has negligible sorption in PBI because it is not condensable 

at such high temperature.33 All the H2 sorption in MMMs should be ascribed to the strong 

interaction between H2 and Pd. Fig. 4.2b shows the CO2 sorption isotherms for PBI and MMMs. 

CO2 cannot be absorbed by Pd NPs so the sorption values are not detectable in the measurement. 

Increasing Pd loading, or decreasing PBI volume, decreases CO2 sorption due to the reduction of 

available sorption sites. 

Table 4.1 Comparison of H2 and CO2 sorption and H2/CO2 solubility selectivity in PBI, Pd NPs, 

and MMMs at 10 bar and 150 °C 

H2 sorption CO2 sorption H2/CO2
Materials 

cm3(STP)/cm3 cm3(STP)/cm3 solubility selectivity 
PBI < 0.20 4.4 < 0.05 
PBI/20wt% Pd 18 4.1 4.4 
PBI/50wt% Pd 62 2.9 21 
PdNPs 710 I infinite 

Table 4.1 summarizes the H2 and CO2 sorption in PBI, Pd NPs, and MMMs at 10 bar, at which 

gas permeation measurement would be carried out. Pd NPs has infinite H2/CO2 solubility 

selectivity because of its extraordinarily high H2 sorption while negligible H2 sorption. Adding Pd 

NPs in MMMs significantly increases their H2/CO2 solubility selectivity from < 0.05 for PBI to 
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4.4 for PBI/20wt% Pd, and then to 21 for PBI/50wt% Pd. Such tremendous enhancement in the 

solubility selectivity is expected to improve the overall H2/C02 selectivity based on the solution

diffusion model. 5 

4.4 .3 H2/C02 separation performance 
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Figure 4.3 Effect ofPd loading on (a) pure-gas permeability and (b) H2/C02selectivity at 150 °C. 
Effect of operating temperature on (c) H2 permeability and (d) H2/C02 selectivity of PBI and 
MMMs. 
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The effect of Pd loading on gas transport properties was evaluated at 150 °C and the results 

are shown in Fig. 4.2a and b. PBI shows an H2 permeability of 26 Barrers and H2/C02 selectivity 

of 12. Increasing Pd amount increases both H2 permeability and H2/C02 selectivity. At 70wt% Pd 

loading, MMMs achieve the best combination of H2 permeability (68 Barrers) and H2/C02 

selectivity (29). We also investigated the effect of temperature on gas separation performance at 

temperatures ranging from 50 to 150 °C. Increasing temperature exponentially increases H2 since 

gas diffusion has an exponential dependence on temperature in Fig. 4.2c. Meanwhile, the 

temperature variance has minimal effect on H2/C02 selectivity as shown in Fig. 4.2d. This 

behavior can be ascribed to two opposing factors. Increasing temperature decreases size sieving 

ability in polymers ( or H2/C02 diffusivity selectivity), whereas it may increase H2/C02 solubility 

selectivity, resulting in almost constant H2/C02 selectivity. 
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Figure 4.4 (a) Pure-gas H2/C02 separation performance ofPBI/Pd MMMs versus Robeson's 2008 
upper bound at 150 °C. 34

-
35 (b) Schematic illustration of facilitated transport of H2 across PBI/Pd 

MMMs. 
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Pure-gas H2/C02 separation properties ofPBI/Pd MMMs are benchmarked in a Robeson's plot 

(Fig. 4.4a).34 The 2008 upper bound represents a tradeoff between H2 permeability and H2/C02 

selectivity, and the highest H2/C02 selectivity achievable for any given H2 permeability in 

polymers. For example, the separation performance of commercial polymers is below this upper 

bound. Meanwhile, our MMMs that operating at 150 °C are significantly above the 2008 upper 

bound empirically drawn for 150 °C,35 indicating their superior H2/C02 separation performance. 

The enhanced separation performance might be qualitatively explained by a facilitated transport 

mechanism as shown in Fig. 4.4b. Pd NPs were incorporated into the PBI matrix at sufficiently 

high loading up to 70 wt% (or 20 vol%), the sorbed H2 in may diffuse through the MMM by a 

hopping mechanism, enhancing H2 diffusivity and increasing H2 permeability and H2/C02 

selectivity. 

4.5 CONCLUSIONS AND FUTURE WORK 

In this study, we have demonstrated adding Pd NPs in PBI matrix can significantly improve 

its H2 permeability and H2/C02 selectivity, suggesting MMMs are promising materials for 

industrial H2 purification and CO2 capture. To date, the following conclusions can be drawn as 

follow: 

(1) Defect-free PBI/Pd MMMs were prepared with Pd loading up to 70 wt% (or 20 vol%). 

(2) Dispersion ofPd NPs in PBI provides extremely high H2/C02 solubility selectivity of21, which 

is over 100 times higher than that in PBI. 

(3) Loading of Pd NPs in PBI increases both H2 permeability and H2/C02 selectivity. PBI/Pd 

MMMs achieve the best combination of H2 permeability ( 68 Barrers) and H2/C02 selectivity (29) 

with 70wt% Pd loading at 150 °C. 
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Future work will be focused on the following aspects: 

(1) Mixed-gas permeation test needs to be carried out to investigate the separation performance of 

MMMs in a simulated industrial gas mixture. 

(2) To fully understand the proposed facilitated transport mechanism, modeling such as 

computational fluid dynamics (CFD) is required. 

(3) We also will fabricate thin film composite membranes using PBI/Pd MMMs as the selective 

layer material. 
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CHAPTERS 

EFFECT OF POROUS SUPPORTS ON THE PERMEANCE OF THIN FILM 

COMPOSITE MEMBRANES: TRACK-ETCHED POLYCARBONATE SUPPORTS1 

1 This chapter is adapted with permission from an article published under the same title in Journal of 
Membrane Science, 2016, 514, pp. 684-695. 
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5.lSUMMARY 

Thin film composite (TFC) membranes for industrial gas separation are often comprised of a 

thin selective layer ( 100 nm or less) on a porous support that provides mechanical strength. As 

the selective layer becomes thinner to increase gas permeance and thus reduce the capital cost, 

the support surface morphology restricts the concentration profile of the penetrant in the 

selective layer. Such geometric restriction has been demonstrated using modeling and 

computational simulations. However, there are no rigorous experimental results to verify the 

modeling results. This study investigates model two-layer TFC membranes, which are 

comprised of track-etched polycarbonate (PC) nanofiltration membranes with uniform and 

straight cylindrical pores as porous supports, and Teflon® AF1600 with excellent film formation 

and good stability as the selective layer. The presence of support can decrease the gas 

permeance as much as 85% compared to the freestanding thin film, when the PC support has a 

pore radius of 47 nm and porosity of 2.8%. The gas permeance increases with increasing 

porosity at a constant pore size and decreasing pore size at a constant porosity. The measured 

membrane permeances are consistent with the simulation ones obtained using three-dimensional 

(3D) computational mass transport models that predict the steady-state penetrant concentration in 

the selective layer. 

5.2 INTRODUCTION 

Membrane technology has been widely used for gas separations, such as nitrogen enrichment 

from air, CO2 removal from natural gas, and propylene/N2 separation for propylene recovery 

from reactor purge streams, due to its inherent advantages such as low cost, high energy 

efficiency, simplicity and compactness 1
. The key to the population of membrane systems is 
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membranes with high selectivity to achieve the purity required, and high permeance to achieve 

the separation with low requirement of membrane area 1
-
2

• Since the capital cost of the 

membrane systems often scales linearly with the membrane area, membranes with higher 

permeances are often pursued to reduce the cost and footprint, strengthening the competitive 

edge of the membrane technology against conventional separation technologies such as 

distillation and absorption 3-
4 

. 

Thin film composite (TFC) membranes have been widely used for industrial gas separations, 

which are comprised of a thin selective layer (~100 nm) that provides the molecular separation, 

and a thick porous support layer (100 - 150 µm) that provides mechanical strength with 

negligible resistance to gas flow 2
, 5-7 _ A schematic of TFC membranes is shown in Figs. la and 

1 b 2
, 

4
. For an ideal TFC membrane, gas transport is dominated by the selective layer, and the 

porous support has a negligible effect on gas permeation. Such an ideal TFC membrane can be 

characterized by gas permeance, PAil (cm3(STP)/cm2 s cmHg) 8
: 

PA N A 
(5.1) 

l A,11 P2,A - P1 ,A 

where PA (cm3(STP) cm/cm2 s cmHg) is permeability coefficient of gas component A in the 

selective layer material independent of film thickness, l is the thickness of the selective layer 

(cm), NA (cm3(STP)/s) is the flux through the membrane, Am is the membrane area (cm2
), andp2,A 

and p1 ,A are the partial pressure (cmHg) of component A in the feed and permeate, respectively. 

Since l cannot be directly measured for the TFC membranes, the membranes are often 

characterized using permeance (PAl l) with a unit of gpu, where 1 gpu = 1o-6 cm3(STP)/cm2 s 

cmHg. 
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(c) 
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X 

Figure 5.1. Schematic diagram illustrating (a) TFC membranes in three dimensional (3D) view; 
(b) a TFC membrane showing the geometric restriction by the pores with an average pore radius 
of r; and (c) a cubic unit cell used for the 3D computational simulation. 2d: the length of a unit 

cell, porosity: ¢ m- 2
/ 4d 2 

• 

As shown in eqn ( 5 .1 ), one straightforward way to increase gas permeance is to decrease the 

thickness of the selective layer. However, as the selective layer thickness becomes comparable 

to the pore size of the porous support (10-50 nm in radius), the available pores of the porous 

support may increase the effective diffusion path and influence the concentration gradient in the 

selective layer (as shown in Fig. 5.lb); both of which decrease the apparent gas permeance. The 

effect of porous support structure on the gas permeance for component A can be characterized by 

10membrane permeance efficiency (/3A), which is defined by 9- : 

P A/ f Apparent 
(5.2) 

P A/ l Ideal 

where P A/ l Apparem is the measured gas permeance for the TFC membrane, and P A /l Ideal is the 

membrane permeance without the influence of the porous support (i.e., </J 1). Lower /JAvalues 

indicate greater geometric restriction of the porous support on the gas permeation in the selective 

layer. 
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The geometric restriction of the molecule transport in the selective layer by the porous 

support has been recognized by Lonsdale and coworkers 9
, who prepared composite membranes 

comprised of cellulose acetate thin films with various thicknesses on porous supports for 

desalination. The experimental results were also verified using a two-dimensional (2D) heat 

transfer model 9
. Since then, other models have been developed to describe gas permeance in 

composite membranes, such as one-dimensional (ID) resistance-in-series model ll, 2D models 6, 

12 17 
-13 , and empirical models 14

- _ In particular, rigorous 3D computational transport models with 

a unit cell as shown in Fig. le have been used to elucidate the impact of support structure on 

10 11 19permeance , - . These computational models provide a quantitative prediction of the 

penetrant concentration and diffusion streamlines, enabling an accurate prediction of the 

geometric restriction effect. 

Despite the advancement in the modeling effort to elucidate the effect of porous support on 

gas permeances, there are no experimental results provided to directly validate the simulation 

results, presumably due to the challenges in the preparation of defect-free thin film composite 

membranes and accurate determination of the support morphology 20 
. The typical porous 

supports (such as those made from polysulfone, polyacrylonitrile, and polyimides) for the 

industrial thin film composite membranes do not have uniform pore size and porosity. Moreover, 

surface characterization techniques such as SEM may not provide an accurate description of the 

effective pore size and porosity in these supports because some pores on the surface may have 

dead-ends 16
. 

The objective of this study is to provide a rigorous understanding of the effect of the surface 

pore size and porosity of the porous support on gas permeance in the TFC membranes using an 

integrated experimental and simulation approach. In the present study, track-etched 
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polycarbonate (PC) nanofiltration membranes with uniform and straight pores are used as model 

porous supports. The pore size and porosity are determined using the SEM and the dusty gas 

model. Thin film composite membranes were prepared using an amorphous perfluoropolymer 

(i.e., Teflon® AF1600) as the selective layer with varying thicknesses. The experimentally 

determined gas permeances are compared with the ideal permeance and simulated results 

obtained using a 3D computational fluid dynamics (CFD) modeling. The results are expected to 

provide a guideline for the design and selection of porous supports for TFC membranes. Future 

study will involve an analysis of industrial porous supports, instead of the PC supports, since the 

PC supports do not have sufficient mechanical property for industrial gas separation. 

5.3 BACKGROUND 

5.3.1. The dusty gas model (DGM) 

The dusty gas model (DGM) provides an effective and non-intrusive way to characterize the 

effective pore size and porosity in the porous supports 20 
-
24 

. In this model, the pure -gas transport 

through pores is regarded as a combination of Knudsen diffusion and viscous flow 23 
. The 

permeance, 1A (cm3(STP)/cm2 s cmHg), in a porous support for gas component A can be 

expressed as 23 
: 

(5.3) 

where Ao (cm3(STP)/cm3 cmHg) is a geometric factor of the porous support related to the 

Knudsen diffusion, Bo (cm3(STP)/cm2 cmHg) is a geometric factor related to the viscous flow, 

p (cmHg) is the average pressure of feed and permeate sides of the support, µA (cmHg s) is the 

viscosity of the gas component A, and VM,A (cm/s) is average molecular velocity of the gas 

component A. The parameters of Ao and Bo are proportional to r and r2, respectively . 
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Equation 3 indicates that the gas permeance inside the nanoscale pores does not directly relate to 

gas critical temperature or kinetic diameter, unlike gas permeability in the dense polymers 

following solution-diffusion mechanism. The gas permeation occurs mainly in the gas phase, 

and thus the permeance is also independent of the gas adsorption on the surface. 

The average molecular velocity is given by: 

l/2
8RT 

(5.4)V M,A (nMAJ 
where R is the gas constant (6236 cmHg cm3/mol K), Tis the absolute temperature (K), and MA 

is the molecular weight of gas A (g/mol). 

