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SUMMARY 

In this work, carbon molecular sieve (CMS) dense film membranes derived from 

6FDA-DAM:DABA (3:2) polyimide precursor were studied for separation of mixed 

olefins (C2H4 and C3H6) from paraffins (C2H6 and C3H8). Olefin-selective CMS 

membranes with high performance can be made by pyrolysis of metal-containing 

polymeric precursors. Pyrolyzed at 550°C with a fast ramp rate, CMS membranes with 

integrated Fe2+ (2.2 wt% in the precursor) showed 19% higher C2H4/C2H6 and 11% higher 

C3H6/C3H8 sorption selectivity than that of the neat CMS membrane. Additional 

investigations with a quaternary mixture feed (C2 and C3 hydrocarbons) show that C2H4 

permeability above 10 Barrers with C2H4/C2H6 permselectivity near 11 were achieved for 

the 3.2 wt% Fe loading case. Although Fe incorporation did not appear to promote 

C3H6/C2H6 permselectivity, Fe is useful to achieve impressive C2 pair olefin/paraffin 

separation. Deconvolution of the C2H4/C2H6 permselectivity for the more extensively 

studied 2.2 wt% loading case was also revealing. While both sorption and diffusion 

selectivity increased due to the Fe incorporation, a larger influence is seen on the diffusion 

selectivity versus the sorption selectivity. This added diffusion selectivity was dominated 

by a contribution from an entropic factor with Fe, which is the feature for CMS materials 

to surpass conventional polymer membranes. 
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CHAPTER 1. INTRODUCTION 

1.1 Production of Olefins 

Light olefins, such as ethylene (C2H4) and propylene (C3H6), are key building 

blocks for a wide range of petrochemicals and valuable polymers. Ethylene and its 

derivatives are used to produce various polymers, such as polyethylene (PE), polyethylene 

terephthalate (PET), and polyvinyl chloride (PVC)1. On the other hand, propylene is the 

raw material for chemical derivatives such as polypropylene (PP), acrylonitrile (ACN), 

propylene oxide (PO), cumene, and acrylic acid2. The global production capacity for 

ethylene and propylene in 2015 is 171 million metric tons per year (MTPA) and 111 

MTPA, respectively. Based on the high demands for olefins, their global production 

capacities are considered to grow 34.7% (ethylene) and 18.7% (propylene) between 2015 

and 20203–5, as shown in Figure 1.1. 
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Figure 1.1. Historical and projected global production capacities for ethylene and 
propylene after 20103–7 

 

Currently, the majority of olefins are produced by steam cracking of hydrocarbon 

feedstocks derived from either naphtha or natural gas liquids. A simplified steam cracking 

route for producing ethylene and propylene is shown in Figure 1.2. A mixture of the 

feedstocks is heated at high temperature inside a furnace, and this cracking process break 

down the long chain hydrocarbons into smaller molecules, including methane, hydrogen, 

ethylene, propylene, butadiene, butylenes, benzene, toluene, and other co-products. To 

meet the specifications for various products, a series of separation processes is essential for 

recovering the desired products from by-products. Among the separation units, 

olefin/paraffin separation is normally the final step in the production of olefins.  

0

50

100

150

200

250

300

2010 2015 2020

G
lo

ba
l p

ro
du

ct
io

n 
ca

pa
ci

ty
 

(M
TP

A)

Year

Propylene Ethylene



 3

 

Figure 1.2. Schematic of a simplified steam cracking route for producing olefins 

 

The separation of olefin from paraffin is typically carried out by distillation, and 

the flow scheme of a simplified olefin plant is shown in Figure 1.3. As highlighted in the 

figure, a deethanizer separate C2 hydrocarbons (ethylene and ethane) from C3 

hydrocarbons (propylene and propane). At the top product stream of the deethanizer, there 

is a C2-splitter for separating ethylene from ethane, while at the bottom product stream, a 

C3-splitter is used to separate propylene from propane. Because of the similar boiling 

points of the olefin and its corresponding paraffin pairs, a large scale of distillation column 

with 120 to 180 trays and high reflux ratios are required to meet industrial scale production 

levels. In addition, since the critical temperature of ethylene is about 10 °C (~92 °C for 

propylene), moderately low temperatures and high pressures are typically used for 

optimum operating conditions, which can cost more for capital design. Hence, the 

distillation technology for olefin/paraffin separation has high capital cost and high energy 
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consumption. It is, therefore, appealing to develop an alternative technology to replace or 

modify such conventional method of olefin/paraffin separation.  

 

 

Figure 1.3. Schematic of flow paths of ethylene and propylene in a simplified olefin 
plant8 
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1.2 Membrane Technology for Gas Separations 

Membrane separation is an emerging technology, and it has been suggested that 

membrane technology may provide attractive alternative to traditional thermally driven 

methods for gas separation because of lower capital and operating costs9. Currently, 

insufficient selectivity, a narrow range of useful operation conditions, and high 

manufacturing costs limit the application of membranes for distillation replacement10. 

Nevertheless, several studies have shown that a combination of membranes and 

conventional distillation units can provide better separation performance with attractive 

energy and economic savings11,12.  

Conventional polymeric membranes have been well studied for gas separations. 

Polymer membranes have good mechanical and chemical properties, and the membranes 

are currently implemented in industry for gas separation applications, except for 

olefin/paraffin separation13. In 1991, Robeson14 reported that the performances of solution-

processable polymers are limited by a trade-off relationship (commonly referred to as the 

polymer upper bound) between productivity (permeability) and separation efficiency 

(selectivity) for common gas pairs. Recently, Rungta et al.15, and Burns and Koros16 

reviewed published extensions to include upper bounds for C2H4/C2H6 and C3H6/C3H8 

separation respectively (see Figure 1.4 (a) and (b)). The plots show that polymeric 

membranes are limited with respect to olefin/paraffin separation performance, and it is 

desirable to surpass these upper bounds. 
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(a) (b) 

Figure 1.4. (a) C2H4/C2H6 and (b) C3H6/C3H8 experimental upper bound plot for 
polymer dense membranes15,16  

 

A new class of materials for gas separations, carbon molecular sieve (CMS) 

membranes, has been shown to achieve performances well above the upper bound 

relationship for many gas pair separations, such as O2/N2, CO2/CH4, C2H4/C2H6, and 

C3H6/C3H8
17–22. The rigid size-selective ultramicropores in CMS membranes allow them 

to surpass conventional polymer membranes. Although CMS membranes are still in their 

infancy, they are believed to be promising candidates for gas separations. 

1.3 Olefin-Selective CMS Membranes 

Standard binary olefin/paraffin membrane separations (C2H4/C2H6 and C3H6/C3H8) 

have been investigated by several researchers, and hybrid membrane-distillation systems 

were proposed for energy and economic savings. A possible implementation of C2 and C3 

separation membrane units in process is shown in Figure 1.5 (a)23. For each distillation 

column, a parallel membrane unit is installed for debottlenecking. Xu et al.23 have 

demonstrated that the ‘slit-like’ structures of CMS membranes enable separation of bulk 
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olefins (C2H4 and C3H6) from paraffins (C2H6 and C3H8). A proof of concept study further 

demonstrated that a hybrid system with this olefin-selective membrane can not only 

debottleneck a C2 splitter but also potentially eliminate the need for a costly C3 splitter, as 

illustrated in Figure 1.5 (b)23. In this work, this approach was further pursued and novel 

CMS membranes containing metal ions for such separation of bulk olefins from paraffins 

were studied. 

As will be discussed, achieving this goal requires balancing more factors than is 

needed for a standard binary olefin/paraffin separation (C2H4/C2H6 or C3H6/C3H8) based 

solely on size. Specifically, the large olefin (C3H6) is only slightly more compact in 

molecular sieving size than the small paraffin (C2H6), which makes an olefin-selective 

membrane challenging. Nevertheless, by including metal ions into CMS membranes, the 

C3H6 has the potential for sorption selectivity enhancement to further promote its 

permselectivity relative to C2H6. The advanced metal-containing CMS membranes made 

in this work have significantly improved bulk olefin/paraffin separation performance, 

which will be reported later.  
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(a) 

 
  
  

(b) 

 

Figure 1.5. Schematic of hybrid membrane-distillation systems for olefin 
purification23 

 

1.4 Research Objectives 

The principal goal of this work is to understand the factors controlling performance 

of carbon molecular sieve (CMS) dense membranes for the separation of mixed olefins 

(C2H4 and C3H6) from paraffins (C2H6 and C3H8). In collaboration with The Dow Chemical 

Company, we envision that the application of olefin-selective membranes can achieve 
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significant energy savings and even reduced process footprint. The specific objectives are 

illustrated below. 

Objective 1: Evaluation of viability of selected metal in CMS membranes for increasing 

olefin/paraffin sorption selectivity (Chapter 4) 

For either glassy polymer or carbon membranes, separation of olefin from the 

corresponding paraffin is dominated by diffusion selectivity, while sorption selectivity has 

little influence24,25. Since this work focuses on developing olefin-selective CMS 

membranes for the separation of mixed olefins (C2H4 and C3H6) from paraffins (C2H6 and 

C3H8), improving olefin/paraffin sorption selectivity was felt to be a good strategy to 

separate the large olefin (C3H6) from the small paraffin (C2H6) more efficiently. A key 

difference between olefins and paraffins is the fact that olefins have carbon-carbon double 

bonds. Bloch et al.26 indicated that coordinatively unsaturated Fe2+ cation sites in metal-

organic frameworks (MOFs) can selectively interact with unsaturated bonds in olefin 

molecules and increase C2 and C3 olefin/paraffin pairs adsorption selectivity. Also, several 

researchers have successfully made metal-containing CMS membranes to improve the 

separation performances27–31, but none of them have studied the effects of Fe2+ on 

olefin/paraffin separation. 

If correctly tailored, CMS membranes with metal incorporation may be able to 

separate mixed olefins from paraffins more efficiently. This work proposed that integrating 

selected metal ions into polymer precursors can enable CMS membranes to significantly 

raise sorption selectivity for olefin/paraffin, and ultimately permselectivity. The first 

objective in this work is to evaluate the effects of metal ions on the sorption of olefins by 
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pressure decay sorption measurements. Starting materials and pyrolysis conditions for 

forming the metal-containing CMS membranes were investigated to explore the impacts 

on the separation properties.  

Objective 2:  Investigation of effects of iron loadings & studies on alternative metal 

species for olefin-selective CMS membranes (Chapter 5) 

This work focuses on developing an advanced olefin-selective CMS membrane 

with high C2H4/C2H6, C3H6/C3H8, and most importantly, C3H6/C2H6 permselectivities. 

Preliminarily, 2.2 wt% of Fe(II) in a form of Fe(acac)2 was studied for the metal 

incorporation into CMS membranes, and the improved C2 and C3 pairs sorption 

selectivities have been observed when a suitable pyrolysis protocol was applied. The added 

favorable properties with Fe can be further pursued by altering the loading of Fe as well as 

by substituting alternative metal species into membranes. The second objective is to 

investigate the effects of Fe loadings as well as metal species on the separation performance 

for olefin-selective CMS membranes. While permeation performance is more critical than 

sorption for the gas separation applications, this work explored permeation measurements 

with a mixture consisting C2 and C3 hydrocarbons to determine gas transport properties in 

the membranes.  

Objective 3: Analysis of effects of iron on performance of iron-containing CMS 

membranes (Chapter 6) 

As an improvement in C2H4/C2H6 separation has been observed with the Fe 

incorporation into the Fe-containing CMS membranes, it is important to better understand 

the effects of Fe on the fundamental gas transport properties. This objective is to decouple 
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the effects of Fe on C2H4/C2H6 separation performance into a sorption contribution and a 

diffusion contribution. Permeation, sorption, and diffusion properties of the single-

component C2H4 & C2H6 for the Fe-containing CMS membranes will be reported. Besides, 

the trade-off in terms of separation efficiency and productivity of various CMS films (Fe-

containing and Fe-free CMS materials derived from different pyrolysis protocols) will be 

analyzed. To confirm the competitive performance of the Fe-containing CMS membranes 

studied in this work, the performance of the membranes will be compared with other 

membrane materials reported previously. 

Objective 4:  Characterization of effects of testing temperature on olefin/paraffin 

separation performance of iron-containing CMS membranes (Chapter 7) 

Gas transport properties, including permeation, sorption, and diffusion 

performance, are temperature-dependent. As the Fe-containing CMS membranes 

developed in this work have shown impressive olefin/paraffin separation performance, 

studying the temperature dependence of the membranes performance will be pursued in 

this objective to better understand the properties of this type of CMS membranes. By 

analyzing the temperature dependence results, the feature of added diffusion selectivity 

based on an entropic factor for the CMS membranes will be proven in this objective as 

well.  

1.5 Dissertation Organization 

Including this introductory chapter, this dissertation contains 8 chapters. Chapter 2 

outlines the background knowledge and fundamental theories relevant to this work. 

Chapter 3 describes the materials, experimental procedures, and characterization 
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techniques used in this work. Chapter 4–7 are the main chapters, presenting the research 

results corresponding to the four objectives listed above. Finally, Chapter 8 summarizes 

the key findings and contributions for each objective in this work, and recommendations 

for the future studies are outlined in the chapter as well. Appendices are provided at the 

end of this dissertation as supplemental information.  
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CHAPTER 2. BACKGROUND AND THEORY 

2.1 Overview 

This chapter outlines the background knowledge and fundamental theories relevant 

to this work. Section 2.2 introduces the structure of carbon molecular sieve (CMS) material 

and its attractive pore distribution for gas separation applications. Section 2.3 reviews 

important fabrication factors controlling the performance of optimized CMS membranes. 

Section 2.4 describes the transport theories of gas penetrating through both polymer and 

CMS membranes, and major advantages of CMS membranes over polymer membranes are 

also discussed in this section.  