The effective pore size (r) and porosity ( & I q2 ) can be calculated from the geometric 

coefficients (Ao and Bo) using the following equations 20
: 

(5.5) 

Ao2 
-- RT·lskin (5.6)
1.6B0 

where lskin is the skin layer thickness of the porous support. Eqn (5.5) also reflects the fact that 

the Knudsen diffusion is proportional tor, and the viscous flow is proportional to r2. 

In general, the DGM requires only the measurement of gas permeances as a function of the 

average feed and permeate pressure. The slope and intercept from the correlation between gas 

permeance and the average feed and permeate pressure are used to deduce Ao and Bo, which, in 

tum, yield the values of the effective pore size and porosity. 

For industrial porous supports with asymmetric structure, the l skin value can be much lower 

than the total thickness of the porous support (LP). The industrial porous supports have 

significant tortuosity and therefore, the effective porosity ( & I q2 ) can be substantially lower than 
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28 

the surface porosity of the support. On the other hand, the track-etched PC membranes in this 

study have symmetric structure and straight cylindrical pores and therefore, the porosity(¢) can 

be expressed as follows: 

(5.7) 

5.3.2. Physical aging ofthinfilms 

To precisely understand the effect of porous support on membrane gas permeance, the thin 

film of the selective layer should exhibit a permeability that is independent of film thickness and 

time. However, it has been well recorded that thin film polymers are often subjected to aging, 

i.e ., gas permeability decreases with time and the decrease is more significant for thinner films 25-

Such variance creates a great challenge in comparing gas permeances in composite 

membranes with varying selective layer thicknesses. 

Recently, amorphous glassy perfluoropolymers have been shown to have slow agmg 

behavior 4, 
29-31 . Moreover, the perfluoropolymers have very good film forming properties and it 

is easy to prepare defect-free TFC membranes with selective layer as thin as 50 nm 4
. In this 

study, a random copolymer of tetrafluoroethylene and 2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-

dioxole (Teflon® AF1600) is chosen as a model polymer to study the effect of the porous 

supports on gas permeance. Fig. 2 shows the polymer chemical structure, which is amorphous 

and has a glass transition temperature of 160 °C. The bulk polymer shows high gas permeability, 

such as 550 Barrers for H2 and 520 Barrers for CO2 at 35 °C 32-33 . 
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Figure 5.2 Chemical structure of Teflon AF1600, a commercial perfluoropolymer 32-33. 

5.4 EXPERIMENTAL 

5 .4 .1 . Materials 

Whatman® nuclepore track-etched polycarbonate (PC) nanofiltration membranes were 

purchased from GE Healthcare, PA, USA. The perfluoropolymer, Teflon AF1600, was 

purchased from DuPont, Wilmington, DE, USA. The fluorohydrocarbon of decafluoro-3-

methoxy-4-trifluoromethyl pentane (Novec™ 7300) was purchased from 3M Company, 

Minneapolis, MN, USA. Chloroform was purchased from Fisher Scientific, PA, USA. Gas 

cylinders of helium (ultra-high purity), hydrogen (ultra-high purity), methane (ultra-high purity), 

nitrogen (ultra-high purity) and CO2 (high purity) were obtained from Praxair Inc., Buffalo, NY, 

USA. Silicon wafer was supplied by UniversityWafer, Boston, MA, USA. 

5 .4 .2. Determination ofpore structure ofPC supports 

The track-etched PC membranes were employed as supports because of their symmetric 

structure and well-characterized pore morphology (pore size and porosity). Four types of PC 

supports (with a diameter of 25 mm and a thickness of 6 µm) were obtained with nominal pore 

radii of 50 nm (indicated by PC-50 here), 25 nm (PC-25), 15 nm (PC-15) and 7.5 nm (PC-7.5), 

respectively. The values of the pore radius were provided by the manufacturer. PC supports 

were then masked between aluminum tapes (Ideal Tape Co. Inc., MA, USA) and printing paper 

(with a CO2 permeance of 2.2 x 106 gpu, Staples®, MA, USA) for gas permeation measurement. 
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Gas permeance through the PC membranes was determined in a custom-built constant 

pressure/variable volume apparatus (as shown in Fig. 3), and it can be calculated by 34: 

1 273(dV) (5.8) 
Am Pi,A - Pi,A T dt 

where dV/dt (cm3/s) is steady-state flow rate of permeate gas, which is measured using bubble 

flow meters (Supelco Inc., PA, USA). The PC supports were measured with four gases 

(including He, CH4, N2 and CO2) at different feed and permeate pressures at room temperature. 

At each measurement, the pressure difference of the feed and permeate p2,A - Pi,A was set as 

about 2 bars. Higher pressure difference may damage the PC supports. 

Gas 

Pressure 
gauge 

Needle ~ 
valve 

....1 -----~ Flow meter 

Figure 5.3 Schematic of a constant pressure/variable volume apparatus for gas permeation 
measurement 34. 

The PC supports were also examined by field-emission scannmg electron microscopy 

(FE-SEM, Zeiss Auriga, Germany). To eliminate charging effect on the samples during imaging, 

the PC supports were coated with a thin gold film (2-5 nm) by electron-beam (E-beam) 

evaporation deposition (Kurt J. Lesker AXXIS, PA, USA). The SEM image can be converted to 

a binary image indicating pores and non-pores using ImageJ ( a Java image processing program 

developed by the U.S. National Institutes of Health). The pore size and porosity can then be 
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statistically estimated 35 
. To improve the accuracy of analysis, five different areas were 

investigated for each membrane and the average values of pore size and porosity are reported. 

5.4.3 Determination ofpure-gas permeability of Teflon AF1600 

Pure-gas permeability of the bulk Teflon AF1600 was determined usmg a constant 

volume/variable pressure apparatus at 35 °C 34
. Freestanding films with a thickness of 50 µm 

were prepared by casting of a solution containing 2 wt% Teflon AF1600 in Novec™ 7300 30 on 

a glass plate. After drying, the film was first floated off in water, and then dried in vacuum oven 

for 12 hours at room temperature to remove water and any residual solvent within the thick film 

before the permeation test. The film thickness was measured using a Starrett® micrometer (L.S. 

Starrett Company, MA, USA). 

5.4.4 Preparation and characterization of TFC membranes 

Fig. 5.4 shows experimental procedures to prepare and characterize TFC membranes. 

Solutions containing 0.5 wt.% Teflon AF1600 in Novec™ 7300 was prepared and then coated on 

the top of PC supports using fine foam brushes (Shur-Line, WI, USA). A heat gun was 

employed to quickly evaporate the solvent to form the two-layer TFC membranes. Multi-times 

of coating was applied to adjust the thickness of the selective layer. The obtained TFC 

membranes were then dried in the fume hood for 24 hours at room temperature before the gas 

permeation measurement. The surface morphology and cross-sectional structure of the 

composite membranes were characterized by FE-SEM. The sample cross-section was prepared 

by a liquid nitrogen freeze-fracturing method 36
. 

Gas permeance of Teflon AF1600/PC composite membranes was measured in the custom-
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36 built constant pressure/variable volume apparatus at 35 °C and a feed pressure of 30 psig 34
, . 

To reduce the influence of the thin film physical aging, gas permeances were determined within 

one day of the preparation of the thin film composite membranes. 

The thickness of the Teflon AF1600 selective layer was measured using a spectrometer 

and/or an ellipsometer. Since the porous PC support generates noises for light reflection, the PC 

support was first dissolved by chloroform. As shown in Fig. 5.4c, the thin Teflon AF1600 film 

was then transferred onto a silicon wafer and dried for 2 hours before the thickness measurement 

using a Filmetric F20 thin-film measurement instrument (Filmetrics, CA, USA). The instrument 

analyzes the reflected light from the top surface of the thin film, which is interfered by the light 

reflected from the silicon substrate 37 . Both lights are perpendicular to the film surface. A two

layer model, considering the perfluoropolymer thin film and the silicon substrate, was used to fit 

the spectra collected within the wavelength of 380 - 1050 nm. The film thickness is obtained by 

the best fit with a refractive index value of 1.31 for Teflon AF1600, which was provided by the 

manufacturer (i.e., DuPont). 
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n(a) Coating selective layer 

Gas permeation 

I I I I I n(b) Dissolving PC support Teflon® AF1600 

Reflected light 

Teflon 

(c) Measuring film thickness 

Figure 5.4 Experimental procedures to prepare and characterize Teflon AF1600/PC composite 
membranes. (a) coating Teflon AF1600 thin film on the PC support such as PC-25 (with surface 
morphology shown on the right); (b) dissolving the PC support using chloroform after gas 
permeation measurement; and (c) determining the thin film thickness using a spectrometer and/or 
ellipsometer, after transferring to a silicon wafer. 

A spectroscopic ellipsometer (Horiba MM-16, Kyoto, Japan) with a wavelength range of 430 

- 850 nm was also used to determine the film thickness 38 
. The ellipsometer collects the changes 

of the polarization state in the reflected light off the film at an incident angle. The phase 

difference and the relative amplitude change are fitted to derive the film thickness and refractive 

index. The refractive index obtained from good fittings is 1.31±0.05 , which is consistent to that 

provided by DuPont ( 1.31). 
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5.5. COMPUTATIONAL MODELING 

As shown in Fig. 1 b, the geometric restriction enforced by the porous support leads to 

increased penetrant transport path length and uneven concentration gradient in the selective layer. 

A 3D computational mass transfer model provides an effective way to quantitatively describe the 

17 19 39 1pathline, penetrant concentration gradient and flow rate in nanoscale structures 10, - , -4 . In 

this work, a 3D model was developed for predicting the steady-state distribution of penetrant 

concentration and associated streamlines in the selective layer as a function key membrane 

parameters including the thickness of the selective layer and the porosity and pore size in the 

support layer. The model was implemented in a commercial CFD program COMSOL 

Multiphysics® 5.0 (www.comsol.com), using solver modules. The details are described 

elsewhere 10
, and the key equation and assumptions are restated here. 

The steady-state concentration ( CA) of the penetrant in the selective layer is governed by the 

18 equation 10, : 

(5.9) 

To simplify the analysis, the following assumptions are made: (a) the porous support contains 

a 2D ordered array of evenly-spaced cylindrical pores, as shown in Fig. 5.la; (b) the lateral 

boundaries of the unit cell have symmetry-based zero flux in both the x and y directions (i.e., 

perpendicular to the gas permeation direction); (c) the value of CA is assumed to be 1 at the feed 

gas/selective layer interface and Oat the selective layer/support pore interface; and (d) the solid 

fraction of the PC support is considered to be impermeable, since the gas permeability in the 

selective layer (Teflon AF1600) is about two orders of magnitude higher than that of 

polycarbonate. For example, the CO2 permeability in Teflon AF1600 and PC is 520 Barrers 33 
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and 6.8 Barrers 42 
, respectively. The assumption can also be verified by the membrane gas 

selectivity, which should be similar to that of the Teflon AF1600, instead of that of PC, as 

discussed later. 

In these simulations, the porosity values of the porous supports were taken from the results of 

the dusty gas model. Since the simulated permeances depend on the the scaled selective layer 

thickness (S = llr), instead of the absolute value of pore radii (r), the r value is set as 10 nm for 

all the membranes, and the selective layer thickness is varied in the range between 5 nm and 400 

nm to evaluate the effect of the scaled selective layer thickness on the membrane permeance 

efficiency (/3A). 

5.6 RESULTS AND DISCUSSION 

5.6.1 Characterization of the PC supports 

Four track-etched PC nanofiltration membranes were obtained, and they were characterized 

using the SEM and DGM methods. Fig. 5.5 shows surface microphotographs of the PC 

membranes, and the pore size and porosity derived from the SEM image analysis using ImageJ 

programming are summarized in Table 5.1. The measured pore sizes agree well with the 

nominal value provided by the manufacturer. These PC supports exhibit relatively low surface 

porosity with 2.6%, 3.4% and 1.0% for PC-50, PC-25 and PC-15, respectively. The PC-7.5 has 

the smallest pores, and the porosity cannot be accurately estimated from the SEM image, since 

the pores seem to be partially covered by the gold nanoparticles that were introduced during the 

sample preparation for FE-SEM imaging. 
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Figure 5.5 FE-SEM images of the surface of the four track-etched PC nanofiltration membranes 
with nominal pore radius (provided by the manufacturer) of (a) 50 nm (PC-50); (b) 25 nm 
(PC-25); (c) 15 nm (PC-15); and (d) 7.5 nm (PC-7.5). 

Table 5.1 Pore radius (r) and porosity(¢) of four PC supports obtained from different sources. 
The DGM data were the average values derived from CH4, N2, and CO2 permeances. NIA: not 
available. 

PC-50 PC-25 PC-15 PC-7.5 
Sources 

r(nm) <p (%) r(nm) <p (%) r(nm) <p (%) r(nm) <p (%) 

Manufacturer 50 NIA 25 NIA 15 NIA 7.5 NIA 

FE-SEM 55±6 2.6±0.2 26±2 3.4±0.3 14±1 1.0±0.2 NIA NIA 

DGM 47±1 2.8±0.1 25±1 3.2±0.1 14±1 1.1±0.1 5.8±0.2 0.59±0.03 
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Fig. 5.6 exhibits the linear dependence of the permeance on the average feed and permeate 

pressure ( p) for the four PC supports with pure-gas He, N2, CH4 and CO2, confirming the 

validity of the dusty gas model for estimating the support surface morphology. The pore size 

and porosity values were calculated using eqns (5.5) and (5 .7), respectively, and they are 

presented as a function of gas molecular weight in Figs. 6e and 6f, respectively. 

For all four supports, the effective pore size and porosity values obtained are very close for 

all gases except for helium. For example, the helium permeation results in the PC-15 and PC-7 .5 

yield smaller pore size and higher porosity than that derived from the permeances of the other 

gases. This effect has also been reported elsewhere and can be ascribed to the two reasons below 

22 43 , . First, helium with a kinetic diameter of 2.6 A is much smaller than the other gases such as 

CO2 with a kinetic diameter of 3.3 A 44. Therefore, helium can probe smaller pores in the PC 

supports than the other gases, resulting in smaller pore size and greater porosity 22, 43 . Second, 

the gas transport in PC-15 and PC-7.5 is mainly by the Knudsen diffusion, as indicated by the 

low value of the slope (or low Bo value, as shown in eqn (5.3)), especially for helium. As a result, 

the calculated geometric factor Bo for helium has higher uncertainty ( estimated by error 

propagation analysis 45), compared to those for the other gases. For example, for PC-15 and PC-

7.5, the uncertainty of the pore size is 10% and 21 %, respectively, and the uncertainty for the 

porosity is as 14% and 30%, respectively. On the other hand, the uncertainty for the pore size 

and porosity in PC-50 and PC-25 is typically less than 6%. Due to the above two reasons, herein 

the effective pore size and porosity are taken as the average of those from the CH4, N2, and CO2 

permeation results, without considering the helium permeation data. 
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Figure 5.6 Pore size and porosity of the four PC supports determined using the dusty gas model. 
The pure-gas permeances of He, CH4, N2 and CO2 as a function of average feed and permeate 
pressure across the support for (a) PC-50, (b) PC-25, (c) PC-15 and (d) PC-7.5; and (e) the 
effective pore size and (f) porosity for the PC supports. 

As shown in Table 5.1, the effective pore size and porosity based on the DGM are consistent 

with those from the SEM characterization and the manufacturer. In this study, the pore size and 

porosity from the DGM is used for the CFD modeling, since the values are directly obtained in 

the permeation measurement. These PC supports have porosity ranging from 0.59% to 3.2%, 

which is reasonably close to the surface porosity of porous supports used to prepare industrial 

11 18 thin film composite membranes (1 - 10%) 6, - . These porous supports for membranes may 

have the bulk porosity of 0.7 - 0.8. However, since the gas transport resistance in the supports is 

negligible, the use of these PC supports as models to evaluate the effect of pore morphology on 

the membrane permeance has relevancy for the design and engineering of practical membranes. 

5.6.2. Intrinsic pure-gas permeability of Teflon® AF1600 

Table 5.2 shows the pure-gas permeability and selectivity in freestanding films of Teflon 

AF1600 with a thickness of 55 µm. Since gas permeability in glassy polymers (such as Teflon 
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AF 1600) is often influenced by the membrane preparation history such as solvent and 

temperature 30-31 , these films were prepared following the same procedure in preparing thin film 

composite membranes, including the use of the same solvent and drying conditions. In general, 

these films exhibit higher gas permeability and the selectivity of gas over CH4, compared to 

those reported in the literature 32-33 . For example, Merkel et al. reports a H2 permeability of 550 

Barrers, CO2 permeability of 520 Barrers, H2/CH4 selectivity of 6.9, and C02/CH4 selectivity of 

6.5 for Teflon AF16OO 33 . Presumably, the difference may derive from the difference in solvent 

and film drying history. Nevertheless, higher gas selectivity in the thin films prepared in this 

work indicates that they are defect-free. For consistency, the obtained permeability data in this 

study are used to calculate the ideal gas permeance, (PA I /)Ideal ' and the membrane permeance 

efficiency (/JA), as shown in eqn (5.2). Table 2 also shows that Teflon AF16OO has two orders of 

magnitude higher permeability compared with that of dense polycarbonate. 

Table 5.2 Pure-gas permeability and selectivity of freestanding Teflon AF16OO film with a 
thickness of 55 µmat ~3 bar and dense polycarbonate 46 at 35 °C. 

Teflon AF16OO Polycarbonate 

Gas Permeability Gas/CH4 Permeability Gas/CH4 

(Barrer) Selectivity (Barrer) Selectivity 

570±20 7.4 

680±25 8.9 6.8 19 

110±4 1.5 0.33 0.92 

77±3 0.36 

* 1 Barrer= 10-10 cm3(STP) cm/(cm2 s cmHg) = 7.5 x 10-18 m3(STP) m/(m2 s Pa). 
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5.6.3. Characterization of composite membranes 

Fig. 5.7a shows the top surface of the composite membrane comprised of a Teflon AF1600 

thin film on the PC-50 support. The surface is smooth without any patterns despite of the use of 

fine wire brushes for coating, presumably because the coating solution (containing 0.5 wt.% 

Teflon AF1600) has very low viscosity. After dissolving the PC-50 support, the bottom surface 

of the Teflon AF1600 thin film was also imaged using the FE-SEM. As shown in Fig. 7b, the 

smooth surface indicates that no obvious penetration of polymer coating solution into the PC 

pores occurred during the membrane preparation. The lack of the pore penetration can also be 

confirmed by the cross-sectional image (Fig. 5.7c), which shows a pore area/thin film interface. 

During the sample preparation for SEM characterization, the thin film and PC pores may be 

deformed and therefore, the thickness of the thin film cannot be consistently determined. 

Alternatively, optical methods are utilized to measure the selective layer thickness in this work, 

as discussed later. Fig 5.7c also shows that the evaporation of the solvent (Novec 7300) does not 

collapse the pores in the PC, presumably because the perfluorinated solvent is not a good solvent 

to PC and has low surface tension. 

Table 5.3 summarizes pure-gas permeance of H2, CO2, N2, and CH4 at 35 °C and feed 

pressures of around 2 bars in TFCs with different PC supports. There membranes were 

confirmed to be defect-free since the pure gas selectivities in these membranes are similar to 

those in the freestanding Teflon AF1600 films at 35 °C (as shown in Table 5.2). These results 

also confirm the assumption made in the CFD simulation, i.e., the nonporous region of the PC 

support is regarded as non-permeable. For example, if the gas transport in the PC was 

substantial, the CO2/CH4 selectivity in the membranes would have to be between that in Teflon 

AF1600 (i.e. , 8.9) and in PC (i.e., 19). The determined values of 8.0 or below for the CO2/CH4 
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selectivity in the composite membranes indicate that the majority gas transport lies in the Teflon 

AF 1600 layer and the pores of the PC supports, instead of solid PC material. 

Ma1J • 31 65 K X 300 nm WO • 9 1 m111 EHT • 8 00 kV S1q11al A • SE2 D<1te 18 Jun 201~ FIB L◊Ck Mags= N¢ 

Au rig a-39-38 FIB lma1J111g • SEM No1w Re1t uct1on • Pixel Avg ~IB Probe • 3UKV5Up A Tilt Conn • Off 

Figure 5.7 SEM images of a thin film composite membrane comprised of Teflon AF1600 on 
PC-50. (a) The top of the membrane; (b) the bottom of the selective layer after dissolving the 
PC support; and (c) cross-section of the composite membrane. 

Table 5.3 also records the thickness of Teflon AF1600 selective layer determined using the 

F20 Filmetric instrument and ellipsometer. The results from both methods agree very well, 

considering the different resolutions and mechanisms in these two methods. For consistency, the 

thickness values from the F20 Filmetric instrument are used for further analysis in this study. 

As shown in Table 5.3, thinner selective layer provides higher permeances, which 1s 

expected. However, the determined gas permeances are much lower than the ideal ones based on 
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the permeability and the selective layer thickness, i.e., the average membrane permeance 

efficiency is much lower than 1, indicating the significant effect of the geometric restriction. 

The membranes with PC-7.5 supports show the lowest /JAvalues, presumably due to the lowest 

porosity among the four PC supports investigated (as shown in Table 5.1). 
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Table 5.3 Pure-gas permeances and selectivity of composite membranes of Teflon AF1600 on various PC supports at 35 °C and feed 
pressure of about 3 bar, as well as the thickness of the selective layer determined using the F20 Filmetric instrument and ellipsometer, 
and the average membrane permeance efficiency for four gases ( /JA). 

Permeance Selectivity of Thickness of Teflon AF1600 
PC Membrane permeance 

(gpu) gaslCH4 layer (nm) 
supports efficiency ( /3A) 

H2 CH4 H2 CO2 N2 F20 Ellipsometer 
-

480 48 10 8.0 1.7 220 ± 10 NIA 0.15 
PC-50 

550 78 7.1 6.3 1.2 160 ± 16 NIA 0.14 

560 77 7.3 6.1 1.3 200 ± 14 190 ± 1 0.18 
PC-25 

780 130 5.9 4.6 1.1 99 ± 3 100 ± 8 0.13 

210 24 8.8 8.3 1.4 120 ± 9 110± 6 0.037 

PC-15 180 24 7.7 6.8 1.3 100 ± 3 110± 8 0.032 

NIA 36 NIA 6.6 1.3 76 ± 7 76± 11 0.029 

73 NIA 1.2t NIA NIA 90 ± 7 98 ± 1 0.010 
PC-7.5 

86 NIA 1.7t NIA NIA 82 ± 7 86 ± 1 0.009 

t Pure-gas selectivity of H2ICO2, since the CH4 permeance is too low to measure. 
NI A: not available. 
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5.6.4 Comparison of experimental and modeling results 

To fully understand the geometric restriction of the porous support on gas permeances, the 

experimental data are compared to the CFD simulation results. Fig. 5.Sa compares the 

simulation with data from the literature including the 3D modeling analysis by Ramon and Hoek 

[19], and experimental data for water permeation by Lonsdale and coworkers [10]. Our 

simulation results are consistent with those performed by Ramon and Hoek for the porous 

support with a porosity of 0.20 [ 4 7]. Moreover, our CFD modeling can effectively describe the 

experimental data obtained by Lonsdale and coworkers except for the membranes with the scaled 

selective layer thicknesses (S = lslr) of 20-40, though the porous support used in their study had a 

porosity of 0.23, slightly higher than the value of 0.20 used in the simulation. The lower than 

expected water permeance may be caused by the pore penetration 9
, which is not considered in 

our model. 

Fig. 5.Sb shows the simulated membrane permeance efficiency for the membranes on the 

four PC supports as a function of the scaled selective layer thickness (S = lslr). Due to the low 

porosity ranging from 0.59% to 3.2% for the porous supports, the membranes show very low 

permeance efficiency, confirming the adverse effect of geometric restriction on gas permeance. 

The permeance efficiency decreases with a decreasing thickness of the selective layer, as the 

geometric restriction becomes more severe with the decrease in the scaled selective layer 

thickness. For example, for the PC-25 with a porosity of 3.2%, the permeance efficiency is 0.52 

at an S value of 20, and it decreases to 0.21 when the S value decreases to 5. In general, the 

permeance efficiency appears to increase with increasing support porosity, i.e., the order of 

permeance efficiency is the same as that of the porosity of the PC supports. 
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Figure 5.8 Effect of the porous support porosity and the scaled selective layer thickness on the 
membrane permeance efficiency. (a) Comparison of the simulation results in this study to the 

9literature data including the simulation ones 18 and experimental ones ; (b) comparison of the 
simulation results with the experimental ones for the membranes with PC supports; and (c) 
permeance enhancement of the membranes with PC supports. The porosity of the PC supports 
follows the order: PC-25 (3 .2%) > PC-50 (2.8%) > PC-15 (1. 1 % ) > PC-7 .5 (0.59%). 
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Fig. 5.8b also directly compares the experimental results of the membranes with PC supports 

to the simulated results. The values of the experimental permeance efficiency are the average of 

those for four gases (i.e., H2, N2, CH4, and CO2). The experimental results of the membranes 

with PC-50 are remarkably consistent with the simulated ones. For PC-25, the experimental 

permeance efficiency is reasonably close to the CFD modeling results. On the other hand, the 

experimental results for the membranes on PC-15 and PC-7.5 are lower than the simulated ones. 

Presumably, this can be caused by pore penetration and/or uneven dispersion of pores on the 

support. The PC-25 and PC-50 have higher porosity and presumably would be less sensitive to 

such effects. The detailed analysis on the effect of the pore dispersion on permeance efficiency 

is shown in Fig. 5.9 and will be discussed later. 

Without the effect of the porous supports, the gas permeance increases proportionally with 

the inverse of the selective layer thickness (as defined in eqn (5.1)). However, due to the 

geometric restriction from the porous support, the gas permeance is a nonlinear function of the 

inverse of the selective layer thickness, as illustrated in Fig. 8c. The permeance enhancement is 

defined as the ratio of apparent permeance at any selective layer thickness to that at a thickness 

of 1000 nm. Without the influence of support, the ideal permeance would increase by 10 times 

when the selective layer thickness decreases from 1000 nm to 100 nm. However, for a selective 

layer of 100 nm, the simulated permeance enhancement for TFCs is only 1.9, 2.5, 1.8 and 2.0 for 

PC-50, PC-25, PC-15, and PC-7.5, respectively, which is much lower than expected. The 

simulated results are also consistent to the experimental ones for the membranes on PC-50 and 

PC-25. This work represents one of very few studies that demonstrate good agreement between 

the experimental and theoretical permeance data in TFC membranes. 
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One of the possible reasons leading to the lower permeance efficiencies than the modeled 

results for PC-15 and PC-7 .5 is the non-uniform dispersion of pores in the porous support 17
• Fig. 

5.9a presents four possible pore dispersion cases with the same porosity(¢). Case 1 is an ideal 

dispersion where the pores are uniform and arranged regularly, the assumption made for the CFD 

modeling in this study. However, the SEM images of PC supports show that the pores disperse 

randomly on the surface with considerable irregularity, especially for the PC-15 and PC-7.5, as 

shown in Figs. 5.Sc and 5.Sd. The pores may disperse randomly like the case 2, or the pores 

aggregate as displayed in case 3 in Fig. 5.9a. An extreme condition of the irregular pore 

dispersion for the case 3 is that four pores (with a radius of r) are merged into a larger pore with 

a radius of 2r, as shown in case 4. Consequently, the scaled selective layer thicknesses for case 1 

and 4 are lslr and lsl2r, respectively. 