2.2 Structure of Carbon Molecular Sieve Membranes 

CMS membranes can be formed by thermal decomposition of polymer precursors 

through heating in an inert or vacuum environment. The residual material is primarily 

carbon after removal of volatile decomposition compounds during pyrolysis. Most CMS 

membranes used for gas separation have a disordered sp2 hybridized carbon sheet 

morphology, which is amorphous and more or less isotropic; referred to as a so-called 

turbostratic structure as illustrated in Figure 2.11,2.  
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Figure 2.1. Schematic of turbostratic structure of CMS membranes with disordered 
sp2 hybridized carbon sheets1,2 

 

The resulting CMS membranes consist of ultramicropores (<7 Å) within the carbon 

sheets while micropores (7~20 Å) can be formed from packing imperfections between the 

carbon sheets. Unlike crystalline molecular sieve materials (e.g., zeolites), the pore 

distribution of CMS materials is not sharply defined. Still, the pore structure of a CMS 

membrane can be idealized with a ‘slit-like’ structure, as shown in Figure 2.2 (a). The 

micropores are connected by the ultramicropores, forming a selective passageway for gas 

to be transported. An idealized pore size distribution in a CMS membrane is envisioned as 

being bimodal, as illustrated in Figure 2.2 (b)3. For gas separation applications, the 

ultramicropores offer selective molecular sieving, while micropores allow for sorption sites 

and high diffusion coefficients. The combination of ultramicropores and micropores make 

CMS membranes an attractive material for gas separations. 
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(a) (b) 

Figure 2.2. (a) idealized ‘slit-like’ pore structure of CMS membranes and (b) idealized 
bimodal pore size distribution in CMS membranes3 

 

2.3 Formation of Carbon Molecular Sieve Membranes 

As mentioned before, CMS membranes are formed by thermal decomposition of 

polymer precursors, and the separation performance is strongly dependent on the pore size 

distribution. Some factors have been identified critical as in carbon membrane fabrication, 

such as (a) polymer precursor, (b) pre-treatment of polymer precursor, (c) pyrolysis 

temperature protocol, (d) pyrolysis atmosphere, and (e) post-treatment of CMS 

membranes. The effects of each factor are discussed below.  

2.3.1 Polymer Precursor 

The choice of polymer precursor is influential in the properties of the resulting CMS 

membrane. This precursor variable can even span different polymer families. A variety of 

thermosetting polymers have been studied as precursors for CMS membranes, such as 

polyacrylonitrile (PAN)4, phenolic resin5, poly(furfuryl alcohol) (PFA)6,7, 

dc

dtv

dλ

dc  : Ultramicropore dimension 
dtv : Adsorptive pore dimension 
dλ : Jump length

UltramicroporeMicropore
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poly(vinylidene)-based polymers8, cellulose derivatives9, and polyimides10–16. Among 

those precursors, polyimides have drawn much attention due to their ease of processability, 

attractive CMS transport, and good mechanical properties17,18.  

The intrinsic properties of polymer precursors that have significant effects on the 

resulting CMS membranes include fractional free volume (FFV), chemical structure, glass 

transition temperature (Tg), and decomposition temperature (Td). The relationship between 

above properties of polyimides and the performance of the resulting CMS membranes have 

attracted research interest. 

The relationship between chemical structure of polyimides and gas permeation 

properties of their CMS membranes has been studied by many researchers. Park et al.11 

suggested that the increase of FFV in the polyimides by methyl substituents led to more 

permeable CMS membranes. Kiyono19 indicated that 6FDA-based polyimide with bulky 

CF3 group had higher FFV and that the evolution of this CF3 group during pyrolysis 

provided higher microporosity in the resulting CMS membranes.  

The difference between Tg and Td of a polymer precursor have impacts on the 

morphology of resulting asymmetric membrane during pyrolysis. Xu et al.20,21 showed that 

6FDA-based polyimide with a small temperature interval between Tg and Td could retain 

the porous supporting layer in hollow fiber during pyrolysis, resulting in higher permeance.  

As discussed later, 6FDA-based polyimides are suitable precursors for CMS 

membranes, and for the purpose of this work, 6FDA-DAM:DABA (3:2) was chosen as the 

starting material derived to CMS membranes for improved olefin/paraffin separations.  
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2.3.2 Pre-Treatment of Polymer Precursor 

Pre-treatments have been used to ensure the stability of porous polymer precursors 

and the preservation of their structure during pyrolysis. Sometimes, multiple pre-treatment 

methods are used to achieve desired properties of the resulting CMS membranes. 

Oxidation pre-treatment of polymer precursors has been commonly used to prevent 

asymmetric membranes from collapsing and to stabilize the structure during pyrolysis. 

Kusuki et al.22 indicated that pre-oxidizing asymmetric polyimide hollow fiber membranes 

under air at 400 °C could maintain the asymmetric structure and result in CMS membranes 

with high separation performance. Besides oxidation, chemical treatments are also used to 

provide an enhanced porosity of the resulting CMS membranes. Bhuwania et al.23 recently 

developed a novel method to restrict the morphology collapse in asymmetric CMS hollow 

fiber membranes by a sol-gel cross-linking reaction between organic-alkoxy silane and 

moisture on polyimides. This treatment contributed to a 5–6 fold reduction in apparent 

membrane separation layer thickness compared to the CMS membranes derived from 

untreated precursors, leading to the retention of the asymmetric morphology for the 

resulting CMS membranes.  

In the current study, pre-treatment methods of the dense film polymer precursors 

were not explored since porosity collapse is not a problem. The goal of this work is to 

investigate other approaches, such as fabrication of polymer precursors and pyrolysis 

process, to enhance the separation performance of the resulting CMS membranes. 
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2.3.3 Pyrolysis Temperature Protocol 

Polymer precursors can turn into carbon materials when heated under a controlled 

temperature protocol during pyrolysis. A typical pyrolysis temperature protocol is 

represented by Figure 2.3 showing three phases: ramp, soak and cooling. A pyrolysis 

protocol consists of several parameters: pyrolysis temperature (the highest temperature 

during pyrolysis process), ramp rate (the heating rate reaching the highest temperature), 

and thermal soak time (the time held at highest temperature). Each of the parameters can 

have impacts on the performance of the resulting CMS membranes, and their effects are 

discussed in below subsections.  

 

 

Figure 2.3. Representative pyrolysis temperature protocol with three phases: ramp, 
soak, and cooling 

 

 

T 
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2.3.3.1 Pyrolysis Temperature 

Final pyrolysis temperature has a remarkable influence on the properties of the 

resulting CMS membranes, and it usually lies between decomposition temperature and 

graphitization temperature of the polymer precursor24, typically in the range of ~500–1000 

°C in the current literature. Generally, higher pyrolysis temperature allows for tighter pore 

structures in the resulting CMS membranes, leading to higher selectivity but less 

permeation. This trend has been confirmed by several studies on various polyimides for 

gas separation applications of O2/N2, CO2/CH4, CO2/N2, C2H4/C2H6, and C3H6/C3H8
15,25–

28. 

Steel and Koros15 studied the effects of pyrolysis temperature on gas separation by 

pyrolyzing two different polyimides (Matrimid® and 6FDA:BPDA-DAM (1:1)) at a final 

temperature in a range of 500 °C and 800 °C. For small gas pairs (O2/N2 and CO2/CH4), 

the results showed that as pyrolysis temperature increased from 550 °C to 800 °C, the 

permeability of the fast gas decreased while the permselectivity increased, and this trend 

was found with CMS membranes derived from both polymer precursors. For larger 

penetrants, such as C3H6 and C3H8, CMS membranes derived from Matrimid® with 500 °C 

pyrolysis temperature had optimum performance in both permeabilities of fast gas and 

permselectivity, while the optimum performance of CMS membranes derived from 

6FDA:BPDA-DAM (1:1) was found to be at 550 ⁰C pyrolysis temperature. 

Overall, the pyrolysis temperature has significant impacts on the performance of 

the resulting CMS membranes. The optimum pyrolysis temperature depends on the 

selection of polymer precursors and the aspects of applications.  
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2.3.3.2 Ramp Rate 

Ramp rate, the heating rate reaching the highest temperature, used for pyrolysis can 

also tune the performance of CMS membranes. Suda and Haraya29 investigated the ramp 

rates between 1.33–13.3 ⁰C/min for CMS membranes derived at 1000 ⁰C from Kapton® 

polyimide. The results showed that the increasing ramp rate tended to increase permeability 

and reduce selectivity. It is believed that at a slower ramp rate, the combination of a slower 

evolution rate of volatile compounds and a longer overall pyrolysis time can allow for pore 

sintering. This then results in smaller pore size of CMS membranes and lower permeability.  

2.3.3.3 Thermal Soak Time 

After reaching the pyrolysis temperature, the carbon materials can be soaked at the 

final temperature to finely tune the microstructure in CMS membranes for desired transport 

properties. Some studies have shown that increasing soak time gives rise to higher 

selectivity with lower permeability, and it is because that increasing soak time leads to 

microstructural rearrangements and pore sintering15,30. 

2.3.4 Pyrolysis Atmosphere 

Pyrolysis environment in which the pyrolysis is conducted can also have significant 

effects on the resulting CMS membranes structure and performance. Pyrolysis is usually 

performed with inert gas purge or under vacuum to prevent undesired burn off and 

chemical damage of the precursors. Previous studies have shown that vacuum atmosphere 

yielded more selectivity but less permeable CMS membranes than that with inert gas 

purge27,31.  
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Geiszler and Koros31 studied the type of inert purge gas for pyrolysis of 6FDA:BPDA-

DAM (1:1) at 550 ⁰C for O2/N2 and H2/N2 separations. They found that little difference 

was seen among the CMS membranes pyrolyzed in the three purge gases: argon, helium, 

and carbon dioxide. On the other hand, Kiyono et al.19,32,33 have found that ppm level of oxygen 

in argon as purge gas could finely tune the CMS membrane separation performance. The 

addition of the trace oxygen resulted in an increase in selectivity and a moderate decrease in 

permeability. It is believed that the oxygen in the purge gas can selectively chemisorb onto the 

edge of ultramicropores in CMS materials during pyrolysis, resulting in a finely tuned 

molecular sieving window.  

When an inert gas purge is used, the inert gas flow rate is also a considerable 

parameter for CMS membrane formation. An increase in gas flow rate enhances the 

transfer of decomposition byproducts away from CMS membranes and prevents deposition 

of further decomposed byproducts on the surface of membranes31. Researchers have 

studied inert flow rate with 50 and 200 cc(STP)/min during pyrolysis and found the effects 

of flow rate were less significant on the performance of CMS dense films34. 

2.3.5 Post-Treatment of CMS Membranes 

Some post-treatments have been applied to improve separation performance by 

finely adjusting pore dimensions and distributions in CMS membranes. Post-oxidation is a 

commonly used method which can increase pore size without broadening the pore size 

distribution35. In addition, selectivity can be increased with chemical vapor deposition 

(CVD) by introducing organic species into pore system of CMS membranes36. Coating 

techniques, on the other hand, can repair defects and minor cracks in CMS membranes 
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after pyrolysis37. Besides, post-pyrolysis is a treatment that can be used to further decrease 

membrane pore size38.  

While post-treatment methods may be useful in tuning the CMS pore structures, 

additional complicated techniques and extra process steps are involved in CMS fabrication, 

resulting in increasing complexity and cost. Hence, post-treatment is not investigated in the 

current work.  

2.4 Gas Transport in Membranes 

Two different types of gas separation membrane have been studied in this work: 

polymer membrane and CMS membrane. The mechanism for gas separations via these two 

membranes are discussed below.  

2.4.1 Permeation  

Gas transport through either a non-porous polymer membrane or a CMS membrane 

is described by the sorption-diffusion model39,40. The permeation is driven by a chemical 

potential difference across the membrane. Gas molecules first sorb on the membrane on 

the upstream side, then diffuse through the membrane via a chemical potential gradient, 

and finally desorb on the downstream side. This membrane separation process mechanism 

is shown in Figure 2.4. 
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Figure 2.4. Schematic of gas transport through a membrane by solution-diffusion 
model 

 

Permeability (productivity) and selectivity (separation efficiency) are two intrinsic 

properties used to evaluate the membrane material performance. Permeability is defined as 

a partial pressure and thickness normalized flux, given as 

 
஺ܲ = ஺ܰ ∙ ℓ

஺݌∆
 (2.1 )

In Equation 2.1, ஺ܰ is the flux of penetrant ܣ through the membrane of thickness 

ℓ, and the partial pressure of ܣ (∆݌஺) is the driving force across the membrane. When 

significant non-ideality in the gas phase exists, the partial pressure is simply replaced by 

the component fugacities. Typically, Barrer is used as the unit of permeability, where 
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ݎ݁ݎݎܽܤ 1 = 10ିଵ଴ ܿ݉ଷ(ܵܶܲ) ∙ ܿ݉

ܿ݉ଶ ∙ ݏ ∙ ݃ܪ݉ܿ
 (2.2 )

For sorption-diffusion permeation, permeability can also be expressed as a product 

of an average kinetic diffusion coefficient (ܦഥ஺), and a thermodynamic sorption coefficient 

(ॺഥ஺), as shown below. 

 ஺ܲ = ഥ஺ܦ ∙ ॺഥ஺ (2.3 )

The ideal permselectivity of a membrane with negligible downstream pressure is 

equal to the ratio of single-component gas permeabilities, which is also the product of 

diffusion selectivity (
஽ഥಲ

஽ഥಳ
) and sorption selectivity (

ॺഥಲ

ॺഥಳ
). Separation factor or selectivity 

(when stage cut is low and the downstream pressure is negligible compared to the upstream 

pressure) for multicomponent gas mixtures is defined as a ratio of permeate-side (ݕ) and 

feed-side (ݔ) mole fractions of components ܣ and ܤ. Hence,  

 
஺ߙ ஻⁄ = ஺ܲ

஻ܲ
= ቆ

ഥ஺ܦ

ഥ஻ܦ
ቇ ∙ ቆ

ॺഥ஺

ॺഥ஻
ቇ = ஽ߙ ∙ ॺ (2.4 )ߙ

 
஺ߙ ஻⁄ =

௣௘௥௠௘௔௧௘(஻ݕ/஺ݕ)

௙௘௘ௗ(௕ݔ/஺ݔ)
 (2.5 )
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2.4.2 Sorption 

For gas membrane materials with sorption-diffusion model, a penetrant must first 

sorb on the membrane on the high-pressure side and then diffuse through the membrane. 

The average sorption coefficient (ॺഥ஺) in Equation 2.6 is defined as pressure normalized 

equilibrium concentration of gas penetrant (ܥ஺) sorbed by a material at a given partial 

pressure (݌஺ ), and depends on the condensability of the gas penetrant as well as the 

interaction with the sorption material.  

 
ॺഥ஺ =

஺ܥ

஺݌
 (2.6 )

For glassy polymer materials, dual sorption mode model is often used to describe 

gas penetrants sorbed on the membranes41–43. This dual sorption mechanism modeled by 

Equation 2.7 is defined in terms of Henry’s law of solubility (dissolution in dense polymer 

matrix) and Langmuir sorption (hole filling in microvoids), and the sorption coefficient can 

be written as in Equation 2.8.  

 
஺ܥ = ஽஺ܥ + ு஺ܥ = ݇஽஺ ∙ ஺݌ +

ு஺ܥ
ᇱ ∙ ஺ܾ ∙ ஺݌

1 + ஺ܾ ∙ ஺݌
 (2.7 )

 
ॺഥ஺ =

஺ܥ

஺݌
= ݇஽஺ +

ு஺ܥ
ᇱ ∙ ஺ܾ

1 + ஺ܾ ∙ ஺݌
 (2.8 )

where, 

 ஽஺ : gas concentration by dissolution (Henry’s law)ܥ 
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 ு஺ : gas concentration by hole filling (Langmuir sorption)ܥ 

 ݇஽஺ : Henry’s law of dissolution constant 

ு஺ܥ 
ᇱ  : Langmuir saturation constant 

 ஺ܾ : Langmuir affinity constant 

For CMS membranes, there is negligible dilation of the rigid CMS structure. Hence, 

Langmuir sorption is considered to be the only mechanism while the majority of the gas 

penetrants sorbed into micropores in the CMS membranes. The sorption coefficient is, 

therefore, given by: 

 
ॺഥ஺ =

஺ܥ

஺݌
=

ு஺ܥ
ᇱ ∙ ஺ܾ

1 + ஺ܾ ∙ ஺݌
 (2.9 )

2.4.3 Diffusion 

As the gas penetrant sorb on the membrane on the high-pressure side, it then can 

diffuse through the membrane by making random jumps from site to site. This diffusion 

ability is described by a diffusion coefficient as a function of frequency of jumps ( ஺݂) and 

average jump length (ߣ஺)44: 

 
஺ܦ = ஺݂ ∙ ஺ߣ

ଶ

6
 (2.10 )

Gas diffusion in glassy polymer materials is envisioned to happen in transient gaps 

that are continuously created and redistributed by thermally stimulated polymer chain 

segmental motions44,45. When there is a sufficient-sized transient gap occurs adjacent to a 
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gas penetrant sorbed within the polymer matrix, the penetrant can execute a diffusion jump, 

as shown in Figure 2.5. The gas molecules sitting in the sorption site are in the normal 

state while those going through the transient gap are considered in the activated state. The 

size and the frequency of the jumps depend on both the properties of the gas penetrants 

(size and condensability) and the properties of the polymer (range of motions). 

 

 

Figure 2.5. Schematic depiction of a diffusion step in polymer membranes44–46 

 

The mechanism for gas transport in CMS membranes is different from that in 

polymers since the carbonized materials have rigid pore structures. The diffusion process 

is envisioned to occur when a gas penetrant makes a diffusive jump between adjacent 

sorption sites in micropores by jumping through a narrow ultramicropore, as shown in 

Figure 2.63,47. This diffusion requires enough activation energy for the gas penetrant to 

jump through the ultramicropore. Gas molecules with similar sizes can be separated since 

the size-dependent activation energy may change greatly with a small difference in 

molecule size. The ‘slit-like’ structure of CMS materials can restrict the degrees of 

motional freedom for penetrants, which makes it size-selective sieving. Therefore, the rigid 

Normal state Activated state Normal state
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ultramicropores provide CMS materials with an advantage over polymeric materials with 

less defined transient gaps. This key difference provides added entropic selectivity, which 

is absent in polymer membranes48. The concept of entropic selectivity in CMS membranes 

is described in detail in Section 2.4.5 

 

 

Figure 2.6. Schematic depiction of a diffusion step in CMS membranes46 

  

2.4.4 Temperature Dependence of Gas Transport 

As described above, size-dependent diffusion of a gas penetrant through either 

polymer or CMS membranes occurs by an activated process. Hence, an Arrhenius 

relationship, as shown in Equation 2.11, is used to describe the increasing diffusion 

coefficient with temperature. On the other hand, the thermodynamic sorption coefficient 

decreases with temperature following a van’t-Hoff relationship, as in Equation 2.12. 

 
ܦ = ௢ܦ ∙ exp ൬

஽ܧ−

ܴܶ
൰ (2.11 )

Normal state in 
a micropore

Activated state through 
an ultramicropore

Normal state in 
a micropore

dc  : Ultramicropore dimension, dtv : Adsorptive pore dimension, dλ : Jump length
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ॺ = ॺ௢ ∙ exp ൬

ॺܪ−

ܴܶ
൰ (2.12 )

where,  

  ௢ : pre-exponential factor for diffusionܦ 

 ॺ௢ : pre-exponential factor for sorption 

஽ܧ   : apparent activation energy for diffusion 

 ॺ : apparent heat of sorptionܪ 

 ܴ : universal gas constant 

 ܶ : absolute temperature 

The temperature dependence of permeation then can be derived by substituting 

Equation 2.3 with above correlations, and the resulting Equation 2.13 follows the 

Arrhenius relationship. The pre-exponential factor for permeation ( ௢ܲ) and the apparent 

activation energy for permeation (ܧ௉) can also be obtained, as shown below.  

 
஺ܲ = ഥ஺ܦ ∙ ॺഥ஺ = ൤ܦ௢ exp ൬

஽ܧ−

ܴܶ
൰൨ ∙ ൤ॺ௢ exp ൬

ॺܪ−

ܴܶ
൰൨ = ௢ܲexp ൬

௉ܧ−

ܴܶ
൰ (2.13 )

 ௢ܲ = ௢ܦ ∙ ॺ௢ (2.14 )

௉ܧ  = ஽ܧ + ॺ (2.15 )ܪ

As temperature increases, the increase in diffusivity generally outweighs the 

decrease in sorption coefficient, resulting in an increase in permeability with temperature.  
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2.4.5 Energetic and Entropic Factors in Diffusion Selectivity 

As described in Equation 2.3, the overall permeation selectivity is a product of 

diffusion selectivity and sorption selectivity. The sorption selectivity depends on the 

condensability of the gas penetrants and the interactions with the sorption material, which 

reflects the thermodynamic aspects of a separation. On the other hand, the diffusion 

selectivity depends on the size and shape of the gas penetrants, which reflects the kinetic 

aspects of a separation. This diffusion selectivity can be further decoupled into an energetic 

factor and an entropic factor when a transition state theory is applied. The importance of 

entropic factor in diffusion selectivity for CMS membranes and the derivation of the 

equations are discussed below.  

The pre-exponential factor for diffusion (ܦ௢) can be presented from the Eyring 

theory of rate processes49: 

 
௢ܦ = ݁ ∙ ଶߣ ݇ ∙ ܶ

ℎ
∙ ݌ݔ݁ ൬

ܵ஽

ܴ
൰ (2.16 )

where ݇ is Boltzmann’s constant, ℎ is Planck’s constant, and ܵ஽ is the activation entropy 

for diffusion. For a gas pair ܣ and ܤ with similar kinetic diameters (e.g., C2H4/C2H6), the 

average diffusive jump lengths (λ) are considered equal for both gas penetrants48. The 

diffusion selectivity then can be derived as:  

ഥ஺ܦ 

ഥ஻ܦ
=

௢஺ܦ

௢஻ܦ
∙ ݌ݔ݁ ൬

஽,஺ି஻ܧ∆−

ܴܶ
൰ (2.17 )
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       = ݌ݔ݁ ൬
∆ܵ஽,஺ି஻

ܴ
൰

ᇣᇧᇧᇧᇤᇧᇧᇧᇥ
ா௡௧௥௢௣௜௖

௦௘௟௘௖௧௜௩௜௧௬

∙ ݌ݔ݁ ൬
஽,஺ି஻ܧ∆−

ܴܶ
൰

ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ
ா௡௘௥௚௘௧௜௖
௦௘௟௘௖௧௜௩௜௧௬

 

where ∆ܵ஽,஺ି஻ is the difference in the diffusion activation entropy for penetrants ܣ and ܤ, 

and ∆ܧ஽,஺ି஻ is the difference in the activation energy of diffusion for penetrants ܣ and ܤ.  

An equivalent transition state theory description can be presented in terms of the 

diffusion coefficient as in Equation 2.1848,49, and the diffusion selectivity then can be 

derived as in Figure 2.19. 

 
ܦ = ଶߣ ݇ ∙ ܶ

ℎ
∙

ஷܨ

ܨ
∙ ݌ݔ݁ ൬

஽ܧ−

ܴܶ
൰ (2.18 )

ഥ஺ܦ 

ഥ஻ܦ
=

஺(ܨ/ஷܨ)

஻(ܨ/ஷܨ)
∙ ݌ݔ݁ ൬

஽,஺ି஻ܧ∆−

ܴܶ
൰ (2.19 )

where ܨஷ is the partition function of a gas penetrant in the transition state, and F is the 

partition function of the same penetrant in the normal state. By comparing Equation 2.17 

and 2.19, the entropic selectivity can be written as: 

 
൬

஺ܦ

஻ܦ
൰

௘௡௧௥௢௣௜௖
= ݌ݔ݁  ൬

∆ܵ஽,஺ି஻

ܴ
൰ =

஺(ܨ/ஷܨ)

஻(ܨ/ஷܨ)
 (2.20 )

The partition function consists of translational, rotational, and vibrational 

contributions, as shown below.  
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 F = ௧௥௔௡௦ܨ ∙ ௥௢௧ܨ ∙ ௩௜௕ (2.21 )ܨ

In the case of CMS membranes, a gas penetrant is in the transition state when it 

passes through the ultramicropores. The rigid ultramicropores in CMS materials can 

restrict the translational, rotational, and vibrational degrees of freedom of gas molecules, 

and this molecular sieving allows for subtle discriminations between similarly sized 

molecules. Compared to polymer membranes with flexible chains, CMS membranes have 

added entropic selectivity which is useful for separating penetrants with very little 

difference in size and shape (e.g., O2/N2, C2H4/C2H6, and C3H6/C3H8).  
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CHAPTER 3. MATERIALS AND EXPERIMENTAL METHODS 

3.1 Overview 

This chapter describes the materials and experimental procedures used in this work. 

Section 3.2 introduces the gases for testing and polymers and metal salts for membrane 

formation. Section 3.3 discusses the formation of both polymeric and carbon molecular 

sieve (CMS) dense film membranes. Section 3.4 outlines various characterization 

techniques. 

3.2 Materials 

3.2.1 Gases 

Pure gases including C2H4, C2H6, C3H6, and C3H8 (Airgas) were used for gas 

permeation and sorption measurements. Pure Argon (Airgas) was used as purge gas for 

pyrolysis. A quaternary mixture containing 54.6 mol% C2H4, 17.0 mol% C2H6, 15.1 mol% 

C3H6, and 13.3 mol% C3H8 (nexAir) was used for mixed gas permeation measurements. 

This mixed gas is a representative mixture for the feed of a deethanizer column in an 

ethylene plant. 

3.2.2 Polymers 

As mentioned before, polyimides are suitable precursors to carbon molecular sieve 

membranes for gas separations. In this work, the DABA-containing polyimide, 6FDA-

DAM:DABA (3:2), was the main precursor, with 6FDA-DAM used as an additional 

control polymer precursor for characterizing the influence of Fe incorporation without the 
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DABA group on sorption performance. The rationale for including the DABA moiety will 

be described in more detail later, but is used to promote uniformity of Fe distribution. The 

structures of the polymers are shown in Table 3.1. Both polyimides were custom 

synthesized by Akron Polymer Systems, Inc. with a two-step polycondensation reaction, 

described by several authors1,2. An example of a reaction scheme for 6FDA-DAM:DABA 

(3:2) synthesis is shown in Figure 3.1. 

 

Table 3.1. Chemical structures and names of polymers 

Name Chemical Structure 

6FDA-
DAM:DABA 

(3:2) 

 

 

 

 
6FDA: 4,4'-(Hexafluoroisopropylidene)diphthalic anhydride 
DAM: 2,4,6-trimethyl-3,3-phenylenediamine 
DABA: 3,5-diaminobenzoic acid 

6FDA-DAM 

 

 
 

 
6FDA: 4,4'-(Hexafluoroisopropylidene)diphthalic anhydride 
DAM: 2,4,6-trimethyl-3,3-phenylenediamine 
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Figure 3.1. Reaction scheme for 6FDA-DAM:DABA (3:2) synthesis 

 

3.2.3 Metal Salts 

Metal acetylacetonates [M(acac)n] were used as the main source of metal for metal-

containing polymeric and CMS dense film membranes. The general structure of M(acac)n 

is shown in Table 3.2. In this work, Fe(acac)2 were the starting materials for Fe-containing 

polymeric and CMS membranes unless otherwise specified. In Section 5.4, Fe(acac)3, 

Al(acac)3, Ni(acac)2, Mn(acac)2, and Mn(acac)3 were studied to compare the effects of 
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various metal species on olefin/paraffin separation performance, and two other Fe(II) 

compounds, FeCl2, and Fe(ac)2, were also studied as the source of metal. All the metal salts 

were purchased from Sigma-Aldrich. 

 

Table 3.2. Chemical structures of metal salts 

Name Chemical Formula Chemical Structure 

Metal acetylacetonate M(acac)n 
 

(Mn+=Fe2+, Fe3+, Al3+, Ni2+, Mn2+, and Mn3+) 

Iron(II) chloride FeCl2∙4H2O 

 

Iron(II) acetate Fe(ac)2 
 

 

3.3 Membrane Formation 

3.3.1 Polymer Dense Film Membrane Formation 

The polymer powders were dried under vacuum at 110 °C overnight to remove 

moisture. The dried polymer was dissolved in tetrahydrofuran (THF, >99.9% purity, 

Sigma-Aldrich) in a 40 ml vial (vial A) to form a 2 to 3 wt% polymer solution, and the 

solution was then mixed on a rolling mixer overnight for complete polymer dissolution. 