Fig. 5.9b compares the simulated permeance efficiency of PC-15 and PC-7 .5 for cases 1 and 

4. Both of these have the same porosity and therefore, the permeance efficiency of these two 

cases should be the same at any scaled selective layer thickness. Therefore, at the same 

thickness of the selective layer, case 1 provides higher permeance efficiency than case 4, simply 

because of the higher scaled selective layer thickness for case 1. Interestingly, Fig. 5.9b shows 

that the experimental values of permeance efficiency are close to those of the case 4 for the 

membranes with PC-15. However, the experimental permeance efficiency values for PC-7.5 are 

still much lower than the simulated ones, which may be caused by the pore penetration in these 

PC supports with small pores. However, unlike the PC-50 or PC-25 (as shown in Fig. 5.7), it is 

impossible to visualize and verify the pore penetration using the SEM due to the nano-features in 

PC-15 and PC-7.5. 
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Figure 5.9 (a) Pore dispersion for four unit cells (4dx4d) with the same porosity: case 1 
(ordered); case 2 (random), case 3 (aggregate) and case 4 (extreme situation of merging four 
pores with a radius of r to form a larger pore with a radius of 2r). (b) Effect of non-uniform 
dispersion of pores on the permeance efficiency for the membranes on PC-15 and PC-7.5. 

To summarize, there is good consistency between the CFD modeling and experiment results, 

validating that the support pore size and porosity enforces geometric restriction on the gas 

permeation in the TFC membranes, thus reducing gas permeance. When designing TFC 

membranes, supports with finer pores and higher porosity should be used. The pore dispersion 

of the supports also influences the membrane permeance, and the porous supports with uniform 

pore dispersion are preferred. 

5.7 CONCLUSIONS 

This study convincingly verifies that the porosity, pore size and pore dispersion of the porous 

support exerts geometric restrictions on the gas transport in the thin selective layer, resulting in a 

decrease in the gas permeance of the thin film composite membranes. Commercial track-etched 

polycarbonate films with straight cylindrical pores were used as the model supports for TFC 
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membranes. An amorphous glassy perfluoropolymer, Teflon® AF1600, was chosen as the 

selective layer material due to its good capability in forming defect free- thin films and good 

stability in the thin films for gas permeation. Defect-free membranes based on Teflon AF1600 

and four PC supports with various pore sizes and porosity have been successfully prepared and 

thoroughly characterized. There is a good agreement between the experimental and CFD 

simulation data, confirming that porous supports have significant geometric restriction on the gas 

permeation. The restriction becomes more severe with decreasing the support porosity and the 

scaled selective layer thickness. With a support porosity of 3.2% (within the range for typical 

industrial supports), the membranes may have the permeance efficiency as low as 0.10 when the 

selective layer thickness equals to the pore diameter ( or S = lslr = 2), which suggests that the 

membrane loses 90% permeance compared to that without a porous support. Even at the scaled 

selective layer thickness of 10 ( or S = 10), the permeance efficiency is only 0.34 for the 

membrane with a support porosity of 3.2%. 

Both experimental and simulation results based on the model PC supports suggest that high 

flux TFC membranes require supports with high porosity and small pores with regular 

arrangement. The future work will investigate TFC membranes based on the industrial porous 

supports, providing a more direct and practical guidance in designing TFC membranes with high 

flux. 
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5.9 NOMENCLATURE 

membrane area ( cm2
) 

Ao geometric factor related to Knudsen diffusion in Eq. (5.3) (cm3(STP)/cm3 cmHg) 

Bo geometric factor related to viscous flow in Eq. (5.3) (cm3(STP)/cm2 cmHg) 

CA the scaled penetrant concentration in the selective layer 

CFD computational fluid dynamics 

2d unit cell length as defined in Fig. 5.lb 

DGM the dusty gas model 

dV/dt steady-state gas flow rate across the membrane (cm3/s) 

1A permeance of a porous support for component A ( cm3(STP)/cm2 s cmHg) 

lp thickness of the porous support ( cm) 

l or ls thickness of the membrane selective layer ( cm) 

lskin skin layer thickness of the porous support (cm) 

molecular weight of gas A (g/mol) 

flux through membrane of gas A ( cm3(STP)/s) 

p average pressure of the feed and permeate sides of the membrane ( cmHg) 

permeability coefficient (Barrer, 1 Barrer= 10-10 cm3(STP) cm/cm2 s cmHg) 

permeate pressure ( cmHg) 

feed pressure ( cmHg) 
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2P/l gas permeance (gpu, 1 gpu = 10-6 cm3(STP)/cm s cmHg) 

(P/l)Apparent experimentally measured gas permeance (gpu) 

(P/l)Jdeal ideal permeance based on polymer permeability and film thickness (gpu) 

r pore radius of the porous support (nm) 

R gas constant (6236 cmHg cm3/mol K) 

s the scaled selective layer thickness (S = lslr) 

T temperature (K) 

TFC thin film composite 

/JA membrane permeance efficiency for gas component A 

effective porosity defined in Eq. (5.6) 

viscosity of gas component A ( cmHg s) 

average molecular velocity of the permeate gas (cm/s) 

<p porosity of the porous support 

A gas component A 

X coordinate axis 

y coordinate axis 

z coordinate axis 

5.10 REFERENCES 

(1) Sanders, D. E.; Smith, Z. P.; Guo, R. L.; Robeson, L. M.; McGrath, J.E.; Paul, D.R.; 

Freeman, B. D. Energy-efficient polymeric gas separation membranes for a sustainable 

future: A review. Polymer 2013, 54, 4729-4761. 

130 



(2) Baker, R. W.; Low, B. Gas separation membrane materials: a perspective. 

Macromolecules 2014, 47, 6999-7013. 

(3) Lin, H. Integrated membrane material and process development for gas separation. Curr. 

Opin. Chem. Eng. 2014, 4, 54-61. 

(4) Lin, H.; Zhou, M.; Ly, J.; Vu, J.; Wijmans, J. G.; Merkel, T. C.; Jin, J.; Haldeman, A.; 

Wagener, E. H.; Rue, D. Membrane-based oxygen-enriched combustion. Ind. Eng. Chem. 

Res.2013,52, 10820-10834. 

(5) Cabasso, I.; Lundy, K. A. Method of making memranes for gas separation and the 

composite membranes. 4602922, 1986. 

(6) Lundy, K. A.; Cabasso, I. Analysis and construction of multilayer composite membranes 

for the separation of gas mixtures. Ind. Eng. Chem. Res. 1989, 28, 742-756. 

(7) Shieh, J.; Chung, T.; Paul, D. R. Study on multi-layer composite hollow fiber membranes 

for gas separation. Chem. Eng. Sci. 1999, 54, 675-684. 

(8) Wijmans, J. G.; Baker, R. W. The solution-diffusion model: a review. J. Membr. Sci. 

1995, 107, 1-21. 

(9) Lonsdale, H.K.; Riley, R. L.; Lyons, C.R.; Carosella, D. P., Transport in composite 

reverse osmosis membranes. In Membrane Processes in Industry and Biomedicine, Bier, 

M., Ed. Plenum Press: New York, 1971; pp 101-122. 

(10) Kattula, M.; Ponnuru, K.; Zhu, L.; Jia, W.; Lin, H.; Furlani, E. P. Designing ultrathin film 

composite membranes: the impact of gutter layer. Sci. Rep. 2015, 5, DOI: 

10.1038/srepl 5016. 

(11) Henis, J.M.; Tripodi, M. K. Composite hollow fiber membranes for gas separation: The 

resistance model approach. J. Membr. Sci. 1981, 8, 233-246. 

131 



(12) Lopez, J. L.; Matson, S. L.; Marchese, J.; Quinn, J. A. Diffusion through composite 

membranes: a two-dimensional analysis. J. Membr. Sci. 1986, 27, 301-325. 

(13) Keller, K. H.; Stein, T. R. A two-dimensional analysis of membrane transport. Math. 

Biosci. 1967, 1, 421-437. 

(14) Itoh, N.; Wu, T.; Haraya, K. Two- and three-dimensional analysis of diffusion through a 

dense membrane supported on a porous material. J. Membr. Sci. 1995, 99, 175-783. 

(15) Ethier, C.R.; Kamm, R. D. The hydrodynamic resistance of filter cakes. J. Membr. Sci. 

1989, 43, 19-30. 

(16) Davis, A. M.; Ethier, C. R. Transport through materials bounded by porous surfaces. 

Chem. Eng. Sci. 1993, 49, 1655-1663. 

(17) Wijmans, J. G.; Hao, P. J. Influence of the porous support on diffusion in composite 

membranes. J. Membr. Sci. 2015, 494, 78-85. 

(18) Ramon, G. Z.; Wong, M. C. Y.; Hoek, E. M. V. Transport through composite membrane, 

part 1: is there an optimal support membrane? J. Membr. Sci. 2012, 415, 298-305. 

(19) Ramon, G. Z.; Hoek, E. M. V. Transport through composite membranes, part 2: impacts 

of roughness on permeability and fouling. J. Membr. Sci. 2013, 425, 141-148. 

(20) Cabasso, I.; Robert, K.; Klein, E.; Smith, J. Porosity and pore size determination in 

polysulfone hollow fibers. J. Appl. Polym. Sci. 1977, 21, 1883-1900. 

(21) Yasuda, H.; Tsai, J. Pore size of microporous polymer membranes. J. Appl. Polym. Sci. 

1974, 18, 805-819. 

(22) Altena, F.; Knoef, H.; Heskamp, H.; Bargeman, D.; Smolders, C. Some comments on the 

applicability of gas permeation methods to characterize porous membranes based on 

improved experimental accuracy and data handling. J. Membr. Sci.1983, 12, 313-322. 

132 



(23) Beuscher, U.; Gooding, C.H. Characterization of the porous support layer of composite 

gas permeation membranes. J. Membr. Sci. 1997, 132, 213-227. 

(24) Nakao, S. Determination of pore size and pore size distribution 3. filtration membranes. J. 

Membr. Sci. 1994, 96, 131-165. 

(25) Cui, L. L.; Qiu, W. L.; Paul, D. R.; Koros, W. J. Physical aging of 6FDA-based 

polyimide membranes monitored by gas permeability. Polymer 2011, 52, 3374-3380. 

(26) Huang, Y.; Wang, X.; Paul, D.R. Physical aging of thin glassy polymer films: Free 

volume interpretation. J. Membr. Sci. 2006, 277, 219-29. 

(27) Huang, Y.; Paul, D.R. Physical aging of thin glassy polymer films monitored by gas 

permeability. Polymer 2004, 45, 8377-8393. 

(28) Rowe, B. W.; Freeman, B. D.; Paul, D. R. Physical aging of ultrathin glassy polymer 

films tracked by gas permeability. Polymer 2009, 50, 5565-5575. 

(29) Okamoto, Y.; Zhang, H.; Mikes, F.; Koike, Y.; He, Z.; Merkel, T. C. New perfluoro

dioxolane-based membranes for gas separations. J. Membr. Sci. 2014, 471, 412-419. 

(30) Tiwari, R.R.; Smith, Z. P.; Lin, H.; Freeman, B. D.; Paul, D.R. Gas permeation in thin 

films of "high free-volume" glassy perfluoropolymers: part I. physical aging. Polymer 

2014,55,5788-5800. 

(31) Tiwari, R.R.; Smith, Z. P.; Lin, H.; Freeman, B. D.; Paul, D.R. Gas Permeation in thin 

films of "high free-volume" glassy perfluoropolymers: part II. CO2 plasticization and 

sorption. Polymer 2015, 61, 1-14. 

(32) Alentiev, A. Y.; Shantarovich, V. P.; Merkel, T. C.; Bondar, V. I.; Freeman, B. D.; 

Yampolskii, Y. P. Gas and vapor sorption, permeation, and diffusion in glassy 

amorphous Teflon AFl 600. Macromolecules 2002, 35, 9513-9522. 

133 



(33) Merkel, T. C.; Pinnau, I.; Prabhakar, R. S.; Freeman, B. D., Gas and vapor transport 

properties of perfluoropolymers. In Materials Science ofMembranes for Gas and Vapor 

Separation, Freeman, B. D.; Yampolskii, Y. P.; Pinnau, I., Eds. Wiley: 2006; pp 251-270. 

(34) Lin, H.; Freeman, B. D., Permeation and Diffusion. In Springer-Handbook ofMaterials 

Measurement Methods, Czichos, H.; Smith, L. E.; Saito, T., Eds. Springer: 2006; pp 371-

387. 

(35) Venkataraman, R.; Das, G.; Singh, S. R.; Pathak, L. C.; Ghosh, R. N.; Venkataraman, B.; 

Krishnamurthy, R. Study on influence of porosity, pore size, spatial and topological 

distribution of pores on microhardness of as plasma sprayed ceramic coatings. Mat. Sci. 

Eng. A - Struct. 2007, 445--446, 269-274. 

(36) McCloskey, B. D.; Ju, H.; Freeman, B. D. Composite membranes based on a selective 

chitosan- poly ( ethylene glycol) hybrid layer: synthesis, characterization, and 

performance in oil- water purification. Ind. Eng. Chem. Res. 2009, 49, 366-373. 

(37) Lu, H. Y.; Chen, W.; Russell, T. P. Relaxation of thin films of polystyrene floating on 

ionic liquid surface. Macromolecules 2009, 42, 9111-9117. 

(38) Hom, N. R.; Paul, D.R. Carbon dioxide sorption and plasticization of thin glassy 

polymer films tracked by optical methods. Macromolecules 2012, 45, 2820-2834. 

(39) Khashan, S. A.; Alazzam, A.; Furlani, E. P. Computational analysis of enhanced 

magnetic bioseparation in microfluidic systems with flow-invasive magnetic elements. 

Sci. Rep. 2014, 4. 

(40) Ghidossi, R.; Veyret, D.; Moulin, P. Computational fluid dynamics applied to membranes: 

state of the art and opportunities. Che. Eng. Proc. 2006, 45, 437-454. 

134 



(41) Liu, S. X.; Peng, M.; Vane, L. M. CFD simulation of effect of baffle on mass transfer in a 

slit-type pervaporation module. J. Membr. Sci. 2005, 265, 124-136. 

(42) Korns, W. J.; Chan, A.H.; Paul, D.R. Sorption and transport of various gases in 

polycarbonate. J. Membr. Sci. 1977, 2, 165-190. 