The specific amount of metal acetylacetonate was separately dissolved in THF in a 20 ml 

vial (vial B) to form a metal-containing solution. The two solutions were filtered with 0.20 

micron PTFE filters (Micropore Corporation) respectively to remove impurity, and the Fe-
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containing solution in vial B was added to vial A to form a Fe-containing polymer dope for 

casting. The compositions of the solutions studied in this work are presented in Table 3.3, 

and with the studied amount of M(acac)n, there was no particle settling in the prepared 

solutions. The resulting Fe-containing polymer films in this work have a theoretical 

concentration of Fe between 1.1 and 3.2 wt% based on the loading of Fe(acac)2 in the 

precursor. For 6FDA-DAM:DABA (3:2) polymer, as the amount of Fe ion was over a 

certain range, the mixed casting solution became gel due to a high ionic cross-linking 

density between Fe and the DABA group, thereby compromising film formation. Although 

the DABA moiety limits the loading of Fe during polymer film casting, the moiety appears 

to be necessary for uniformity of Fe distribution, as will be described later. For non-Fe 

polymer dense films, the casting solution did not contain Fe(acac)2. 

 

Table 3.3. Casting solution formulation for metal-containing polymer dense films  

 

 

 

Polymer dense films were prepared by casting the mixed solution into a TeflonTM 

casting dish inside a glove bag (Cole Parmer) at room temperature as shown in Figure 3.2. 

Two jars containing excess THF were placed inside the glove bag before sealing the glove 

bag. The glove bag was then purged with nitrogen and allowed to saturate with THF by 

waiting at least 3 hours before casting. After at least 3 days, the vitrified films were 

 Solvent Solute 

Vial A 20 ml THF 0.5 g polymer 

Vial B 5 ml THF 0.025‒0.075 g M(acac)n 
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removed from the bag and dried in a vacuum oven at 130 °C for 24 hours to remove residual 

solvent. The dried films having a thickness of about 80 microns were then cut into 0.75 

inch diameter discs that were then pyrolyzed as described below.  

 

 

Figure 3.2. Schematic of solution-casting method for polymer dense films 

 

3.3.2 Carbon Molecular Sieve Dense Film Membrane Formation 

3.3.2.1 Pyrolysis Setup 

Carbon molecular sieve (CMS) dense films were formed by pyrolyzing polymer 

films with a pyrolysis system which was previously reported 3,4, shown in Figure 3.3. 

 

Polymer 
solution

Metal-containing
solution
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Figure 3.3. Schematic of pyrolysis furnace setup for fabricating CMS materials4 

 

The pyrolysis setup includes a three-zone furnace (Thermcraft, Inc., model XST-3-

0-24-3C, Winston-Salem, NC) with three thermocouples connected to a multi-channel 

temperature controller (Omega Engineering, Inc., model CN1504TC, Stamford, CT), 

allowing for accurate and uniform control of desired temperature profile. A quartz tube (55 

mm I.D. x 4 ft length, National Scientific Company, GE Type 214 quartz tubing, 

Quakertown, PA) was placed inside the furnace and sealed on each side with an assembly 

of metal flanges and silicon O-rings (MTI Corporation, Richmond, CA). A mass flow 

controller (MKS Instruments, MA) was used for an accurate flow rate of purge gas during 

the pyrolysis process. The concentration of oxygen in the pyrolysis atmosphere was 

monitored by an oxygen analyzer (Rapidox 2100, Cambridge Sensotec, Ltd., Cambridge, 

England) during the pyrolysis process.  

The dried polymer dense films were cut into small discs by using a 0.75” die cutter 

(McMaster Carr). The discs were placed on a slotted quartz plate (United Silica Products, 

Franklin, NJ, USA) with spacing between each disc, shown in Figure 3.4. The combination 
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of the discs and the quartz plate were placed into the quartz tube of the pyrolysis system 

described above. 

 

 

Figure 3.4. Custom made quartz plate for dense film pyrolysis4 

 

3.3.2.2 Pyrolysis Protocol 

Four different pyrolysis protocols were used in this work for pyrolyzing polymer 

dense films to CMS dense films, and the programmed heating protocol details are listed 

below and shown in Figure 3.5, where Tpyro represents the final pyrolysis temperature 

(either 550 °C or 675 °C). In this work, the Fast protocols were specifically designed for 

advanced Fe-containing CMS membranes for improving separation performance, as 

discussed later. 
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Table 3.4. Programmed pyrolysis heating protocols (Tpyro=550 °C or 675 °C) 

Protocol name Temperature range (°C) Ramp rate (°C/min) 

Slow protocol 

50 – 250 13.3 
250 – (Tpyro-15) 3.85 
(Tpyro-15) – Tpyro 0.25 

120 min soak at Tpyro 

Fast protocol 
50 – (Tpyro-50) 10 

(Tpyro-50) – Tpyro 2 

 

 

Figure 3.5. Temperature profiles of programmed pyrolysis protocols 

 

For all the protocols, pyrolysis atmosphere was controlled with a continuous UHP 

Argon flow at a rate of 200 cc(STP)/min during the entire pyrolysis procedures. Prior 

studies5 showed that this flow rate was adequate to avoid external mass transfer resistance 

complications during pyrolysis. Before heating up, Argon was purged in the quartz tube 

for at least 10 hours while the oxygen concentration was monitored. After pyrolysis, the 
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films were allowed to naturally cool to room temperature inside the quartz tube before 

unloading. Between each pyrolysis cycle, the quartz tube and the quartz plate were rinsed 

with acetone and baked at 800 °C for 2 hours under an air flow at a rate of 500 cc(STP)/min 

to remove any residue that may contaminate the subsequent pyrolysis run.  

3.4 Characterization Techniques 

3.4.1 Dense Film Permeation Measurements 

3.4.1.1 Permeation Cell 

The permeation properties of both polymeric and CMS dense films were measured 

with a permeation cell, and a typical assembly of the film and the permeation cell is shown 

in Figure 3.6. The films were first masked by sandwiching between two concentric pieces 

of impermeable aluminum tape. To provide a cushion, several layers of filter paper were 

put between the masked film and the base of the cell. On the top of the masked film was a 

larger aluminum tape with a hole allowing the films to be exposed for permeation. Epoxy 

was then applied at the interface between the film and the tape for sealing. For CMS dense 

films, five-minute epoxy (3M, DP-100) was mixed in a weighing boat for 30 seconds and 

then used for sealing. For polymeric films, Duralco 4525 epoxy has been shown to have 

better adherence to the polymer materials for preventing seal failure, and this epoxy was 

used with standard instruction. The permeation cell was finally assembled with O-rings 

and screws, and then loaded into a permeation system, shown in Figure 3.7. 
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Figure 3.6. Schematic of masking a dense film into a permeation cell6 
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Figure 3.7. Schematic of a constant-volume permeation system 

 

3.4.1.2 Constant-Volume Permeation System 

Pure and mixed gas permeation measurements of both polymeric and CMS dense 

films were performed with a constant-volume permeation system. Figure 3.7 shows a 

typical constant-volume permeation system, and the details of which were described 

previously7,8. The permeation system was stabilized at a desired temperature (i.e., 35 °C, 

42.5 °C, and 50 °C) with heating tapes and a fan. Prior to the permeation test, the entire 

system was evacuated for 18 hours to minimize the outgassing to less than 1% of the 

permeation of the slowest gas. After evacuation, the upstream was pressurized with feed 
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gas at about 50 pounds per square inch absolute pressure (psia) while the downstream was 

kept at vacuum. The pressure rise in a constant, known downstream volume was monitored 

by a pressure transducer and recorded over time by LabVIEW (National Instruments, 

Austin, TX) until a steady state was achieved.  

Mixed gas permeation measurements were performed with the desired mixture at 

50 psia. The flow rate of the retentate over the feed side of the film was controlled by a 

needle valve. The percentage of the feed permeating through the film, also known as the 

stage cut, was kept less than 1% to avoid concentration polarization. Permeate 

compositions were analyzed with a gas chromatograph (Bruker 450) using a thermal 

conductivity detector (TCD) with He as the carrier gas.  

3.4.1.3 Permeability of Dense Films 

Permeability of dense film membranes was calculated using Equation 3.1, 

 
ܲ =

1.764 ∙ 10଺ ∙ ܸ ∙ ℓ ∙ ݌݀) ⁄ݐ݀ )
(ܶ + 273.15) ∙ ܣ ∙ ݌∆

 (3.1 )

where: 

 P : permeability      (Barrer) 

 V : downstream volume     (cm3) 

 ℓ : membrane thickness     (mil) 

 dpdt : downstream pressure rising rate   (torr/s) 

 A : available area of membrane for permeation  (cm2) 

 partial pressure difference across the membrane (psia) : ݌∆ 
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The available area of each film for permeation was determined with image scanner 

and area analysis software (ImageJ). The membrane thickness was determined with a 

digital micrometer. 

3.4.2 Pressure Decay Sorption  

The equilibrium sorption properties of both polymeric and CMS dense films were 

measured with a pressure decay sorption system reported earlier9, shown in Figure 3.6. 

After casting as described earlier, the polymeric films were cut into small pieces for 

sorption measurements while the CMS films were gently broken into pieces between two 

pieces of weighing paper and wrapped with aluminum foil securely. The samples were 

loaded into the sample cell chamber, and the sorption cell was then placed in an oil bath 

with a heating circulator to maintain a uniform desired temperature (i.e., 35 °C, 42.5 °C, 

and 50 °C). The entire system was evacuated for 18 hours before testing. For the 

measurement at each pressure level, the reservoir cell chamber was filled with feed gas and 

equilibrated for 20 to 25 minutes. The valve between the reservoir and the sample cell was 

then opened carefully to introduce gas into the sample cell. The pressure in both the 

reservoir and sample cell was monitored by a pressure transducer and recorded over time 

by LabVIEW until the pressure in the sample cell became constant.  

The amount of sorbed gas was calculated based on a mole balance9. To account for 

behavior of non-ideal gases, the compressibility factors of the interested gases were 

calculated using the NIST SUPERTRAP, and the equations are listed in Appendix A. Gas 

uptake by the sample was plotted against equilibrium pressure and the data was fitted using 
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either a dual mode sorption mode (for polymeric samples) or a Langmuir model (for CMS 

samples) to obtain sorption isotherms.   

 

 

Figure 3.8. Schematic of a pressure decay sorption system10 

 

3.4.3 X-Ray Absorption Near Edge Structure 

X-ray absorption near edge structure (XANES) was performed to determine the 

valence state of Fe. The Fe K-edge XANES spectra were collected at beamline 5BM-D 

(DND-CAT) at Argonne National Laboratory, Lemont, IL in transmission mode at room 

temperature. Data was processed using the Athena software package11.  
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CHAPTER 4. EVALUATION OF VIABILITY OF IRON IN 

CARBON MOLECULAR SIEVE MEMBRANES FOR 

INCREASING OLEFIN/PARAFFIN SORPTION SELECTIVITY 

4.1 Overview 

Previous work has shown that carbon molecular sieve (CMS) membranes with rigid 

pore structures are promising for olefin/paraffin separation, based on diffusion selectivity, 

while sorption selectivity has little influence. In this work, integrating Fe2+ into polymer 

precursors was pursued to improve CMS membrane separation properties for advanced 

olefin/paraffin separation. Starting materials and processing conditions were investigated 

in order to explore the impacts on the olefin-selective CMS membranes. The Fe-containing 

CMS membranes prepared with a carefully designed pyrolysis protocol have improved 

olefin/paraffin sorption separation performance, which is reported in this chapter. 

4.2 Olefin/Paraffin Separation with CMS Membranes 

Researchers have studied binary olefin/paraffin separations (C2H4/C2H6 and 

C3H6/C3H8) with carbonized membranes1–4, and it is found that CMS membranes are 

promising with favorable olefin/paraffin separation performance. Rungta4 investigated 

CMS membranes derived from Matrimid® and 6FDA:BPDA-DAM (1:1), and she pointed 

out that the selectivity of C2H4 over C2H6 is dominated by diffusion selectivity while 

sorption selectivity has little influence, as shown in Figure 4.1. As discussed in Section 

2.4, CMS membranes with rigid pore structures can restrict the degrees of motional 
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freedom for gas penetrants, providing size-selective sieving with moderately high diffusion 

selectivity.  

 

 

Figure 4.1. C2H4/C2H6 selectivities based on permeability, sorption, and diffusion for 
CMS membranes derived from Matrimid® and 6FDA:BPDA-DAM (reproduced 
from reported data4) 

 

Since this work focuses on developing olefin-selective CMS membranes for the 

separation of mixed olefins (C2H4 and C3H6) from paraffins (C2H6 and C3H8), improving 

olefin/paraffin sorption selectivity was felt to be a good strategy to separate the large olefin 

(C3H6) from the small paraffin (C2H6) more efficiently. Recalling that sorption selectivity 
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depends on the condensability of the gas penetrants and the interactions with the sorbent 

material, modifying the properties of CMS materials to favor olefins may increase 

olefin/paraffin sorption selectivity, and ultimately permselectivity. 

4.3 Selective Olefin/Paraffin Adsorption with Metal-Organic Frameworks 

Metal-organic frameworks (MOFs) have emerged as a promising crystalline 

molecular sieve material for gas separations5. MOFs can be formed by coordinating a 

network with metal ions/clusters and organic ligands, and this fabrication approach 

provides enormous structural diversity with tailored properties. This type of material has 

well-defined porous structures, and their performance can overcome the polymer upper 

bound for gas separations.  

Bloch et al.6 studied olefin/paraffin separation with a MOF material, Fe2(dobdc) 

(dobdc4-: 2,5-dioxido-1,4-benzenedicarboxylate), also referred to as Fe-MOF-74. They 

found that Fe2(dobdc) can have C2H4/C2H6 adsorption selectivity in a range of 13 to 18 and 

C3H6/C3H8 adsorption selectivity between 13 and 15. These high olefin/paraffin adsorption 

selectivities are based on the strong interactions between the carbon-carbon double bonds 

in the olefins and the open Fe(II) coordination sites in Fe2(dobdc). Extended work on 

olefin/paraffin separation with MOFs M2(dobdc) (M= Mg, Mn, Fe, Co, Ni, Zn) was 

conducted by Geier et al7. They investigated the interaction between olefins and various 

species of open metal sites in the MOFs, and the results showed that Fe2(dobdc) and 

Mn2(dobdc) exhibit the highest selectivities for the separation of C2H4/C2H6 and 

C3H6/C3H8 mixtures, respectively. 
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Most studies of olefin/paraffin separation with MOFs are focused on cyclic batch 

adsorption/desorption processes, but in principle, a steady state membrane process is more 

attractive8. Since MOFs are expensive to produce and difficult to handle, this work did not 

explore the applications of MOF material for gas separations. 

4.4 Strategy for Improving Olefin/Paraffin Separation with Fe in CMS Membranes 

With the support of selective interaction between olefins and open metal sites in 

MOFs, the performance of a CMS membrane with low olefin/paraffin sorption selectivity 

may be improved by incorporating transition metal ions in the membrane. Several 

researchers have successfully made metal-containing CMS membranes to improve the 

separation performance9–13, but none of them have studied the effects of metal on 

olefin/paraffin separation. To realize a metal-containing CMS membrane, a transition 

metal can be incorporated during the formation of a polymer precursor to form a metal 

bearing polymer precursor, and the detailed formation processes are described in Section 

3.3.  

In this work, iron (Fe) was chosen as the incorporated metal based on a combination 

of factors including high C2H4/C2H6 adsorption selectivity7, low cost, and stability against 

contaminants. Iron(II) acetylacetonates [Fe(acac)2] were used as the source of the metal 

according to its simple structure, low cost, and moderate solubility in the solvent. It is 

desirable that Fe is incorporated homogeneously into the polymer on a fine scale, so a 

DABA-containing polyimide, 6FDA-DAM:DABA (3:2), was used as the polymer 

precursor, and the Fe ions can be uniformly dispersed by the cross-linking of the DABA 

carboxylic acid group and Fe ions14, as illustrated in Figure 4.2. The films were then 
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pyrolyzed with controlled pyrolysis protocols developed in this work to form the Fe-

containing CMS membranes for the mixed olefin/paraffin separation. As will be discussed 

later, in the absence of the DABA group, CMS derived from Fe-containing precursors have 

poor final separation results. 

  

 

Figure 4.2. Ionic cross-linking of DABA-containing polyimide with Fe(II) 
acetylacetonate 

 

4.5 Sorption Performance of Fe-Containing CMS Membranes 

The interaction between olefins and Fe in the CMS membranes was studied by 

conducting pressure decay sorption measurements with single-component gas at 35 °C. 

The loading of Fe in the current studied precursor was 2.2 wt%, which is suitable for 

forming Fe-containing polymer precursor and for observing the effects of Fe on sorption 

performance. Since C2 pair olefin/paraffin separation is more challenging than C3 pair and 

draws much researchers’ attention, this work first studied C2 sorption performance of the 

membranes to evaluate the viability of Fe for increasing olefin/paraffin sorption selectivity. 

As the suitable formation conditions for Fe were probed, sorption of C3 hydrocarbons was 

studied as well.  
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4.5.1 Effects of Pyrolysis Protocols  

Pyrolysis protocols allow for adjusting the performance of the resulting CMS 

membranes. For Fe-containing CMS membranes, pyrolysis protocols may also change the 

state of Fe in the carbon material and affect the interactions between Fe ions and olefins. 

In this work, four pyrolysis protocols were studied. In this work, as noted in Section 3.3.2, 

four pyrolysis protocols were studied: Slow 550 °C and Slow 675 °C protocols have a ramp 

rate at 3.85 °C/min and a 2-hour thermal soak time while Fast 550 °C and Fast 675 °C 

protocols have a faster ramp rate at 10 °C/min and no thermal soak time. 

4.5.1.1 Slow Pyrolysis Protocols 

The standard Slow 675 °C protocol has been studied in depth for C2H4/C2H6 

separation performance of CMS membranes derived from various polyimides, and this 

pyrolysis protocol was found to be optimum in the past3,15. In the current work, the 2.2 

wt% Fe-containing 6FDA-DAM:DABA (3:2) precursor was pyrolyzed with the Slow 675 

°C protocol, and as shown in Figure 4.3 (a), it is obvious that the resulting CMS 

membranes have C2H4/C2H6 sorption selectivity at 50 psia near 1. Another commonly used 

protocol with lower pyrolysis temperature, the Slow 550 °C protocol, was also applied to 

the 2.2 % Fe-containing precursors, and the resulting CMS membranes have C2H4/C2H6 

sorption selectivity of 1.03, as shown in Figure 4.3 (b). These results indicate the need for 

additional attention to the pyrolysis conditions for the Fe-containing CMS membranes. 
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(a) (b) 

Figure 4.3. Sorption isotherms of single-component ethylene and ethane at 35 °C for 
Fe-containing 6FDA-DAM:DABA (3:2) derived CMS membranes from (a) Slow 675 
°C and (b) Slow 550 °C pyrolysis protocols 

 

The pyrolysis temperature was expected to be influential in determining the 

molecular scale morphology of the resulting CMS membranes, as well as the state of Fe in 

the CMS membranes. From the data shown in Figure 4.3 (a) and (b), it is found that the 

sorption capacity of both C2H4 and C2H6 increase when the pyrolysis temperature is 

reduced from 675 °C to 550 °C. Recalling that most of the sorption occurs in micropores 

in the carbon material, this increasing sorption capacity reflects a more open micropore 

structure in the Fe-containing CMS membranes derived at the lower pyrolysis temperature, 

providing more sorption capacity for the gas penetrants (see Figure 4.4). Changing the 

pyrolysis temperature offers an opportunity to tune the performance of CMS membranes. 

However, the Fe-containing carbon materials derived from the both standard slow pyrolysis 

protocols clearly still lack sorption preference for olefins. While this chapter focuses on 
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the sorption performance, the effects of pyrolysis temperature on permeation performance 

of CMS membranes are discussed in Chapter 5. 

 

 

Figure 4.4. Effects of final pyrolysis temperature (Tpyro)on idealized pore structures 
of CMS membranes 

 

Both the pyrolysis protocols with the slower ramp rate and 2-hour thermal soak 

time lead to indistinct olefin/paraffin sorption selectivity for Fe-containing CMS 

membranes. Although Fe-containing precursors were prepared successfully, it is important 

to ensure the Fe ions are effective for the interaction with olefins after pyrolysis. 

Alternative pyrolysis protocols with modified temperature profiles are discussed in the next 

section.  

4.5.1.2 Fast Pyrolysis Protocols 

To maintain active Fe2+ cation sites, the pyrolysis protocol must be engineered for 

the Fe-containing CMS membranes. It is reported that FeO can be formed through 

reductive decomposition of Fe(acac)3, and FeO can be converted into Fe3O4 after annealing 

at 500 °C under an argon atmosphere for 1 hour16. Therefore, two fast pyrolysis protocols 

a
a > b

a’ > b’

Tpyro,1 < Tpyro,2
b

Tpyro,1 Tpyro,2

a’ b’
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(Fast 550 °C and Fast 675 °C protocols) were introduced to control the oxidation state of 

the iron during pyrolysis. The residence time at high temperature was reduced by 

increasing the ramp rate from 3.85 °C/min to 10 °C/min and eliminating the thermal soak 

time.  

As shown in Figure 4.5 (a), the Fe-containing membranes derived from the Fast 

675 °C protocol exhibit C2H4/C2H6 sorption selectivity at 50 psia of 1.05. For this fast 

protocol with high pyrolysis temperature, the interaction between the olefin and Fe does 

not benefit significantly from modifying the temperature profile. However, for the fast 

protocol with lower pyrolysis temperature (Fast 550 °C), the resulting Fe-containing CMS 

membranes have increased C2H4/C2H6 sorption selectivity of 1.19 for only 2.2 wt% loading 

of Fe in the precursor, as seen in Figure 4.5 (b). The results support the hypothesis that 

olefin/paraffin sorption selectivity for CMS membranes will increase when metals are 

incorporated carefully with controlled pyrolysis conditions. The trade-off in terms of 

overall permselectivity and productivity of the various CMS samples (Fe-containing and 

Fe-free CMS materials derived from different pyrolysis temperatures) will be discussed 

later, but clearly, an effect of Fe on sorption selectivity is shown here. 
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(a) (b) 

Figure 4.5. Sorption isotherms of single-component ethylene and ethane at 35 °C for 
Fe-containing 6FDA-DAM:DABA (3:2) derived CMS membranes from (a) Fast 675 
°C and (b) Fast 550 °C pyrolysis protocols 

 

A controlled experiment without Fe was conducted to verify the effects of the Fe 

ions. From Figure 4.6, it is shown that CMS membranes derived from the Fe-free polymer 

with the Fast 550 °C protocol have no C2H4/C2H6 sorption separation ability. This is 

consistent with the previous results showing that traditional CMS membranes have little 

sorption effects on olefin/paraffin separation.  
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Figure 4.6. Sorption isotherms of single-component ethylene and ethane at 35 °C for 
Fe-free 6FDA-DAM:DABA (3:2) derived CMS membranes from Fast 550 °C 
pyrolysis protocol 

 

It is believed that a particular Fe complex having selective interaction with olefins 

is generated within the carbon material when the Fe-containing precursor was derived from 

a pyrolysis protocol with a lower temperature and at a faster heating rate (e.g., Fast 550 °C 

protocol). Figure 4.7 illustrates the conceptual interaction between ethylene and the active 

Fe complex in micropores of Fe-containing CMS membranes. This Fast 550 °C protocol 

will be the primary focus of successive studies in this work. The oxidation state of Fe in 

the active Fe complex for the increasing olefin/paraffin sorption selectivity will be 

discussed later.  
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Figure 4.7. Conceptual interaction between ethylene and active Fe complex in 
idealized pore structures of CMS membranes 

 

4.5.2 Olefin-Selective CMS Membranes with Fe 

The results have shown that the Fast 550 °C protocol is suitable for improving 

C2H4/C2H6 sorption selectivity for Fe-containing CMS membranes. For the C3 olefin 

(C3H6), Figure 4.8 also shows an enhancement for C3H6/C3H8 sorption selectivity at 50 

psia, which increases 11% by incorporating 2.2 wt% Fe ions in the precursor. The carbon-

carbon double bond in C3H6, of course, also has an affinity for the active Fe complex in 

the Fe-containing CMS membranes derived from the Fast 550 °C protocol. This properly 

prepared CMS membrane with Fe has improved combined C2 and C3 olefin/paraffin 

sorption selectivity, which is promising for separation of bulk olefins (C2H4 and C3H6) 

from paraffins (C2H6 and C3H8). The overall permselectivity and productivity of the Fe-

containing CMS membranes derived from the Fast 550 °C protocol will be discussed later, 

proving the concept of advanced olefin-selective CMS membranes with Fe. 
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(a) (b) 

Figure 4.8. Sorption isotherms of single-component propylene and propane at 35 °C 
for (a) Fe-containing and (b) Fe-free 6FDA-DAM:DABA (3:2) derived CMS 
membranes from Fast 550 °C pyrolysis protocol 

 

4.5.3 Effects of DABA Group in Polymer Precursor  

To determine the necessity of cross-linking between Fe and polymer for uniform 

dispersion, 6FDA-DAM was investigated as an alternative precursor. The results (see 

Figure 4.9) show that even with the Fast 550 °C protocol, CMS membranes derived from 

the DABA-deficient precursor have similar sorption affinity for C2H4 and C2H6, probably 

due to clustering of the iron species, rather than uniform distribution. Therefore, it is 

believed that coordination with the more or less uniformly distributed DABA carboxylic 

acid groups within the precursor is critical for the stabilization of the Fe ions. 
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Figure 4.9. Sorption isotherms of single-component ethylene and ethane at 35 °C for 
Fe-containing 6FDA-DAM derived CMS membranes from Fast 550 °C pyrolysis 
protocol 

 

4.6 XANES Spectra of Fe-Containing CMS Membranes 

As mentioned before, the unsaturated M2+ cation sites in MOFs can selectively 

interact with olefins. It is important to better understand the relationship between the 

oxidation state of Fe in CMS material and its sorption performance. In this work, X-ray 

absorption near edge structure (XANES) analysis was performed to determine the valence 

state and coordination environment of Fe in the CMS membranes derived from 2.2 wt% 

Fe-containing 6FDA-DAM:DABA (3:2) precursor with the pyrolysis protocols of interest.  

The results of XANES spectra are shown in Figure 4.10, with the Fe foil 

representing a zero-valent iron bonding and the iron(III) acetylacetonate representing a 

Fe3+ valence. The Fe-containing CMS membranes derived from the Slow 550 °C and 

Fast/Slow 675 °C protocols appear to be a linear combination of the Fe(acac)3 and iron foil 
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standards as indicated by the presence of isosbestic points at 7127 and 7148 eV. 

Conversely, the CMS membrane derived from the Fast 550 °C protocol appears to have a 

fundamentally different XANES edge shape indicating a different coordination 

environment or chemistry.  

Each of the XANES scans were fit as a linear combination of iron foil and 

Fe(acac)3. These results are shown in Table 4.1. Each of the CMS membranes calcined at 

675 °C and the Slow 550 °C protocol derived membrane were well-fit by the selected 

standards (R-factor below 0.0011 in each case). The Fe in the CMS membranes contained 

between 16 and 44% Fe(acac)3 with the balance being Fe foil. The Fe-containing CMS 

membrane pyrolyzed at 550 °C with the fast temperature ramps was not well-fit by the 

selected standards. The best R-factor achieved was 0.011, which was 10 times greater than 

the R-factors for the other three CMS samples. This indicates that the Fast 550 °C protocol 

derived CMS membrane has an unique coordination environment of the iron species in the 

film compared to the others which may provide a reason for the enhancement in 

olefin/paraffin sorption selectivity. This finding may suggest that iron has transferred into 

the DABA polymer as was portrayed in Figure 4.2. 

The X-ray absorption edge energies were determined as the peak in the first 

derivative plot. Fe foil (7112.0 eV) and Fe(acac)3 (7126.6 eV) were used as standards for 

Fe0 and Fe3+, respectively. Using this calibration for oxidation state, the Fast 550 °C 

protocol derived CMS membrane, with an edge energy of 7122.1 eV has an average 

oxidation state of Fe+2.1. This further suggests that Fe2+ from the Fe(acac)2 starting material 

is being cross-linked into the DABA polymer where it is resistant to further oxidation to 

Fe3+ or reduction to Fe0. It is possible that if iron is not incorporated into the DABA 
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polymer in this way, it can convert to some combination of Fe(acac)3 and iron metal 

particles, as in the case of the other three membranes. 