( 43) Kakuta, A.; Kuramoto, M.; Ohno, M.; Kushida, H.; Tanioka, A.; Ishikawa, K. Freeze

dried cellulose acetate membrane fine structure observation. J. Polym. Sci., Part A: 

Polym. Chem.1980, 18, 3229-3243. 

(44) Breck, D. W., Zeolite Molecular Sieves. Krieger Publishing Company: Florida, 1974. 

( 45) Bevington, P.R.; Robinson, D. K., Data Reduction and Error Analysis for the Physical 

Sciences. 2nd ed.; McGraw-Hill, Inc.: New York, 1992. 

( 46) Pixton, M. R.; Paul, D.R., Relationships between structure and transport properties for 

polymers with aromatic backbones. In Polymeric Gas Separation Membranes, Paul, D. 

R.; Yampol'skii, Y. P., Eds. CRC Press, Inc.: Boca Raton, FL, 1994; pp 83-154. 

135 



CHAPTER6 

EFFECT OF POROUS SUPPORTS ON THE PERMEANCE OF THIN FILM 

COMPOSITE MEMBRANES: POL YETHERSULFONE SUPPORTS 1 

1 This chapter is reproduced with permission from L. Zhu, M. Yavari, W. Jia, E. P. Furlani and H. Lin, 
Industrial & Engineering Chemistry Research, 2017, 56, pp. 351-358. Copyright 2017 American 
Chemical Society 
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6.lSUMMARY 

Gas permeation through ultrathin film composite (uTFC) membranes can be restricted by the 

pore size and porosity of the porous supports, resulting in a permeance reduction. While this 

geometric restriction has been demonstrated using empirical and computational models, a 

systematic experimental validation of the models is still lacking. This study addresses the gap by 

preparing a series of uTFC membranes comprising glassy perfluoropolymers (such as Teflon® 

AF1600 and Hyflon® AD80) as selective layers on top of a commercial polyethersulfone (PES) 

microporous support, and investigating the effect of the surface morphology and selective layer 

thickness on gas permeance. The geometric restriction resulted from the porous support becomes 

more severe as the selective layer becomes thinner. For example, the PES support decreases gas 

permeance of a 100-nm-thick Hyflon® AD80 film by as much as 42%. The experimental data 

agrees well with the modeling results, which convincingly confirms that porous supports with 

high porosity and small pores are needed to prepare high flux uTFC membranes. This study also 

provides a non-intrusive method in determining the pore size and porosity of support surface, 

despite the great non-uniformity. 

6.2 INTRODUCTION 

Membrane technology has been widely practiced for large scale industrial applications.1
-3 For 

example, membrane plants with ~100,000 m2 membrane have been constructed to treat ~1 billion 

4 5standard ft3/day natural gas by removing C02_- The cost of membrane skids is usually a 

significant portion of overall membrane plants, and scales almost linearly with the membrane 

area. ' 6 The growth of membrane industrial applications has partially benefited from continuous 
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improvement of membranes permeance to reduce the membrane area required and thus the 

associated costs. s, 7 

Industrial membranes are often thin film composite (TFC) membranes comprising a thin 

selective layer on top of a microporous support with smooth surface and good mechanical 

strength,6 as shown in Figure 1. The porous supports are often made of low-cost and 

low-permeability polymers such as polyethersulfone (PES) and polysulfone (PSf). The support 

surface often has porosity of 1-10% and pore radii of 10-100 nm, which conducts the permeated 

flow with negligible resistance.8
-
9 However, as the selective layer becomes thinner, the support 

may exhibit geometric restriction for the permeated flow, i.e., the penetrants need to travel longer 

distance to the pores on the support surface, which increases the effective length of the diffusion 

path in the selective layer and generates a concentration gradient, as shown in Figure 1. This 

behavior has been experimentally observed for reverse osmosis membranes. 10
-
11 In addition, 

several models including analytical approaches11
-
14 and computational mass transport 

simulations15
-
18 have been used to rationalize the geometric effect. For example, the presence of 

support is estimated to decrease gas permeance by as much as 85% compared with a freestanding 

film with a thickness the same as the pore diameter, when the support surface has a porosity of 

2.8%. 18 However, to date, no systematic experimental studies have been reported in the literature 

that validate theoretical predictions, due in part to the challenges in fabricating defect-free uTFC 

membranes, and accurately determining the support surface morphology. 19
-
20 
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Figure 6.1. Schematic diagram of gas permeation through a uTFC membrane with the effect of 
geometric restriction.6

' 
18 The support surface has an average pore radius of r. The pores may 

have dead-ends or pore penetration of the selective layer material during the coating. 

In our prior work, 18 6-µm-thick track-etched polycarbonate (PC) films with uniform and 

straight pores were used as model porous supports to prepare TFC membranes. The experimental 

and modeling data are consistent and demonstrate the geometric restriction for gas permeation 

derived from porous supports. However, the PC films are too weak for the TFC membranes to be 

used for industrial gas separation. More importantly, the industrial microporous supports have 

non-uniform pore size and significant tortuosity, which vastly differ from the PC films. 

Therefore, there is a crucial need to determine the surface morphology of industrial supports and 

understand its effect on gas permeance in the uTFC membranes. 

In this work, a commercial PES ultrafiltration membrane is selected as a model support to 

prepare a series of uTFC membranes comprising various thicknesses (50 - 400 nm) of 

perfluoropolymer selective layers. The surface morphology of the PES support is determined 

using scanning electron microscope (SEM) and the dusty gas model (DGM). Three amorphous 

glassy perfluoropolymers, Teflon® AF1600, Hyflon® AD80 and Hyflon® AD40 with excellent 

21 22thin film forming property and good resistant to physical aging18 
, - are chosen as the selective 

layers. The experimentally determined gas permeance is compared with the ideal permeance and 

modeling values. The results provide a useful guideline for the selection and design of 

microporous supports to prepare high flux uTFC membranes. 
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6.3. BACKGROUND 

6.3 .1. Modeling the effect ofa porous support on gas permeance 

The effect of the geometric restriction on gas permeance for component A can be 

characterized using membrane permeance efficiency (/JA), which is defined using Eq. 1 :18 

(P4 /l)/3 = · ApparenJ. 

A (P ll)
A Ideal (6.1) 

where (PAll)Apparent is the experimentally determined gas permeance for the TFC membrane and 

(PAll)1deal is the ideal permeance without the influence of the porous support. The (PAll)1deal can 

be calculated using permeability coefficient of gas component A in the selective layer material 

(PA) and the thickness of the selective layer (l). The gas permeance has a unit of gpu, where 1 

gpu = 10-6 cm3(STP)/cm2 s cmHg = 7.5x10-12 m3(STP)/m2 s Pa. Lower /JA values indicate more 

severe geometric restriction from the porous support on gas permeance. 

Wijmans and Hao have developed an empirical equation to estimate membrane permeance 

efficiency for supports with non-uniform pore arrangement and porosity ranging from 1% to 

80%, which is expressed as below: 16 

_ ¢+I.6N~-1 

/3.4 
- 1+ l .6N~-1 

(6.2) 

where ¢ is the effective porosity on the support surface, and NR is a dimensionless number 

defined using the following expression: 

S-¢
N=

R }-¢ 
(6.3) 
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where S is the scaled selective layer thickness (S=llr, where r is pore radius of the support 

surface). This empirical model is remarkably consistent with computational fluid dynamics (CFD) 

simulation and therefore, it is used in this study. 

6.3.2. The dusty gas model (DGM) 

The dusty gas model (DGM) provides a non-intrusive way to characterize effective pore size 

9 23 26and effective porosity in the whole porous supports, 1 , - This model has been successfully 

used to characterize track-etched PC supports with uniform pore size and porosity, 18 and it is 

briefly described here. The permeance (IA) in a porous support for gas component A can be 

expressed as:25 

(6.4) 

where Ao (cm3(STP)/cm3 cmHg) and Bo (cm3(STP)/cm2 cmHg) are geometric factors, R is the 

gas constant (6236 cmHg cm3/mol K), Tis the temperature (K), MA is the molecular weight of 

gas A (g/mol), p (cmHg) is the average pressure of the feed and permeate, and µA (cmHg s) is 

the viscosity of the gas component A. 

The effective pore radius (r) and effective porosity (dq2
) of a porous support can be 

estimated using the following equations: 18 
-
19 

(6.5) 

2 

!_=~(RT-I )
q2 1.6Bo skin 

(6.6) 

where l skin is the skin layer thickness of the porous support, E: is the porosity in the whole support, 

and q is tortuosity of the support. Since porous supports do not have a well-defined skin layer, 1 
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the l skin value cannot be directly determined, which makes it impossible to accurately calculate 

the dq2 value. In general, the lskin value should be much lower than the overall support thickness, 

due to the asymmetric nature of the microporous supports. 1 

6.4 EXPERIMENTAL SECTION 

6 .4 .1 Materials 

PES ultrafiltration membrane with a nominal molecular weight cut-off of 4,000 Dalton was 

purchased from Sepro Membranes Inc. (Oceanside, CA). Teflon® AF1600 was purchased from 

DuPont (Wilmington, DE). Hyflon® AD80 and Hyflon® AD40 were purchased from Solvay 

Solexis Inc. (West Deptford, NJ). Ethoxy-nonafluorobutane (Novec™ 7200) was supplied by the 

3M Company (Maplewood, MN). Isopropyl alcohol was purchased from VWR International 

(Radnor, PA). !so-octane and N, N-dimethylformamide (DMF) were obtained from Thermal 

Fisher Scientific (Waltham, MA). Gas cylinders of H2 (ultrahigh purity), N2 (ultrahigh purity), 

CH4 ( chemical purity), and CO2 (high purity) were obtained from Praxair Inc. (Buffalo, NY). 

6.4.2 Pretreatment and characterization ofPES support 

The commercial PES ultrafiltration membrane contains glycerin to preserve the porous 

structure, which needs to be removed before its use for fabricating TFC membranes. First, a 

sheet of PES support was immersed in deionized water and sonicated in an ultrasonic cleaner 

(Quantrex®, L&R Manufacturing Co., Kearny, NJ) for 30 min. Second, the support was 

transferred into isopropyl alcohol and sonicated for 30 min. Third, it was immersed in iso-octane 

and sonicated for 60 min. Finally, the support was air-dried overnight in a fume hood before 

characterization or preparation of the TFC membranes. The solvent exchange in the order of 
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water, isopropyl alcohol and iso-octane with decreasing surface tension is performed to avoid the 

collapse of the pore structure during the drying process. 

The surface and cross-section structure of the PES support was characterized using a focused 

ion beam SEM (Zeiss Auriga, Germany) and a field emission SEM (Hitachi SU70, Japan), 

respectively. The cross-section sample was prepared by cutting the frozen support membrane in 

liquid nitrogen. Before imaging, a thin film of gold was deposited on the sample surface to make 

it electronically conductive using electron-beam evaporation deposition (AXXIS, Kurt J. Lesker 

Company, Jefferson Hills, PA). To avoid damage of the PES support by the high-energy electron 

beam, the sample was imaged with an electron beam at low voltages between 2 kV and 5 kV. 

ImageJ, an image processing program developed at the U.S. National Institute of Health (NIH), 

is utilized to statistically estimate the pore size and surface porosity based on the obtained SEM 

images.27 

The effective pore size and effective porosity of the PES support are also characterized by 

the dusty gas model using Eqs. 5 and 6.18 Pure-gas permeance of CH4, N2 and CO2 through this 

PES support was measured using a constant pressure/variable volume apparatus.28 The feed 

pressure varied from 30 to 150 psig, while the pressure difference between the feed and permeate 

side was kept at 10 psi. The gas flux through the membrane was determined using bubble flow 

meters. 

6.4.3 Determination ofpure-gas permeability ofperfluoropolymers 

Pure-gas permeability of the perfluoropolymers (including Teflon® AF1600, Hyflon® AD80 

and Hyflon® AD40) was determined to provide a baseline for TFC membranes comprising these 

polymers as selective layers. Freestanding films were prepared by solution casting. Polymers 
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were dissolved in Novec™ 7200 to form 10 wt% solutions, which were then drawn on a glass 

plate using a casting knife (The Paul N. Gardner Co., Pompano Beach, FL). After drying in a 

fume hood for 24 hr, the films were then peeled off from glass substrates in deionized water and 

dried in a vacuum oven for 24 h at 80 °C. The film thickness was measured using a Starrett® 

micrometer (L.S. Starrett Co., Athol, MA). These films have a thickness of about 10 µm. 

Pure-gas H2, CO2 and N2 permeability in these freestanding films was determined using a 

constant volume/variable pressure apparatus at 35 °C.28 The gas flux through the films was 

calculated from the pressure increase rate in the downstream with a known volume. 

6.4.4 Preparation and characterization of TFC membranes 

The TFC membranes were fabricated by solution coating on top of the pretreated PES 

supports in the procedures described below. First, a coating solution was prepared by dissolving 

the polymer in Novec™ 7200 at a content of 0.3 wt%, 0.6 wt%, 1.0 wt% or 2.0 wt%. After 

stirring, the homogeneous solution was filtered using a syringe filter with pore size of 0.5 µm. 

Second, the solution was coated on top of the PES support using an automatic drawdown 

machine (Gardco® DP8301, The Paul N. Gardner Co., Pompano Beach, FL). Third, the TFC 

membrane was dried using a heat gun for 15 seconds and then in a vacuum oven at 80 °C for 2 h 

to evaporate Novec™ 7200 (which has a boiling temperature of 76 °C). The thickness of the 

selective layer in the TFC membranes was varied by varying the polymer concentration of the 

coating solutions. The viscosity of the coating solutions (1.0 wt%) was determined using a 

NDJ-5S digital rotary viscometer (Jingtian Electronic Instrument Ltd., Shanghai, China) at 23 °C. 

Pure-gas permeance of H2, CO2, and N2 in the TFC membranes was determined using a 

constant pressure/variable volume apparatus at 35 °C with a feed pressure of 50 - 100 psig.28 The 
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gas permeance measurement was performed within 24 h after the drying to minimize the effect 

of physical aging of the thin film polymer on gas permeance. 