 

 

Figure 4.10. XANES spectra of Fe-containing CMS membranes derived from various 
pyrolysis protocols 

 

 

Table 4.1. XANES linear combination fitting results 

 Fe(acac)3 % Fe Foil % Fit R-Factor 

Fe-CMS_Slow 550 °C 44 56 0.0009 

Fe-CMS_Slow 675 °C 16 84 0.0011 

Fe-CMS_Fast 550 °C No Fit 

Fe-CMS_Fast 675 °C 28 72 0.0005 
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4.7 Summary and Conclusions 

Fe-containing CMS membranes were successfully prepared by incorporating 2.2 

wt% Fe(II) ions into the 6FDA-DAM:DABA (3:2) polymer precursor and then pyrolyzing 

with controlled pyrolysis protocols. When applying a protocol with a low pyrolysis 

temperature and a fast ramp rate (e.g., the Fast 550 °C protocol), the incorporation Fe into 

the CMS membranes can improve 19% C2H4/C2H6 sorption selectivity and 11% 

C3H6/C3H8 sorption selectivity relative to the controlled Fe-free CMS membranes derived 

from the same protocol. X-ray absorption near edge structure (XANES) was performed to 

determine the valence state and coordination environment of Fe in the CMS membranes. 

An average Fe oxidation state of between 1.4 and 2.2 is observed in the carbon material 

derived from the Fast 550 °C protocol, and this material appears to have a fundamentally 

different XANES edge shape relative to the carbon materials derived from other pyrolysis 

protocols. This finding may provide a reason for the enhancement in olefin/paraffin 

sorption selectivity for the Fast 550 °C protocol derived Fe-containing CMS membranes. 
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CHAPTER 5. INVESTIGATION OF EFFECTS OF IRON 

LOADINGS & STUDIES ON ALTERNATIVE METAL SPECIES 

FOR OLEFIN-SELECTIVE CARBON MOLECULAR SIEVE 

MEMBRANES 

5.1 Overview 

The preliminary results in Chapter 4 show that when applying the Fast 550 °C 

protocol, the incorporation of Fe(II) ions in the carbon molecular sieve (CMS) membranes 

can improve olefin/paraffin separation efficiency in sorption. Section 5.2 pursues advanced 

olefin-selective CMS membranes by studying the effects of Fe(II) loading between 1.1 and 

3.2 wt% on mixed olefin/paraffin separation. The stability of the 2.2 wt% Fe(II)-containing 

CMS membrane is reported in Section 5.3. Effects of alternative metal species, including 

Fe(III), Al(III), Ni(II), Mn(II), and Mn(III), are discussed in Section 5.4. 

5.2 Effects of Fe Loadings in CMS Membranes 

Earlier work presented herein has shown that CMS membranes derived from 2.2 

wt% Fe-containing 6FDA-DAM:DABA (3:2) precursor with the Fast 550 °C protocol 

have improved C2 and C3 olefin/paraffin sorption selectivity. It is hypothesized that higher 

loading of Fe can further improve the separation performance. In the current work, as noted 

earlier, Fe loadings between 1.1 and 3.2 wt% in the precursor were studied, and the higher 

Fe loading could not be pursued due to gelation issue during the formation of Fe-containing 

polymer precursor films, resulting from high ionic cross-linking density between Fe ions 

and the DABA group. Although the DABA moiety limits the loading of Fe during polymer 
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film casting, the moiety appears to be necessary for uniformly distributed Fe ions and the 

enhancement in olefin/paraffin sorption selectivity. This gelation issue could be overcome 

by incorporating Fe ions during the polyimide synthesis process or infusing Fe ions into 

the polymer. However, to avoid complexity, the current work did not pursue the above 

approaches for increasing Fe loading, but instead, focuses on understanding the effects of 

Fe on olefin/paraffin separation, and the range of Fe loading studied in this work is 

adequate to that end.  

There are several studies on olefin/paraffin separation with C2 or C3 binary 

mixtures1, and some studied pure C2 and C3 hydrocarbons2. However, only few 

researchers investigated membrane separation with mixed C2 and C3 hydrocarbons3. In 

the current work, a quaternary mixture consisting C2 and C3 hydrocarbons was used for 

permeation measurements. The feed is specifically designed for the use in the hybrid 

membrane-distillation system reported previously3. The Fe-containing CMS membranes 

were prepared with the Fast 550 °C protocol and then exposed to the 50 psia multi-

component mixed gas at 35 ° C. Gas permeabilities and selectivities of selected 

olefin/paraffin pairs are shown in Figure 5.1 (a) and (b), where error bars represent 

standard deviations from multiple film measurements. The large error bars for C3H8 related 

results were caused by the limit of detection in gas chromatography (GC) for the low C3H8 

concentration (< 0.05 mole%) in the permeate sides for Fe-containing CMS membranes. 

The compositions of each gas in the feed and the permeate streams are shown in Table 5.1. 
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Figure 5.1. Effects of Fe loading on (a) gas permeability and (b) selectivity at 35 °C 
for 6FDA-DAM:DABA (3:2) derived CMS membranes from Fast 550 °C pyrolysis 
protocol (50 psia quaternary mixture feed) 

 

 

Table 5.1. Compositions of feed and permeate streams for CMS membranes derived 
from 6FDA-DAM:DABA (3:2) precursor with various Fe loadings (50 psia 
quaternary mixture feed at 35 °C) 
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As shown in Figure 5.1 (a), CMS membranes without Fe have olefin-selective 

potential based on higher combined permeation of C2H4 and C3H6 than that of C2H6 and 

C3H8. This trait of traditional CMS membranes has been observed previously3 and is 

hypothesized to be due to the rigid size-selective ultramicropores in the carbon materials 

that can restrict molecules with bulky morphologies. The size of light olefins and paraffins 

are studied with calibrated slits and space filling CPK models, and it shows the following 

order in size:  

C2H4 (3.75 Å) < C3H6 (3.82 Å) < C2H6 (3.85 Å) < C3H8 (3.95 Å) 

As C3H6 is only slightly more compact in molecular sieving size than C2H6, CMS 

membranes still have the ability to perform mixed olefin/paraffin separation. However, the 

separation efficiency needs to be improved.  

Incorporation of Fe into the membranes was proposed for improving mixed 

olefin/paraffin sorption selectivity and overall permselectivity. A trend was found in 

Figure 5.1 (a) that permeation of each gas decreases with the increasing loading of Fe in 

the membranes, and C3H8 is most impacted. From Figure 5.1 (b), the C2 pair selectivity 

increases with higher Fe loadings, and the enhancement is much higher than that has been 

seen in the previous sorption selectivity study. In addition to improving olefin/paraffin 

sorption selectivity, the Fe complex also alters the molecular sieve window and has effects 

on gas diffusions, which will be discussed in Section 6.3.1. On the other hand, the 

selectivity of larger olefin over smaller paraffin (C3H6/C2H6) decreases with the increasing 

Fe loading in the membranes, which does not meet our expectation for developing an 

advanced olefin-selective membrane. However, integrating Fe ions in CMS membranes is 
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valuable to promote challenging C2 pair separation with increasing overall selectivity. 

Hence, the successive work will focus on C2H4/C2H6 separation for Fe-containing CMS 

membranes. The trade-off in terms of overall permselectivity and productivity of the 

various CMS samples (Fe-containing and Fe-free CMS materials derived from different 

pyrolysis temperatures) will be discussed later. 

5.3 Stability of Fe-Containing CMS Membranes 

Stability of Fe-containing CMS membranes derived from 2.2 wt% Fe-containing 

6FDA-DAM:DABA (3:2) precursor with the Fast 550 °C protocol was investigated by 

continuous testing using the 50 psia multi-component mixed gas at 35 °C over a period 

around 60 days. Figure 5.2 (a) represents permeabilities of mixed olefins and paraffins, 

showing the transport properties of this Fe-containing CMS membrane are stable after 50 

days with the continuous 50 psia feed. The permeability of C2H4 decreases moderately over 

time at the beginning and finally remains higher than 76% of the initial value. This initial 

decrease in permeability is due to the CMS pore relaxation. The pores in CMS materials 

have been reported to relax over time to reach some equilibrium state4. For the selectivities, 

C2 pair selectivity and C3H6/C2H6 selectivity remain high around 9 and 2, respectively. 

The large deviation of C3 pair selectivity is caused by test limitation of gas 

chromatography. Since the selectivities do not drop, it is believed that the Fe complex in 

the CMS membranes derived from the Fast 550 °C protocol is stable for olefin/paraffin 

separation. 
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Figure 5.2. (a) Gas permeability and (b) selectivity at 35 °C over ~60 testing days for 
Fe-containing 6FDA-DAM:DABA (3:2) derived CMS membranes from Fast 550 °C 
pyrolysis protocol (50 psia quaternary mixture feed) 

 

5.4 Effects of Metal Species for Metal-Containing CMS Membranes 

In this work, Fe(II) was chosen as the incorporated metal into CMS membranes 

based on a combination of factors including high C2H4/C2H6 adsorption selectivity5, low 

cost, and stability against contaminants. The Fe-containing CMS membranes have shown 

improved olefin/paraffin separation. Besides Fe(II), there are alternative metal species that 

may be incorporated into CMS membranes for tuning olefin/paraffin separation. Previous 

studies have shown that open Fe(II) and Mn(II) coordination sites in the MOF material, 

M2(dobdc) (dobdc4-= 2,5-dioxido-1,4-benzenedicarboxylate; M=Mg, Mn, Fe, Co, Ni, Zn) 

exhibit the highest adsorption selectivities for the separation of C2 and C3 pairs, 
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Al(acac)3, Ni(acac)2, Mn(acac)2, and Mn(acac)3. Two other Fe(II) compounds, FeCl2, and 

Fe(ac)2, were also studied. The chemical structures of the studied metal salts were shown 

previously in Table 3.2.  

As described in Section 3.3.1, 0.05 g metal salts were dissolved in 5 ml 

tetrahydrofuran (THF) as metal-containing solutions for casting polymer films. Among the 

metal salts studied, only Fe(acac)2, Fe(acac)3, and Al(acac)3 were completely dissolved in 

THF, and polymer films derived from these metal salts were successfully made. For other 

metal salts, there were particle settling in the THF solutions even when the solutions were 

mixed on a Wrist Action Shaker machine overnight. There are alternative paths to 

overcome this challenge in the formation of metal-containing polymer films by using other 

metal salts/solvents or pursuing other procedures for the film formation, as will be 

discussed in Chapter 8. However, to avoid complexity, the current work focuses on 

comparing effects of Fe(II) and other metal species on the performance of metal-containing 

CMS membranes, and Fe(III) and Al(III) are adequate for the controlled experiments.  

Polymer films were prepared from THF solutions with 0.5 g 6FDA-DAM:DABA 

(3:2) and 0.05 g metal salts [Fe(acac)2, Fe(acac)3, and Al(acac)3]. The dried polymer films 

were then derived into CMS membranes by applying the Fast 550 °C protocol. The 

membranes were tested using the 50 psia multi-component mixed gas at 35 °C, and the 

separation performance is shown in Figure 5.3 (a) and (b). Due to GC testing limitation, 

the C3H8 permeabilities were unavailable for Fe(III)- and Al(III)-containing CMS 

membranes.  
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The incorporation of Fe(II) or Fe(III) reduces the gas permeability to a similar 

range; however, the Fe(II)-containing CMS membranes have 47% higher C2H4/C2H6 

permselectivity and 12% higher C3H6/C2H6 permselectivity than that of the Fe(III)-

containing CMS membranes. The permselectivity can be decoupled into a sorption factor 

and a diffusion factor. Previous results in this work have shown that CMS membranes with 

Fe(II) have C2H4/C2H6 sorption selectivity of 1.19. On the other hand, the sorption 

isotherms of single-component ethylene and ethane at 35 °C for the Fe(III)-containing 

CMS membranes are shown in Figure 5.4, and clearly, there is no C2H4/C2H6 sorption 

selectivity. Hence, it is hypothesized that both states of Fe alter the CMS pore morphology 

in a similar manner, affecting gas diffusivity. However, only the incorporation of Fe(II) 

can improve olefin/paraffin sorption selectivity and achieve the highest C2H4/C2H6 

permselectivity. This finding supports the hypothesis that incorporation of Fe2+ into CMS 

membranes improves olefin/paraffin separation. Hence, the successive work will focus on 

the studies of Fe(II)-containing CMS membranes, and Fe(acac)2 were used as the starting 

material unless otherwise stated. 

The CMS film derived from Al(III)-containing precursor is relatively permeable 

with much lower C2H4/C2H6 selectivity. Previous studies have shown that aluminum oxide 

can be formed by pyrolysis of Al(acac)3 at 420°C under an argon atmosphere6. The 

hypothesis for such permeable CMS film is that Al formed rather large particles (Al2O3) 

that disrupt packing of the turbostratic CMS structures, thereby lowering the selectivity, 

while increasing permeability. 
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(a) 

 
  

(b) 

 

Figure 5.3. Effects of metal species on (a) gas permeability and (b) selectivity at 35 °C 
for 6FDA-DAM:DABA (3:2) derived CMS membranes from Fast 550 °C pyrolysis 
protocol (50 psia quaternary mixture feed) (partial C3H8 related results were 
unavailable due to GC testing limitation) 
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Figure 5.4. Sorption isotherms of single-component ethylene and ethane at 35 °C for 
Fe(III)-containing 6FDA-DAM:DABA (3:2) derived CMS membranes with Fast 550 
°C pyrolysis protocol 

 

5.5 Summary and Conclusions 

Fe-containing CMS membranes for mixed olefin/paraffin separation were studied 

by using 6FDA-DAM:DABA (3:2) and Fe(acac)2 as the starting materials and applying the 

Fast 550 °C pyrolysis protocol. The loadings of Fe(II) ions in the polymer precursor 

between 1.1 and 3.2 wt% were investigated, and it was found the incorporation of Fe into 

the membranes is an applicable approach to tuning olefin/paraffin separation performance. 

Although Fe does not promote C3H6/C2H6 selectivity, a significant C2H4/C2H6 

permselectivity near 11 with C2H4 permeability above 10 Barrers was observed for the 3.2 

wt% Fe loading case. Moreover, the extensively studied 2.2 wt% Fe-containing CMS 

membranes show stable mixed olefin/paraffin separation performance over 60 testing days. 

Alternative metal species were explored for the metal-containing CMS membranes, and 

among the studied metal salts, Fe(acac)2 leads to the highest olefin/paraffin selectivity.  
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CHAPTER 6. ANALYSIS OF EFFECTS OF IRON ON 

PERFORMANCE OF IRON-CONTAINING CARBON 

MOLECULAR SIEVE MEMBRANES 

6.1 Overview 

The preliminary results in Chapter 4 show that when applying a low pyrolysis 

temperature and a fast ramp rate (e.g., the Fast 550 °C protocol), the incorporation of Fe 

ions in the carbon molecular sieve (CMS) membranes can improve olefin/paraffin 

separation in sorption. As permeation performance is more attractive for separation 

applications, this chapter focuses on the effects of Fe on olefin/paraffin separation in 

permeation. Section 6.2 introduces transport properties for the Fe-containing 6FDA-

DAM:DABA (3:2) polymer precursor, as well as the pure polymer precursor. Section 6.3 

discusses multi-component mixed gas permeation results for Fe-containing CMS 

membranes derived from various pyrolysis protocols. The effects of Fe ions on pore size 

distribution of the resulting CMS membranes are reported in this chapter as well.  

6.2 Transport Properties of Polymer Precursors 

This section studies the separation performance of the precursors for CMS 

membranes. The DABA-containing polyimide, 6FDA-DAM:DABA (3:2), was used as the 

precursor, and the Fe-containing polymer precursor has a theoretical concentration of Fe 

around 2.2 wt%. The permeation and the sorption performance of the membranes were 

measured with single-component C2H4 and C2H6 feeds at 35 °C.  
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6.2.1 Permeation Performance 

The permeation performance of single-component C2H4 and C2H6 at 35 °C for the 

pure 6FDA-DAM:DABA (3:2) polymer precursor and the Fe-containing polymer 

precursor is shown in Table 6.1. The pure polymer precursor has C2H4 permeation of 3.44 

Barrers and a C2H4/C2H6 permselectivity of 4.10. The incorporation of Fe ions in the 

membranes have little influence on the permeation performance for the polymer precursor. 

This little change suggests that the 2.2 wt% of Fe ions have been incorporated 

homogeneously in the polymer on a fine scale and there is no cluster in the polymer matrix.  

 

Table 6.1. Permeation performance of C2H4 and C2H6 (50 psia) at 35 °C for Fe-free 
and Fe-containing 6FDA-DAM:DABA (3:2) polymer precursors 

 P஼మுర
 P஼మுల

 
α஼మுర/஼మுల

 
 (Barrer) (Barrer) 

Fe-free 
polymer precursor 

3.44 0.84 4.10 

Fe-containing 
polymer precursor 

4.44 1.1 4.04 

 

The C2H4/C2H6 separation performance of the chosen polymer precursor in this 

work was compared with the performance of other reported polyimides1, as listed in Figure 

6.1. As seen in the figure, the 6FDA-DAM:DABA (3:2) polymer membranes have 

competitive olefin/paraffin separation performance based on their position relative to the 

experimentally observed C2H4/C2H6 upper bound for polymers2. Even with the Fe 
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incorporation, that the DABA carboxylic acid group provides opportunity to tune the 

properties of the membranes by incorporating transition metal ions in the polymer 

precursor. The simpler 6FDA-DAM polymer and the non-DABA containing 6FDA-

BPDA-DAM polymer have similar selectivity and much higher permeabilities. All the 

polymer precursors show the separation performance on or below the polymer upper bound. 

It is more attractive to study the separation performance of CMS membranes derived from 

the DABA-containing polymer precursor, which is discussed in Section 6.3. 

 

 

Figure 6.1. Relationship between pure C2H4 permeability and C2H4/C2H6 
permselectivity at 35 °C for various polymer precursors (results of non-DABA 
polyimides are reproduced from reported data1) 
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6.2.2 Sorption Performance 

The interactions between olefin and the precursors were determined by conducting 

pressure decay sorption measurements with single-component C2H4 and C2H6 at 35 °C. 

The experimental results were fitted with the dual sorption mode model (see Equation 2.8) 

to obtain sorption isotherms, and the plots show sorption concentration in terms of 

cm3(STP)/cm3 (precursor) as a function of equilibrium pressure for the gas of interest. The 

olefin/paraffin sorption selectivities were calculated at 50 psia with the fitting parameters.  

The sorption isotherms of single-component C2H4 and C2H6 for the pure 6FDA-

DAM:DABA (3:2) polymer precursor and the Fe-containing polymer precursor are shown 

in Figure 6.2 (a) and (b), respectively, and their sorption performance at 50 psia is also 

presented in Table 6.2. The results show that the incorporation of Fe ions in the membranes 

can increase the sorption affinity to both C2H4 and C2H6 by around 19% at 50 psia. 

However, surprisingly, the Fe ions in the polymer do not have sorption preference in olefin, 

and the C2H4/C2H6 sorption selectivity remains as low as 1.07 even with Fe irons 

incorporated in the polymer precursor. Perhaps the complexation of the Fe ions and the 

DABA groups renders the Fe2+ less attractive to the olefins than might be expected, based 

on the intrinsic attrition between Fe2+ and olefins3. As mentioned in Chapter 4, with 

properly controlled pyrolysis protocols, which removes the DABA groups, the Fe-

containing polymer precursor can turn into CMS membranes with improved olefin/paraffin 

sorption selectivity. Hence, this work focuses on the study of CMS membranes, as 

discussed in Section 6.3. 
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(a) (b) 

Figure 6.2. Sorption isotherms of single-component ethylene and ethane at 35 °C for 
(a) Fe-free and (b) Fe-containing 6FDA-DAM:DABA (3:2) polymer precursors 

 

 

Table 6.2. Sorption performance of C2H4 and C2H6 (50 psia) at 35 °C for Fe-free and 
Fe-containing 6FDA-DAM:DABA (3:2) polymer precursors 

 ॺ஼మுర
 ॺ஼మுల

 

α஼మுర/஼మுల
 

 ቈ
cmଷ(STP)

cmଷ(precursor) ∙ cmHg
቉ ቈ

cmଷ(STP)
cmଷ(precursor) ∙ cmHg

቉ 

Fe-free 
polymer precursor 

0.089 0.083 1.07 

Fe-containing 
polymer precursor 

0.106 0.099 1.07 
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6.2.3 Diffusion Performance 

The diffusion coefficients of single-component C2H4 and C2H6 for the pure 6FDA-

DAM:DABA (3:2) polymer precursor and the Fe-containing polymer precursor were back-

calculated from permeation and sorption coefficients by using Equation 2.3. The diffusion 

performance is shown in Table 6.3. While the precursors have no C2H4/C2H6 sorption 

selectivity, the permselectivity is dominated by diffusion selectivity. However, the 

incorporation of Fe ions in the membranes have little influence on the diffusion 

performance for the polymer precursor.  

 

Table 6.3. Diffusion performance of C2H4 and C2H6 (50 psia) at 35 °C for Fe-free and 
Fe-containing 6FDA-DAM:DABA (3:2) polymer precursors 

ഥ஼మுరܦ 
ഥ஼మுలܦ 

 
α஼మுర/஼మுల

 
 (10-9 cm2/s) (10-9 cm2/s) 

Fe-free 
polymer precursor 

3.86 1.01 3.81 

Fe-containing 
polymer precursor 

4.19 1.11 3.77 

 

6.3 Transport Properties of CMS Membranes 

This section studies the separation performance of CMS membranes derived from 

the Fe-containing 6FDA-DAM:DABA (3:2) polyimide. Effects of Fe complex on the size 

distribution of discriminating ultramicropore in the Fe-containing CMS membranes are 

analyzed by examining the results from single-component gas permeation and sorption 
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measurements at 35 °C. Results of mixed olefin/paraffin separation for the CMS 

membranes derived from various pyrolysis protocols were reported in this section as well. 

6.3.1 Sorption and Diffusion Factors in Separation Efficiency 

As shown in the previous section, incorporation of Fe ions into CMS membranes 

can improve C2H4/C2H6 separation efficiency in sorption and final permeation results. It is 

therefore important to understand the contribution of Fe on gas sorption and diffusion in 

the Fe-containing membranes. Both the pure 6FDA-DAM:DABA (3:2) polymer precursor 

and the 2.2 wt% Fe-containing polymer precursor were pyrolyzed with the Fast 550 °C 

protocol, which is suitable for improved olefin/paraffin separation performance. The 

permeation and sorption performance of single-component C2H4 and C2H6 at 35 °C for the 

carbonized membranes were analyzed, since this allows for separating the contributions 

more clearly.  

The relationship between pure C2H4 permeability and C2H4/C2H6 permselectivity 

for carbonized membranes and their precursors is shown in Figure 6.3 (a). The CMS 

membrane derived from the pure 6FDA-DAM:DABA (3:2) polymer precursor has higher 

permeability relative to that of its precursor, due to higher sorption and diffusion 

coefficients. For the Fe-containing CMS membranes, the incorporation of Fe ions can 

increase permselectivity by a factor of 3.2 with attractive C2H4 permeability around 60 

Barrers. This improvement can be further decoupled into a sorption factor and a diffusion 

factor when the sorption-diffusion model is applied.  

Sorption coefficients of single-component C2H4 and C2H6 at 35 °C for the 

carbonized membranes and their precursors were analyzed by pressure decay sorption 
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measurements. As shown in Figure 6.3 (b), after pyrolysis with the Fast 550 °C protocol, 

the carbonized membranes have higher C2H4 sorption capacity, and the incorporation of 

Fe ions increase sorption selectivity by a factor of 1.2. Consistent with the earlier 

discussion, the active Fe complex presenting in the micropores within the carbon material 

provides selective sorption affinity to olefins.  

The diffusion coefficients of single-component C2H4 and C2H6 at 35 °C for the 

carbonized membranes and their precursors were back-calculated from permeation and 

sorption coefficients and are shown in Figure 6.3 (c). The incorporation of Fe ions clearly 

boosts diffusion selectivity by a factor of 2.7. It is believed that the active Fe complex is 

attached to the edge of carbon sheets, partially blocking the larger ultramicropores in the 

CMS membranes.  
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Figure 6.3. C2H4/C2H6 selectivity in (a) permeation (b) sorption and (c) diffusion at 35 
°C for polymer precursors and CMS membranes derived from Fast 550 °C pyrolysis 
protocol (50 psia single-component gas) 
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The hypothetical ultramicropore size distribution in Fe-free CMS membranes is 

illustrated in Figure 6.4 (a). The area below the distribution curve can represent the ability 

for gas to pass the available pores. Therefore, the C2H4/C2H6 diffusion selectivity can be 

represented as the total areas for C2H4 and C2H6 over the area for C2H6 only. For Fe-

containing CMS membranes, the Fe complex appears to block the larger ultramicropores, 

altering the ultramicropores available to diffusion by both penetrants, with a change in the 

shape of the distribution curve, as illustrated in Figure 6.4 (b). This change of the curve 

has more impact on the larger molecule, so the diffusion selectivity increases when Fe ions 

are incorporated into the membranes.  

 

(a) 

 

  

(b) 

 

Figure 6.4. Idealized ultramicropore size distribution in (a) Fe-free CMS membranes 
and (b) Fe-containing CMS membranes 
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From the improvement of sorption and diffusion performance for the Fe-containing 

CMS membranes, an idealized pore structure of CMS membranes with Fe complex is 

proposed, as shown in Figure 6.5. The Fe complex, of course, must be in the micropores, 

providing selective affinity to olefin. However, our results suggest that some Fe complex 

must also be in the ultramicropores, tightening the molecular sieve window and improving 

olefin/paraffin diffusion selectivity. Given the XANES results, the state of the Fe in the 

ultramicropores versus that in the micropores may be different. This outcome reflects a 

desirable but more complex picture than was originally intended by incorporation of the 

Fe into the CMS materials.  

 

 

Figure 6.5. Schematic of Fe complex in ultramicropores and micropores of idealized 
pore structure of Fe-containing CMS membranes based on observed sorption and 
permeation results 

 

6.3.2 Mixed Gas Permeation Performance 

As noted before, Fe chemistry and coordination in the gas separation membranes 

clearly have effects on final permeation results. The trade-off in terms of overall selectivity 

and productivity of the various CMS samples (Fe-containing and Fe-free CMS materials 



 97

derived from different pyrolysis temperatures) is discussed in this section. The Fe-

containing CMS membranes were derived from the 6FDA-DAM:DABA (3:2) polymer 

precursor with 1.1–3.2 wt% Fe ions, and three different pyrolysis protocols were studied: 

Slow 550 °C, Fast 550 °C, and Fast 675 °C protocols. The permeation of C2 and C3 

hydrocarbons were measured at 35 °C with the 50 psia multi-component mixed gas. As Fe 

actually lack the ability to promote C3H6/C2H6 separation, this section only focuses on the 

C2 pair separation since it is more challenging than the C3 pair. 

6.3.2.1 Iron-Free CMS Membranes 

Controlled experiments without Fe were conducted to further probe the effects of 

Fe ions. As shown in Figure 6.6, the carbonized materials without Fe have C2H4/C2H6 

separation performance well above the polymer upper bound4; however, the performance 

is on or below the CMS upper bound established by Salinas et al5. The separation 

performance is further improved by incorporating Fe ions into the membranes. When 

pyrolyzed at a lower temperature, CMS membranes without Fe derived from the Slow 550 

°C and the Fast 550 °C protocols have similar separation performance for the slow and fast 

ramp rate and soak. On the other hand, when the pyrolysis temperature increases to 675 

°C, the C2H4/C2H6 permselectivity increases to 4.72 and the C2H4 permeability drops to 

~300 Barrers. Increasing the pyrolysis temperature for the Fe-free precursors offers an 

opportunity to tune the performance of CMS membranes, and this situation is not due to 

changes in sorption selectivity. These results suggest that both micropores and 

ultramicropores in CMS membranes become more tightened at the higher temperature (as 
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illustrated in Figure 6.7), resulting in a small increase in selectivity and a decrease in 

permeability.  