The thickness of the selective layer was measured using a film thickness measurement 

spectrometer (F20, Filmetrics, San Diego, CA) following the procedures described below. 18 The 

PES support was dissolved by DMF, and the floating selective layer was transferred onto a 

silicon wafer (UniversityWafer, Boston, MA). The film was dried in the air for 24 hand then in a 

vacuum oven at 80 °C for another 2 h. The thickness was determined by collecting and fitting the 

spectra of the sample in the wavelengths of 380 - 1050 nm. 18 The Filmetrics F20 has an accuracy 

of the greater of 1 nm and 0.4% of the reading. 

6.5 RESULTS AND DISCUSSION 

6.5.1 Characterization ofPES support 

As the porous support for the TFC membrane, the pretreated PES support was characterized 

using SEM and the DGM method for the pore structure. Fig. 6.2a shows the SEM image of the 

surface morphology of the PES support. There are irregular pores with a wide range of pore sizes. 

Fig. 6.2b shows the pore size distributions, which are obtained from the ImageJ analysis of Fig. 

6.2a. Pores with the radii of 6 - 28 nm are statistically counted, and the pores with the radii less 

than 6 nm are not visible in the SEM image. According to the histogram, most of the pore radii 

are in the range of 6 -16 nm. A further ImageJ analysis on five different surface SEM images 

provides an average pore radius of 10 ± 4 nm and a surface porosity of 25 ± 1 %. 
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Figure 6.2 Characterization of the pretreated PES support using SEM: (a) surface morphology, 
(b) pore size distributions, ( c) cross-section, and ( d) skin layer region. 

Fig. 6.2c presents the cross-section of the PES support comprising a PES layer on top of 

non-woven polyester fabric layer. The PES layer has a finger-like structure with an overall 

thickness of around 50 µm. Fig. 6.2d shows that the dense skin layer of the PES support can be 

as thin as 500 nm, which may be a good estimate to calculate the values of d q2 based on eqn 

(6.6). 

Fig. 3 shows the linear dependence of pure-gas (CO2, N2, and CH4) permeance in the PES 

support on the average pressure of the feed and permeate side of the support. The data can be 

satisfactorily described using the DGM mothod (i.e., eqn 6.4), and the Ao and Bo values obtained 
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for different gases are in good agreement with each other, as summarized in Table 6.1. The pore 

radius can be derived from eqn ( 6.5), and has an average value of 11.8 ± 0.6 nm. The uncertainty 

is estimated based on error propagation for each of the measured parameters. 29 The pore radius 

value is consistent with that from the SEM results. In this study, the radius of 11.8 nm is used for 

further modeling, since it is directly obtained from permeation tests and has less uncertainty than 

that from the SEM results. 
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Figure 6.3 Gas permeance of CO2, N2 and CH4 as a function of average feed and permeate 
pressure of the PES support at 22 °C. The lines are best fittings based on eqn (6.4). 

Table 6.1 Analysis of the Pore Structure in the PES Support Using the DGM Method 

Parameters CO2 N2 CH4 Average 

Ao x 106 [cm3(STP)/cm3 cmHg] 
Bo x 1012 [ cm3(STP)/cm2 cmHg] 

2.06 
1.11 

2.10 
1.41 

2.05 
1.15 

2.07 
1.22 

r(nm) 10.8 ± 0.4 13.4 ± 0.5 11.3 ± 0.6 11.8 ± 0.6 
d q2 (%) 0.80 ± 0.11 0.97 ± 0.14 0.93 ± 0.14 0.90 ± 0.14 
E: (%) based on m =0.86 30 7.7 ± 1.1 9.3 ± 1.3 8.9 ± 1.3 8.7 ± 1.3 

With the dense skin layer thickness (lskin) of 500 ± 70 nm from Fig. 6.2d, the effective 

2porosity (dq ) can be calculated using Eq. 6 and the results are shown in Table 6.1. The d q2 
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values derived from the permeance of the three gases agree with each other. On the other hand, 

the average value of 0.90% is much lower than the surface porosity of 25% based on the SEM 

photos, which can be ascribed to the following two reasons. First, the d q2 parameter considers 

the tortuosity (q) of the overall PES support, which can be expressed as below:30 

q=l-mln£ (6.7) 

where m is an adjustable parameter and has been reported to be 0.86 for fixed beds of 

parallelepipedal particles or 1.66 for fixed beds and suspensions of glass spheres.30 With an d q2 

value of 0.009, eqn (6.7) yields an c value of 8.7% form= 0.86, and 15% form= 1.66. These 

values are on the same order of magnitude as the surface porosity (25%) obtained from the SEM 

photos. 

Second, as shown in Fig. 6.1, the pores on the PES surface visualized from the SEM photos 

may have dead-ends, resulting in an overestimation of the effective porosity using the SEM 

photos.31
-
32 Therefore, the effective surface porosity is probably between 8.7% (which represents 

the minimum value) and 25% (which represents the maximum value). The exact value of the 

effective surface porosity will be obtained by the model fitting of the experimental results, which 

is shown in the Section 6.5.3. 

6.5 .2 Pure-gas permeability ofperfluoropolymers 

The intrinsic permeability of the perfluoropolymers will be used to calculate the ideal 

permeance (i.e., (PAll)1dea1), providing a baseline to interpret the geometric restriction in the TFC 

membranes. Since gas permeability of glassy polymers can be significantly affected by the 

processing conditions and history such as solvents and drying conditions,21
, 33 the freestanding 

films were prepared with the same procedures as the fabrication of TFC membranes in terms of 

148 

https://spheres.30


solution preparation and film drying. Table 6.2 summarizes the obtained gas permeability and 

gas/N2 selectivity of the freestanding perfluoropolymer films at 35 °C. Hyflon AD polymers 

exhibit lower gas permeability and higher gas/N2 selectivity than Teflon® AF1600, due to the 

lower free volume in Hyflon® AD and thus stronger size sieving ability.34 The gas/N2 selectivity 

in all polymers is higher than those reported in the literature. For example, the measured CO2/N2 

selectivity in Teflon® AF1600, Hyflon® AD80, and Hyflon® AD40 at 35 °C is 5.5, 7.1 and 9.2, 

respectively, while the corresponding reported value is 4.7, 6.3, and 8.1, respectively.34
-36 Such 

discrepancy in the gas selectivity is presumably caused by the different procedures in preparing 

the films used in the literature from this study, such as different solvents and thermal annealing 

history.34
, 37 The gas selectivity results in this study will be used later to validate if the obtained 

TFC membranes are defect-free or not. 

Table 6.2 Pure-gas Permeability and Selectivity in Freestanding Films of Perfluoropolymers 
and PES38-39 at 35 °C 

Teflon® AF1600 Hyflon® AD80 Hyflon® AD40 PES38-39 

Gas PA Gas/N2 PA Gas/N2 PA Gas/N2 PA Gas/N2 
(Barrer) selectivity (Barrer) selectivity (Barrer) selectivity (Barrer) selectivity 

H2 930 7.2 390 11 230 18 
CO2 720 5.5 250 7.1 120 9.2 2.8 34 
N2 130 35 13 0.082 

1 Barrer= 10-10 cm3(STP) cm/cm2 s cmHg = 7.5x10-18 m3(STP) m/m2 s Pa. 

Table 6.2 also compares the gas separation properties in the perfluoropolymers with those in 

the dense PES films, which is used to fabricate the porous support. The perfluoropolymers 

exhibit permeability almost two orders of magnitude higher than PES,38-39 which corroborates 

with the schematics of the TFC membranes as shown in Fig. 6.1, i.e., the porous support is 

comprised of almost impermeable walls and pores at tens of nanometers. It may also be 

interesting to study the effect of the porous supports with non-negligible permeability on 
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membrane permeance. However, it is beyond the scope of this study to develop such new porous 

supports that are suitable for the fabrication of TFC membranes. 

6.5 .3. Comparison of experimental and modeling results 

Table 6.3 summarizes pure-gas permeance of the uTFC membranes based on 

perfluoropolymers at 35 °C. The permeance is independent of feed gas pressure (50-100 psig), 

indicating that the TFC membranes are defect-free. The gas/N2 selectivity in these Teflon® 

AF 1600 based TFC membranes is the same as that of bulk Teflon® AF 1600 film. On the other 

hand, gas/N2 selectivity for Hyflon® AD based TFC membranes is slightly lower than that of 

their freestanding films (as shown in Table 6.2). For example, the CO2/N2 selectivity is 7.1 and 

9.2 in the freestanding films of Hyflon® AD80 and Hyflon® AD40, respectively, while it is 6.5 

and 8.1 in their corresponding TFC membranes. Since the freestanding films and TFC 

membranes were prepared using the same protocol, the discrepancy may derive from the 

thickness of the polymer films. It has been reported that thin films of glassy polymers ( < 1 µm) 

have lower gas selectivity than the bulk polymers.20, 40 On the other hand, the reasonably high 

gas/N2 selectivity in these TFC membranes suggests that they are free of defects. 

The gas selectivity values also indicate that there is essentially no gas transport through PES 

(as shown in Fig. 6.1). Since PES has a CO2/N2 selectivity of 34 (cf., Table 6.2) that is much 

higher than those of perfluoropolymers, any transport resistance exerted by PES would have 

significantly increased the CO2/N2 selectivity. 
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Table 6.3. Pure-gas Permeance and Selectivity of uTFC Membranes at 35 °C, as well as Their 
Selective Layer Thickness (l) and Permeance Efficiency (/JA) 

CO2 /JAfor each gas l CO2/N2 Average
Polymer permeance(nm) selectivity /JACO2 H2 N2(gpu) 

50 8600 4.9 0.60 0.58 0.67 0.62 
Teflon® 100 5400 5.4 0.76 0.75 0.78 0.76 
AF1600 175 3800 5.8 0.93 0.90 0.90 0.91 

370 2000 5.8 1.0 0.97 0.95 0.97 
45 2200 6.4 0.39 0.45 0.44 0.43 

Hyflon® 100 1300 6.6 0.53 0.62 0.58 0.58 
AD80 180 990 6.5 0.71 0.80 0.78 0.76 

350 610 6.5 0.85 0.95 0.94 0.91 
Hyflon® 135 310 8.1 0.35 0.39 0.39 0.38 
AD40 365 150 8.2 0.46 0.52 0.52 0.50 

The thickness of the selective layer in the TFC membranes was determined using Filmetrics 

F20 instrument after dissolving the PES layer. The (PAll)1deal values are calculated using the 

permeability determined in this study (as shown in Table 6.2), which are then used to calculate 

the /JA for each TFC membrane using eqn (6.1). The /JAvalues for each gas are reasonably 

consistent, and the average of those will be used for further analysis. All /JAvalues for TFC 

membranes are lower than 1.0, suggesting that gas transport across the TFC membrane is 

restricted by the PES support. Thinner selective layer leads to lower /JAvalues, indicating a more 

severe restriction due to the porous support, which is consistent with modeling results. 15
-
18 For 

typical industrial membranes comprised of 100-nm selective layers, the selection of porous 

supports can be critical. For example, the uTFC membrane with 100-nm Hyflon® AD80 exhibits 

a permeance efficiency of 0.58, suggesting that the PES support causes a permeance loss of 42% 

by geometric restriction. 
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To better understand the geometric restriction of the PES support on gas permeance across 

the uTFC membranes, the experimental /JA is compared with the modeling data (cf., eqn (6.2)),16
, 

18 as shown in Fig. 6.4a. By fitting the experimental data for the TFC membranes based on 

Teflon® AF1600 and Hyflon® AD80 using eqn (6.2), the best fit for effective surface porosity is 

12%, which is within the range of 8.7% - 25%. It is noticed that the value of 12% is not an 

average of 8.7% and 25%, which are the lower limit (estimated using the DGM considering 

tortuosity) and the upper limit ( determined using surface SEM images without considering 

tortuosity or dead-ends), respectively. The consistency is remarkable, considering the complexity 

in charactering the support morphology and preparing defect-free ultrathin film membranes. 
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Figure 6.4 Effect of geometric restriction on gas permeances in the TFC membranes based on 
PES support: (a) comparison of experimental /JA values (represented by the symbols) with the 
modeling data (represented by the red curve); (b) effect of pore penetration on /JA of the TFC 
membranes based on Hyflon® AD40. The curve in Figure 4b is drawn based on Eq. 2 assuming 
there is severe pore penetration. 16

, 
18 

Fig. 6.4a shows that the experimental /JA values for Hyflon® AD40 based TFC membranes, 

which were made from 1.0 and 2.0 % coating solutions, are much lower than the modeling data 
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with the effective surface porosity of 12%. One of the possible reasons could be the pore 

penetration of the coating solution, as shown in Fig. 6.1. For example, the viscosity of the 

coating solutions is a key factor determining thin film forming properties. The viscosity is 

1. 1 x 10-3 Pa s, 0. 7x 10-3 Pa s, and 0.69x 10-3 Pa s for the coating solution containing 1 wt% 

Teflon® AF1600, Hyflon® AD80 and Hyflon® AD40 at 23 °C, respectively. Lower solution 

viscosity results in more tendency for pore penetration, which may partially account for the 

lower experimental /JAvalues for Hyflon® AD based TFC membranes than Teflon® AF1600 

based ones. On the other hand, Hyflon® AD40 based membranes show lower /JAvalues than 

Hyflon® AD80 based ones, although the solution viscosity values are similar. Another 

observation is that unlike Teflon® AF1600 and Hyflon® AD80, the solutions containing 0.3% 

and 0.6% Hyflon® AD40 cannot be made into defect-free TFC membranes, indicated by much 

lower CO2/N2 selectivity than the bulk film (as shown in Table 6.2). The detailed permeance 

results of defective membranes are not presented for briefness. This behavior is presumably due 

to the pore penetration, leading to defects. There are other factors affecting the thin film 

formation on the porous support, such as surface tension. However, it is beyond the scope of this 

study to explore the relationship between the properties of coating solutions and defect formation 

in thin films. 

To elucidate the possible influence of pore penetration on permeance efficiency of TFC 

membranes, the experimental /JAvalues of the Hyflon® AD40 based membranes are fitted using 

the model, as shown in Figure 4b. In this model, the pores on the support surface are minimized 

by solution penetration, and the amount of pores remains the same. The best fitting (based on eqn 

(6.2)) shows that the average pore size shrinks from 11.8 nm to 3.1 nm, and the effective surface 

porosity reduces from 12% to 0.8% (due to the pore penetration). However, there is no effective 
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technique to visualize and confirm the pore penetration in the nano-size pores. Therefore, to 

design ultrathin film composite membranes, it is critical to quantitatively understand the solution 

coating process, such as the solution flow on top of porous plates.41 

In conclusion, there is a good consistency of our experimental data with the modeling results 

confirming the geometric restriction of porous supports on gas permeance in the TFC 

membranes based on Teflon® AF1600 and Hyflon® AD80. Our analysis confirms that the 

preparation of ultrathin film composite membranes requires porous supports with high porosity 

and small pores. To obtain defect-free thin films, the coating solutions need to be optimized in 

terms of solvent type, composition, and other properties that are key to determine the thin film 

forming ability.41 

6.6 CONCLUSIONS 

The geometric restriction of a porous support on gas permeance is elucidated in two-layer 

TFC membranes comprising an industrial PES ultrafiltration membrane as the support. Both 

SEM imaging and the dusty gas model consistently yield an average surface pore radius of 11.8 

nm, and an effective surface porosity between 8.7% and 25%. Ultrathin film composite 

membranes were prepared using three glassy perfluoropolymers, Teflon® AF1600, Hyflon® 

AD80 and Hyflon® AD40. As expected, the PES support exerts significant geometric restriction 

to gas permeation through the TFC membranes, and the restriction becomes more severe for 

thinner selective layers. For example, the experimental /JA values can be as low as 0.43 for a 

membrane with 45-nm-thick selective layer. 

For TFC membranes based on Teflon® AF1600 and Hyflon® AD80, the experimental /JA 

values agree reasonably well with modeling results, yielding an effective surface porosity of 12%, 
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l 

which is in agreement with the results from the SEM imaging and DGM method. However, TFC 

membranes based on Hyflon® AD40 shows much lower /JAvalues than expected, presumably 

due to the pore penetration. In general, both experimental and modeling results suggest that the 

fabrication of uTFC membranes requires porous supports with high porosity and small pores, as 

well as coating solutions with good film forming properties. 
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6.8 NOMENCLATURE 

Ao geometric factor in eqn 6.4 (cm3(STP)/cm3 cmHg) 

Bo geometric factor in eqn 6.4 (cm3(STP)/cm2 cmHg) 

CFD computational fluid dynamics 

DGM the dusty gas model 

1A permeance of component A through a porous support ( cm3(STP)/cm2 s cmHg) 

thickness of a membrane selective layer ( cm) 

l skin skin layer thickness of a porous support ( cm) 

m adjustable parameter (see eqn 6.7) 

molecular weight of gas A (g/mol) 

a dimensionless number defined in eqn 6.3 

p average pressure of the feed and permeate sides of the membrane ( cmHg) 
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permeability coefficient (Barrer, 1 Barrer= 10-10 cm3(STP) cm/cm2 s cmHg = 

7.5 x10-18 m3(STP) m/m2 s Pa) 

2P/l gas permeance (gpu, 1 gpu = 10-6 cm3(STP)/cm s cmHg = 7.5 x10-12 m3(STP)/m2 

s Pa) 

(P/l)Apparent experimentally measured gas permeance (gpu) 

(P/l)Jdeal ideal permeance calculated from polymer permeability and film thickness (gpu) 

q tortuosity of a porous support in eqn 6.6 

r pore radius of a porous support (nm) 

R gas constant (6236 cmHg cm3/mol K) 

s scaled selective layer thickness (S = llr) 

T temperature (K) 

TFC thin film composite 

uTFC ultrathin film composite 

/JA membrane permeance efficiency for gas component A 

porosity of a porous support 

effective porosity of a porous support defined in Eq. 6 

viscosity of gas component A ( cmHg s) 

effective surface porosity of a porous support 
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CHAPTER 7 

THIN FILM COMPOSITE MEMBRANES FOR H2 PURIFICATION AND CO2 
CAPTURE 
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7.lSUMMARY 

Thin film composite (TFC) membranes for industrial gas separation are often comprised of a 

thin selective layer (100 nm or less) and a porous support that provides mechanical strength. This 

chapter demonstrates fabrication and characterization of TFC membranes for industrial H2/CO2 

separation at syngas processing temperatures (150 °C or above). Thermally stable 

polybenzimidazole (PBI) is used as a material for both selective layer and the porous support layer. 

Highly permeable PBI porous supports with pore size of 14 nm and porosity of 15% were prepared 

via a phase inversion method. 70 to 600 nm thick PBI thin films were coated to perform molecular 

separation with high flux. The resulting TFC membranes exhibit superior H2/CO2 separation 

properties in a simulated shifted syngas (50%H2/50%CO2) at 150 - 230 °C. For example, a TFC 

membrane with a selective layer thickness of 70 ± 10 nm presents H2 permeance of 330 GPU (1 

GPU= 10-6 cm3 (STP)/(cm2s mmHg)) and H2/CO2 selectivity of 90 at 230 °C. Such performance 

well beats the other state-of-the-art H2/CO2 separation membranes, suggesting the promising 

application of our PBI based TFC membranes for H2 purification and CO2 capture. 

7.2 PREPARATION AND CHARACTERIZATION OF POROUS SUPPORTS 

TFC membranes for industrial H2/CO2 separation are usually operated at or near 150 °c. 1
-
2 In 

this case, porous supports should have high service temperature that is 150 °C or above. However, 

commercial porous supports that usually made from polyacrylonitrile (PAN), polyvinylidene 

fluoride (PVDF), polyethersulfone (PES) and polysulfone (PSF) are not thermally stable at such 

elevated temperatures. PBI has glass transition temperature of 437 °C and does not degrade until 

4600 °c,3- and thus it is an ideal starting material for preparation of high-temperature porous 

support. Such PBI porous supports can be fabricated on top of stainless steel mesh cloth a via a 
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phase inversion method in the following procedure. 5 First, 15 g PBI (PBI Performance Products 

Inc., Charlotte, NC) was dissolved in 85 g dimethylacetamide (DMAc) solution, forming a viscous 

polymer dope. Second, 5 g PEG 400 (Fisher Scientific, Waltham, MA) was added into the 15wt.% 

PBI/DMAc solution resulting in the weight ratio of 15 PBI: 85 DMAc: 5 PEG. Third, this mixture 

was kept in capped glass bottle stirring at 75 °C overnight. The solution was allowed to cool down 

and stand statically for 1 day to degas. Third, 2 mL of the polymer dope was cast on the 10 x 15 

cm stainless steel mesh cloth (McMaster-Carr, Elmhurst, IL) using a casting knife with gate 

clearance of 100 µm) on a flat glass plate. Forth, the PBI membrane was gently transferred into a 

water bath with the temperature set at 50 °C for 30 min. Fifth, water was gradually exchanged out 

of the membrane in methanol and iso-octane baths. The time interval for solvent exchange was 30 

min. This PBI membrane was finally dried in a fume hood overnight. Fig. 7 .1 displays the 

photograph of a resulting PBI porous membrane. 

Figure 7 .1 A photograph shows a PBI porous support fabricated on the top of stainless steel mesh 
cloth, which has superior thermal stability and mechanical strength. 

The morphology of this PBI porous membrane was characterization using scanning electron 

microscopy (SEM, Zeiss Auriga, Germany). Fig. 7 .2a shows the surface SEM images of the 

support. It has a pore diameter of about 14 nm and surface porosity around 15%. As shown in Fig. 

7 .2b, this porous membrane has finger structure on the cross-section with a porous skin layer of 
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around 500 nm-thick. Such porous structure makes this membrane highly permeable. At room 

temperature (23 °C), it has H2 and CO2 permeances ofca. 410,000 and 110,000 GPU, respectively, 

indicating its negligible resistance for gas transport. For comparison, industrial PES porous support 

has a CO2 permeance of ca. 100, 000 GPU.6 With excellent mechanical strength, great thermal 

stability and ultrahigh permeance, our PBI porous membranes are ideal building blocks for 

constructing TFC membranes that used at elevated temperatures of 150 °C or above. 

Figure 7.2 SEM images of (a) surface and (b) cross-section of a PBI based porous support 
membrane. 

7.3 DESIGN AND FABRICATION OF TFC MEMBRANES 

(a) Two-layer composite membranes7 (b) Three-layer composite membranes8 

Figure 7.3 Schematics of thin film composite membranes: (a) a conventional two-layer membrane 
comprised of a selective layer ( on top of a porous support; (b) a three-layer composite membrane 
with a gutter layer between the selective layer and support. 
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Chapter 5 and 6 discuss the geometric restriction of the porous support in gas permeance in 

conventional two-layer TFC membranes as shown in Fig. 7.3a.6
, 
9 Recent studies suggest a three

layer structure to mitigate the geometric restriction effect by introducing a highly permeable 

"gutter" layer between the selective layer and the porous support as shown in Fig. 7.3b. 10
-
11 The 

gutter layer is often prepared from materials with extremely high permeability but low selectivity, 

such as poly[(1-trimethylsilyl)-1-propyne] (PTMSP)12 and polydimethylsiloxane (PDMS)13
• Due 

to its high permeance, the gutter layer channels the permeate into the surface pores, thereby 

reducing the geometric restriction characteristic of two-layer structures, without adding significant 

transport resistance. 14 Therefore, our TFC membranes are designed as shown in Fig. 7 .4a, where 

a highly permeable polydimethylsiloxane (PDMS) gutter layer is applied between the selective 

layer and the porous support. This PDMS gutter layer protects PBI support membrane from 

dissolving or etching by any aggressive coating solutions and also avoids any pore penetration 

effect during the coating procedure. In this design, all the materials have service temperature above 

200 °C. 

(a) (b) 
PBI based selective layer 

PDMS gutter layer 

,.... ,,,,.,.,,..,,,,._,,.....,....,,,,._,_.,x,,,.........,,,,,,_,,,,..,__..,..,,.,._...,,.....,,,._.,,,-..,..,,...,..._,,,... 

;::~::t~:~::~$1atata'S:s::st~t:~~:::i:i::~:~:~: 
;~~;~~::::::~~::::::mas11~ii1~111:::x:~t:r;~~~::::::;:,,............,, ..., ... ......, .....,,...,.....,,...,.;,•.-.,.... .,....,.........,...,, ..., ... ......... ......,....,...,,,..,.;,•.•,-..., ...,.,,.....,........,,,.., 
,...,,.,...,,,........,.,, ,,,._ ..,_.,,..,,- .,,, ....,,,...,,.,...,,....... ,,.,,,,,._,,, .,,·.·-,,-..."•' '-'·' '"''''"''' 

.. ------·--·--·-- ······----·• --------·--··-- ·· ·-------

Figure 7.4 (a) Schematic illustration of a three-layer composite membrane with porous support, 
polydimethylsiloxane (PDMS) gutter layer and PBI based selective layer, and (b) a photograph of 
a resulting TFC membrane. 
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In a proof-of-concept study, around 2.5 µm-thick defect-free PDMS gutter layer was coated 

on an as-prepared PBI porous support (Fig. 7 .4b) using a fine brush. The PDMS layer provides H2 

and CO2 permeance of 350 and 1500 GPU at 23 °C, respectively. It shows CO2/H2 selectivity of 

4.3, which is the same as PDMS bulk film properties, 15 suggesting the PDMS layer is defect-free. 

Afterward, this PDMS coated PBI support was treated with oxygen plasma, which making its top 

surface hydrophilic. After plasma treatment, PDMS layer showed superior wettability and 

compatibility to the coating solution containing PBI and DMAc. The photograph in Fig. 7 .4b 

shows a resulting TFC membrane. During the coating process, we did not see any solvent 

penetration across the gutter layer, indicating this gutter layer can effectively prevent the pore 

penetration effect. Gas permeation measurement indicates this membrane is defect free, and has 

H2 and CO2 permeance of 4.2 and 0.5 GPU at 23 °C, respectively. Due to the thick gutter and 

selective layer, this demo sample shows small gas permeance and low H2/CO2 selectivity (8.4). 

Nevertheless, this preliminary study demonstrates it is feasible to fabricate defect-free PBI based 

TFC membranes for high temperature H2/CO2 separation using our design. In order to fabricate 

high flux TFC membranes, we used dip coating technique to prepare thin gutter layer ( ca. 400 nm) 

and ultrathin selective layer (100 nm or less) as described elsewhere. 16 Fig. 7 .5 displays the cross

section of a resulting TFC membrane with 120 nm thick selective layer and 400 nm-thick gutter 

layer. 
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Figure 7.5 A photograph of a three-layer composite membrane prepared via dip coating method. 
From bottom to top is PBI porous support, PDMS gutter layer, and PBI based selective layer. 

7.4 H2/CO2 SEPARATION PROPERTIES OF TFC MEMBRANES 

MFC 
~ vent 

CO2 feed --~ MFC 

,, _____________ ----------
' ' ' '-~--~~ 

Temperature __ __ _____ _j lalaaaaaj Permeation I 
controlled oven ! ~---~~ cell ! 

' - --------- - --------- - ___ __ __ __ ___ __ __ __ __ ' ·- -- J 

SweepSweep in--- MFC out 

GC 

Figure 7 .6 Schematic illustration of a constant-pressure and variable-volume apparatus for high
temperature mixed-gas permeation measurement. P: pressure gauge, R: backpressure regulator, 
MFC: mass flow controller, and GC: gas chromatography. 

H2/CO2 separation performance was evaluated using a constant-pressure and variable-volume 

11 18 apparatus as illustrated in Fig. 7.6.3, - The entire permeation apparatus was placed in a 

temperature-controlled oven at 150 - 230 °C. Digital mass flow controllers (SmartTrak 100, Sierra 

Instruments Inc., CA) were used to control the flow rate of the sweep and feed (including the 

H2/CO2 composition). In this study, we use gas mixture of 50%H2/50%CO2 in the feed stream. A 
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backpressure regulator was used to control the feed pressure, and the permeate pressure was 

maintained at 0.02 psig using a metering valve. The composition of gas mixtures was determined 

by gas chromatography using a 3000 Micro GC Gas Analyzer (Inficon Inc., Syracuse, NY). We 

controlled the total feed flow rate at 100 cm3 min-1
, which is greater than the permeate gas flux 

(<5 cm3 min-1
), and therefore the stage-cut is less than 5 %. The mixed-gas permeance (PAil) of 

18 gas component A can be calculated using eqn (7.1):17 
-

(7.1) 
x sweep A/1.pA 

where S is the flow rate of the sweep gas, and XA and Xs weep are the mole fraction of gas component 

A and sweep gas (N2 in this study) in the sweep-out stream, respectively. ilpA is partial pressure 

drop of gas component A. 19 

Table 7.1 Mixed-gas separation properties of a TFC membrane at 150 - 230 °C. The feed gas 

comprises of 50%H2 and 50% CO2 at a pressure of 100 psig. The selective layer is 70 ± 10 nm. 

Temp 
(°C) 

Stage cut(%) 
H2 permeance 

(GPU) 
CO2 permeance 

(GPU) 
H2/CO2 

Selectivity 

150 1.5 140 1.8 77 

200 2.5 240 2.7 90 

230 3.0 330 3.6 90 

Table 7.1 summanzes mixed-gas separation properties of a TFC membrane at different 

temperatures ranging from 150 to 230 °C. Increasing operating temperature exponentially 

increasing both H2 and CO2 gas permeance because gas diffusion in polymers has an exponential 

dependence on temperature. H2/CO2 selectivity also increases with increasing temperature owing 

to PBI's stronger size sieving ability at a higher temperature.4 The effect of feed pressure and 
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mixed-gas composition on separation performance was also investigated. As shown in Table 7 .2, 

this TFC membrane shows H2 permeance of 440 GPU and H2/CO2 selectivity of 90 when the feed 

gas is 100% H2 or CO2 (pure-gas). After switching the feed gas to a binary gas mixture comprising 

of 50%H2/50%CO2 or 25% H2/75%CO2. Both H2 permance and H2/CO2 selectivity are slightly 

lower than its pure-gas separation properties because the competitive sorption of the gas mixtures 

decreases H2 solubility and thus permeability.20-21 Nevertheless, this sample exhibits superior 

H2/CO2 separation performance with a H2 permeance of 430 GPU and H2/CO2 selectivity of 81 at 

230 °C in this mixed-gas test. The difference of CO2 content (50 - 75%) in the gas mixture has 

minimal effect of gas separation performance. However, feed pressure has a significant impact on 

both gas permeance and H2/CO2 selectivity. For example, at the feed of 50%H2/50%CO2, 

increasing feed pressure from 50 to 150 psig decreases H2 permeance from 430 to 380 GPU while 

CO2 permeance slightly increases from 5.3 to 5.6 GPU. As a result, H2/CO2 selectivity also 

decreases from 81 to 68. This phenomenon may be ascribed to the concentration polarization:22 

H2 and CO2 permeate the membrane at different rates, there is a gradual build-up in the 

concentration of slowly permeating CO2 in the feed as the more permeable H2 pass through the 

membrane. At higher feed pressure, this effect becomes much more severe since H2 flux is 

proportional to feed pressure, leading to a decrease in driving force for H2 permeation. This issue 

can be addressed by increasing feed gas flux. 
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Table 7 .2 Mixed-gas separation properties ofa TFC membrane under different feed gas conditions 
at 230 °C. 

Pressure Feed H2 permeance CO2 permeance H2/CO2 
(psig) H2/CO2 (GPU) (GPU) Selectivity 

100 100/0 440 I 90 

100 0/100 I 4.9 I 

150 50/50 380 5.6 68 

100 50/50 400 5.6 71 

50 50/50 430 5.3 81 

150 25/75 350 5.2 68 

100 25/75 380 5.2 74 

50 25/75 410 5.1 81 
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Figure 7.7 (a) A stability test on a PBI based TFC membrane at 230 °C for 12 hours. The feed gas 

contains 50%H2 and 50%CO2, and the selective layer thickness is around 70 nm. (b) Comparison 

of our TFC membranes with the state-of-the-art membranes for H2/CO2 separation. 

The short-term stability of the PBI based TFC membrane was investigated by monitoring its 

gas separation performance under a 100 psig mixed gas (50%H2/50%CO2) flow at 230 °C for 12 

hours. As shown in Fig. 7 .7a, there is neither performance decay nor physical aging observed in 
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this ca. 70 nm thick PBI thin film, suggesting its excellent thermal stability and mechanical 

strength. We also compare our TFC membrane performance with the other state-of-the-art 

membranes in Fig. 7 .7b. Any competitive membranes with a good combination of gas permance 

and H2/CO2 selectivity should appear at upper right comer in the plot. Our membranes with H2 

permeance near 400 GPU and H2/CO2 selectivity of 80 - 90 well beat the other membranes 

including PBI/ZIF-8 mixed matrix membranes,23 polyamide,24 Proteus® membranes that are the 

only commercial membrane for H2/CO2 separation from MTR, Inc. (Newark, CA), and PBI hollow 

fiber membranes (SRI International, CA) which are now in pilot-scale demonstration of syngas 

purification.25 

7.5 CONCLUSIONS AND FUTURE WORKS 

In this work, we fabricated PBI based TFC membranes using PBI porous support membranes 

and PBI selective layer, and have demonstrated their H2/CO2 separation performance at shifted 

syngas processing temperature (150 °C or above) with different feed gas conditions. The following 

conclusions can be made from this study: 

(1) Thermally stable porous support membranes were made from PBI/PEG 400/DMAc dope. The 

porous supports have a pore size of 14 nm and surface porosity as high as 15%, leading to 

remarkable H2 permeance of 400,000 GPU. Such porous supports providing negligible resistance 

to gas transport are ideal building blocks for TFC membranes. 

(2) A PDMS gutter layer was introduced to protect PBI support from dissolving or etching by any 

aggressive coating solutions and also provides smooth surface for ultrathin film preparation. 

(3) Three-layer TFC membranes were fabricated with the selective layer as thin as 70 ± 10 nm, 

presenting extraordinarily high H2 permeance of ca. 400 GPU at 230 °C. The membrane 
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preparation history we used probably leads to densification of PBI, providing strong size sieving 

ability with H2/CO2 selectivity of 80-90. Our membranes are superior to the other state-of-the-art 

membranes in terms ofH2/CO2 separation performance, suggesting the promise of these PBI based 

TFC membranes for industrial H2 purification and CO2 capture. 

(4) PBI in the form of thin film(< 100 nm) exhibits much higher H2/CO2 selectivity (80-90) than 

that ( ca. 16) in its bulk film (> 1 µm) . 

Future work should focus on understanding how membrane preparation histories such as 

drying temperature and solvent evaporation rate affect chain packing efficiency and size sieving 

ability of PBI. 
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Polymeric membranes have been proposed as energy-efficient and low-cost process for 

industrial H2 purification and CO2 capture. This dissertation presents three series of novel 

membrane materials including cross-linked PBI, polyprotic acid doped PBI, and PBI-Pd mixed 

matrix material for this specific application. We also investigated the effect of porous support on 

gas transport in industrial membranes, providing a guide to design porous supports for high flux 

thin film composite membranes. Combining the experience in development of novel membrane 

materials and porous supports, we successfully fabricated a high-performance thin film composite 

membrane for H2/CO2 separation. Its performance is superior to any other state-of-the-art H2 

purification membranes 

CROSS-LINKED PBI 

We report, for the first time, a facile approach to cross-link PBI to enhance H2/CO2 selectivity 

for H2 purification and CO2 capture at elevated temperatures. A series of XLPBis were prepared 

with different degrees of cross-linking by treating PBI films at solid state with TCL in THF 

solutions for varying times. Increasing the cross-linking time increases cross-linking density, gel 

content and density, and decreases Mc, FFV, d-spacing, and gas permeability. The free volume 

model can be used to satisfactorily correlate gas permeability and polymer FFV in PBI and XLPBis. 

At 35 °C, the H2/CO2 selectivity increases from 12 for PBI to 22 for XLPBI-6H, and then decreases 

to 18 for both XLPBI-18H and XLPBI-24H, which is in distinct contrast with the literature where 

cross-linking PBI in solutions decreased H2/CO2 selectivity. PBI and XLPBI-6H films are stable 

at temperatures of above 200 °C, and they were evaluated with pure-gas and binary gas mixture 

containing 50% H2 and 50% CO2 at 100 - 200 °C. Increasing the temperature enhances H2 

permeability and has minimal effect on H2/CO2 selectivity. For example, XLPBI-6H exhibits H2 
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permeability of 39 Barrers and H2/CO2 selectivity of23 at 200 °C, which is above the Robeson's 

upper bound predicted for 200 °C, demonstrating its promise for membrane H2/CO2 separation at 

elevated temperatures. 

POL YPROTIC ACID DOPED PBI 

We have demonstrated, for the first time, the enhancement of polymer chain-packing 

efficiency by doping with polyprotic acids to improve the size-sieving ability and H2/CO2 

separation properties in PBI at 150 °C. The polyprotic acids (H3PQ4 or H2SO4) form complexes 

with PBI, which are stable up to 200 °C and show great promise for H2 purification and CO2 

capture. The acid doping has a negligible effect on gas sorption, and it significantly reduces FFV 

and d-spacing, and thereby drastically improves H2/CO2 diffusivity selectivity. For example, PBI

(H3PQ4)1.o exhibits an unprecedented H2/CO2 selectivity of 140, which is much higher than that of 

any known polymers, and superior or comparable to the emerging 2D materials such as GOs, MoS2 

and MOFs. The free volume model is successfully used to correlate the gas permeability and 

structural changes induced by acid doping. 

PBI-PD MIXED MATRIX MATERIALS 

In this study, defect-free PBI/Pd mixed matrix materials (MMMs) were prepared with Pd 

loading up to 70 wt% (or 20 vol%). Dispersion ofPd NPs in PBI provides extremely high H2/CO2 

solubility selectivity of 21, which is over 100 times higher than that in PBI. The enhanced H2 

sorption improves both H2 permeability and H2/CO2 selectivity. For example, PBI/Pd MMMs 

achieve the best combination of H2 permeability ( 68 Barrers) and H2/CO2 selectivity (29) with 

70wt% Pd loading at 150 °C. This performance is significantly above the 2008 upper bound 
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empirically drawn for 150 °C, suggesting MMMs are promising materials for industrial H2 

purification and CO2 capture. 

POROUS SUPPORT STUDY I 

This study convincingly verifies that the porosity, pore size and pore dispersion of the porous 

support exerts geometric restrictions on the gas transport in the thin selective layer, resulting in a 

decrease in the gas permeance of the thin film composite membranes. Commercial track-etched 

polycarbonate films with straight cylindrical pores were used as the model supports for TFC 

membranes. An amorphous glassy perfluoropolymer, Teflon® AF1600, was chosen as the 

selective layer material due to its good capability in forming defect-free thin films and good 

stability in the thin films for gas permeation. Defect-free membranes based on Teflon AF1600 

and four PC supports with various pore sizes and porosity have been successfully prepared and 

thoroughly characterized. There is a good agreement between the experimental and CFD 

simulation data, confirming that porous supports have a significant geometric restriction on the 

gas permeation. The restriction becomes more severe with decreasing the support porosity and the 

scaled selective layer thickness. With a support porosity of 3.2% (within the range for typical 

industrial supports), the membranes may have the permeance efficiency as low as 0.10 when the 

selective layer thickness equals to the pore diameter ( or S = lslr = 2), which suggests that the 

membrane loses 90% permeance compared to that without a porous support. Even at the scaled 

selective layer thickness of 10 ( or S = 10), the permeance efficiency is only 0.34 for the membrane 

with a support porosity of 3.2%. 

Both experimental and simulation results based on the model PC supports suggest that high 

flux TFC membranes require supports with high porosity and small pores with regular arrangement. 
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The future work will investigate TFC membranes based on the industrial porous supports, 

providing a more direct and practical guidance in designing TFC membranes with high flux. 

POROUS SUPPORT STUDY II 

The geometric restriction ofa porous support on gas permeance is elucidated in two-layer TFC 

membranes comprising an industrial PES ultrafiltration membrane as the support. Both SEM 

imaging and the dusty gas model consistently yield an average surface pore radius of 11.8 nm and 

an effective surface porosity between 8.7% and 25%. Ultrathin film composite membranes were 

prepared using three glassy perfluoropolymers, Teflon® AF1600, Hyflon® AD80 and Hyflon® 

AD40. As expected, the PES support exerts significant geometric restriction to gas permeation 

through the TFC membranes, and the restriction becomes more severe for thinner selective layers. 

For example, the experimental /JAvalues can be as low as 0.43 for a membrane with 45-nm-thick 

selective layer. 

For TFC membranes based on Teflon® AF 1600 and H yflon ® AD80, the experimental /JAvalues 

agree reasonably well with modeling results, yielding an effective surface porosity of 12%, which 

is in agreement with the results from the SEM imaging and DGM method. However, TFC 

membranes based on Hyflon® AD40 shows much lower /JAvalues than expected, presumably due 

to the pore penetration. In general, both experimental and modeling results suggest that the 

fabrication of uTFC membranes requires porous supports with high porosity and small pores, as 

well as coating solutions with good film-forming properties. 

THIN FILM COMPOSITE MEMBRANES 
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In this work, three-layer TFC membranes were fabricated with the selective layer as thin as 70 

± 10 nm, presenting extraordinarily high H2 permeance of ca. 400 GPU at 230 °C. The membrane 

preparation history we used probably leads to densification of PBI, providing strong size sieving 

ability with H2/CO2 selectivity of 80-90. Our membranes are superior to the other state-of-the-art 

membranes in terms ofH2/CO2 separation performance, suggesting the promise of these PBI based 

TFC membranes for industrial H2 purification and CO2 capture. 
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