 

 

Figure 6.6. C2H4/C2H6 mixed-gas permeation results at 35 °C for Fe-free 6FDA-
DAM:DABA (3:2) derived CMS membranes from various pyrolysis protocols (50 psia 
quaternary mixture feed) 
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Figure 6.7. Effects of final pyrolysis temperature (Tpyro)on idealized pore structures 
of CMS membranes 

 

6.3.2.2 Iron-Containing CMS Membranes 

The Fe-containing CMS membranes were studied in the same manner described 

previously. As shown in Figure 6.8, for the 2.2 wt% Fe-containing CMS membranes, 

increasing pyrolysis temperature from 550 °C to 675 °C can also tune the olefin/paraffin 

separation performance. However, the Fast 550 °C protocol leads to the highest C2H4/C2H6 

permselectivity of 8.53±0.47 with ~100 Barrers C2H4 permeability, which is above the 

CMS upper bound5. Clearly, the incorporation of 2.2 wt% Fe ions results in a 1.6 fold 

increase in the mixed gas permselectivity when the Fast 550 °C protocol is applied. This 

improved performance is based on the Fe complex in CMS membranes improving sorption 

and diffusion separation efficiency. As discussed previously, higher Fe loading further 

promotes C2 pair separation with increasing overall selectivity. Significant results of C2H4 

permeability above 10 Barrers and C2H4/C2H6 permselectivity near 11 were achieved with 

the 3.2 wt% Fe-containing CMS membrane derived from the Fast 550 °C protocol. This 

olefin/paraffin separation performance is competitive with the recent studied PIM-

polyimide derived CMS made at 800 °C5,6, as seen in Figure 6.8. Clearly, adding more Fe 

into the 6FDA-DAM:DABA (3:2) or into the PIM-polyimide shown in Figure 6.8 by 

a
a > b

a’ > b’

Tpyro,1 < Tpyro,2
b

Tpyro,1 Tpyro,2

a’ b’
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Salinas et al. will further increase selectivity for the important gas pair. Most importantly, 

the approach shown here illustrates a new tool to tailor selectivity and permeability 

properties for olefin/paraffin pair. Moreover, the increased diffusion selectivity 

demonstrated here with Fe incorporation may be a broadly applicable approach to tunning 

diffusion selectivity even for non olefin/paraffin pairs.  

 

 

Figure 6.8. C2H4/C2H6 mixed-gas permeation results at 35 °C for Fe-free and Fe-
containing 6FDA-DAM:DABA (3:2) derived CMS membranes with various pyrolysis 
protocols (results of PIM-polyimide CMS made at 800 °C are reproduced from 
reported data5,6) 
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6.4 Summary and Conclusions 

The incorporation 2.2 wt% Fe ions in the 6FDA-DAM:DABA (3:2) polymer 

precursor has little influence on C2H4/C2H6 separation performance for the precursor. 

However, when pyrolyzed with controlled pyrolysis protocols, Fe-containing CMS 

membranes exhibit greatly improved separation performance. A pyrolysis protocol with a 

low pyrolysis temperature and a fast ramp rate (e.g., the Fast 550 °C protocol) is most 

suitable for preparing Fe-containing CMS membranes. With this pyrolysis protocol, active 

Fe complex can be generated within the carbon material. The C2H4/C2H6 sorption 

selectivity increases by 1.2 times since the Fe complex in micropores provides selective 

affinity to olefin. The C2H4/C2H6 diffusion selectivity becomes 2.7 times as the Fe complex 

blocks large less selective ultramicropores. The incorporation of Fe ions can boost the 

overall olefin/paraffin separation efficiency for CMS membranes as the suitable pyrolysis 

protocol is used. Clearly, incorporation of higher (> 2.2 wt%) is desirable. 
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CHAPTER 7. CHARACTERIZATION OF EFFECTS OF 

TESTING TEMPERATURE ON OLEFIN/PARAFFIN 

SEPARATION PERFORMANCE OF IRON-CONTAINING 

CARBON MOLECULAR SIEVE MEMBRANES 

7.1 Overview 

Chapter 6 demonstrated that Fe-containing 6FDA-DAM:DABA (3:2) carbon 

molecular sieve (CMS) membranes derived from the Fast 550 °C protocol have great 

potential with high C2H4/C2H6 selectivity. Recalling that CMS membranes with the highest 

Fe loading (3.2 wt%) showed the most impressive performance, however, 2.2 wt% loading 

was studied here for consistency to the bulk of the studies done in the most of this work. 

To better understand the properties of the Fe-containing CMS membranes, this chapter 

investigated the effects of testing temperature on olefin/paraffin separation performance of 

the CMS membranes, as well as the polymer precursors. The 2.2 wt% Fe-containing and 

Fe-free 6FDA-DAM:DABA (3:2) precursors were pyrolyzed with the Fast 550 °C 

protocol. The permeation and sorption performance of single-component C2H4 and C2H6 

for the carbonized membranes as well as the polymeric precursors were obtained at 35 °C, 

42.5 °C, and 50 °C. Measurements at higher temperature were avoided to prevent possible 

degradation of epoxy and aluminum tape adhesive used for masking the films. Temperature 

dependences of permeation, sorption, and diffusion performance for membranes are 

discussed in this chapter. By analyzing the temperature dependence results, the feature of 

added diffusion selectivity based on an entropic factor for the CMS membranes is reported 

in this chapter as well.  
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7.2 Temperature Dependence of Permeation Performance 

The pure gas permeability of C2H4 and C2H6 for Fe-free and 2.2 wt% Fe-containing 

6FDA-DAM:DABA (3:2) polymeric and CMS membranes were obtained at 35 °C, 42.5 

°C, and 50 °C. Gas permeability (ܲ) and C2H4/C2H6 permselectivity (ߙ௉) at 50 psia for the 

studied films are shown in Table 7.1, where the uncertainties of permeability represent 

standard deviations from multiple film measurements, and the uncertainties of 

permselectivity were obtained based on the rules for propagation of uncertainty1.  

Clearly, both the carbon materials exhibit significantly higher gas permeability than 

the polymer precursors, and this observation has been discussed in previous sections. In 

the range of testing temperature between 35 °C and 50 °C, a trend was found for each type 

of the films that both C2H4 and C2H6 permeability increase with the increasing temperature, 

and this trend is consistent with other studies on polymeric membranes2 and CMS 

membranes3. According to Equation 2.13, the temperature dependence of gas permeation 

is a combination of temperature dependencies of diffusion and sorption. Typically, as 

temperature increases, diffusion coefficients increase based on positive diffusion activation 

energies, while sorption coefficients decrease due to typical negative heats of sorption. 

Several studies have observed that as temperature increases, the increase in diffusion 

coefficients generally outweighs the decrease in sorption coefficients3–5. Hence, gas 

permeations increase with temperature and follow an Arrhenius relationship, which can be 

rearranged as:  
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݈݊(ܲ) = ൬

௉ܧ−

ܴ
൰ ∙

1
ܶ

+ ݈݊( ௢ܲ) (7.1 )

As for the temperature dependence of permselectivity, the C2H4/C2H6 

permselectivity is expected to decrease with increasing temperature in a trade-off for higher 

permeation. From Table 7.1, the studied polymer precursors follow this trend that ߙ௉ drops 

slightly with the increasing temperature. However, the relationship between ߙ௉  and 

temperature is not clear for the CMS films, which is probably due to some uncertainties of 

the permselectivity including combined uncertainties of the separate permeabilities.  

Figure 7.1 shows least-squares fits to the natural logarithm of gas permeability in 

Barrer versus inverse absolute testing temperature for four types of the films. Based on 

Equation 7.1, the permeation activation energy (ܧ௉) and the permeation pre-exponential 

factor ( ௢ܲ) were obtained from the fitting slope and the y-intercept, respectively, and the 

results including uncertainties are listed in Table 7.2. As shown in the table, positive 

permeation activation energies were observed for each type of the films, resulting from the 

increasing permeations with the increasing temperature. Generally, permeation activation 

energy depends on size of gas penetrant and membrane material. For the films studied in 

this work, C2H6 generally has higher permeation activation energy than C2H4, and this 

observation is consistent with the previous studies that permeation activation energy 

increases with penetrant size for gas penetrants of similar condensability3. Surprisingly, 

this trend was not observed for the CMS materials without Fe, and this particular case may 

be caused by relative low fitting R-squared (~0.9265) for C2H6. If the uncertainties of 

permeation activation energies are considered, this exceptional material (CMS membranes 
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without Fe) may still follow the typical trend that has been observed for other materials. 

For the polymer precursors, the incorporation of Fe does not have significant effects on 

C2H4 and C2H6 permeation activation energies. Derived from the Fast 550 °C protocol, the 

carbon material without Fe has the lowest permeation activation energies, showing less 

temperature dependence of permeation. For Fe-containing CMS membranes, the 

permeation activation energies rise to the highest level, presumably due to the formation 

of Fe complex in both micropores and ultramicropores during pyrolysis. Based on 

Equation 2.15, permeation activation energy is a sum of diffusion activation energy and 

heat of sorption. The effects of each factor will be analyzed in the following sections.  
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Table 7.1. Permeation performance of C2H4 and C2H6 (50 psia) at 35–50 °C for Fe-
free and Fe-containing 6FDA-DAM:DABA (3:2) polymeric and CMS membranes 

૝ࡴ૛࡯ࡼ  
 

(Barrer) 
૟ࡴ૛࡯ࡼ

 
(Barrer) 

 ࡼࢻ

Fe-free  
polymer precursor 

35 °C 3.52 ± 0.99 0.91± 0.20 3.89 ± 1.39 

42.5 °C 4.11 ± 0.96 1.16 ± 0.25 3.56 ± 1.14 

50 °C 4.54 ± 1.15 1.31 ± 0.26 3.47 ± 1.12 

Fe-containing 
Polymer precursor 

35 °C 2.82 0.62 ± 0.02 4.55 ± 0.15 

42.5 °C 3.26 ± 0.05 0.74 ± 0.03 4.43 ± 0.17 

50 °C 3.53 ± 0.06 0.87 ± 0.02 4.08 ± 0.10 

Fe-free CMS 
Fast 550 °C 

35 °C 1244.5 425.2 ± 62.1 2.93 ± 0.43 

42.5 °C 1296.7 434.6 ± 123.4 2.98 ± 0.85 

50 °C 1383.6 461.3 ± 117.0 3.00 ± 0.76 

Fe-containing CMS 
Fast 550 °C 

35 °C 63.2 6.8 9.34 

42.5 °C 83.7 10.3 8.13 

50 °C 129.8 15.2 8.54 

 

Table 7.2. Permeation activation energy (ࡼࡱ) and permeation pre-exponential factor 
 of C2H4 and C2H6 (50 psia) between 35–50 °C for Fe-free and Fe-containing (࢕ࡼ)
6FDA-DAM:DABA (3:2) polymeric and CMS membranes 

 
૝ࡴ૛࡯,ࡼࡱ

 
(kJ/mol) 

૟ࡴ૛࡯,ࡼࡱ
 

(kJ/mol) 
૝ࡴ૛࡯,࢕ࡼ

 
(Barrer) 

૟ࡴ૛࡯,࢕ࡼ
 

(Barrer) 

Fe-free  
polymer precursor 

13.99 ± 1.63 20.22 ± 3.60 8.35E+02 2.47E+03 

Fe-containing Polymer 
precursor 

12.42 ± 1.82 18.38 ± 0.02 3.63E+02 8.09E+02 

Fe-free CMS 
Fast 550 °C 

5.83 ± 0.84 4.48 ±1.26 1.21E+04 2.42E+03 

Fe-containing CMS 
Fast 550 °C 

39.68 ± 5.60 44.73 ± 0.34 3.27E+08 2.59E+08 
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(c) (d) 

Figure 7.1. Temperature dependence of permeability for C2H4 and C2H6 (50 psia) for 
Fe-free and Fe-containing 6FDA-DAM:DABA (3:2) polymeric and CMS membranes 
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7.3 Temperature Dependence of Sorption Performance 

The C2H4 and C2H6 equilibrium sorption properties for Fe-free and 2.2 wt% Fe-

containing 6FDA-DAM:DABA (3:2) polymeric and CMS membranes were measured at 

35 °C, 42.5 °C, and 50 °C. The pressure-dependent sorption coefficients (ॺ) and C2H4/C2H6 

sorption selectivity (ߙॺ) were obtained at 50 psia, as shown in Table 7.3, where the 

uncertainties of sorption coefficients represent standard deviations from multiple sample 

measurements, and the uncertainties of sorption selectivity were obtained based on the 

rules for propagation of uncertainty1.  

Clearly, both the carbon materials exhibit significantly higher gas sorptivity than 

the polymer precursors, and this observation has been discussed in previous sections. In 

the range of testing temperature between 35 °C and 50 °C, a trend was found for each type 

of the films that both C2H4 and C2H6 sorption coefficients decrease with the increasing 

temperature, and this trend is consistent with other studies on polymeric membranes2 and 

CMS membranes3. According to Equation 2.12, the thermodynamic sorption coefficients 

decrease with temperature due to typical negative heats of sorption, which follows a van’t-

Hoff relationship. The equation can be rearranged as:  

 
݈݊(ॺ) = ൬

ॺܪ−

ܴ
൰ ∙

1
ܶ

+ ݈݊(ॺ௢) (7.2 )

As for the temperature dependence of sorption selectivity, the C2H4/C2H6 sorption 

selectivity is expected to increase with increasing temperature. However, in the 

temperature range from 35 °C to 50 °C, the relationship between temperature and sorption 
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selectivity is not clear for each type of the films, as shown in Table 7.3. Nevertheless, the 

Fe-containing CMS membranes have notable sorption selectivities at all the testing 

temperatures.  

Figure 7.2 shows least-squares fits to the natural logarithm of gas sorptivity in 

cm3(STP)/(cm3(sample)∙cmHg) versus inverse absolute testing temperature for four types 

of the films. Based on Equation 7.2, the heats of sorption (ܪॺ) and the sorption pre-

exponential factor ( ॺ௢ ) were obtained from the fitting slope and the y-intercept, 

respectively, and the results including uncertainties are listed in Table 7.4. As shown in 

the table, negative heats of sorption were observed for each type of the films, resulting 

from the decreasing sorption coefficients with the increasing temperature. For glassy 

polymers, heats of sorption of gas penetrants are generally considered as a sum of two 

contributions6, as shown in Equation 7.3. 

ॺܪ  = ୡ୭୬ୢܪ + ௠௜௫ (7.3 )ܪ

 ௠௜௫ represents the enthalpy change when gas penetrants condense into sorption sites, andܪ

this change is generally increases with the gas critical temperature. ܪ௠௜௫ is the enthalpy 

change resulted from formation of sorption sites and the energy of mixing the condensed 

gas penetrants within the polymer matrix. Since C2H6 has slightly higher critical 

temperatures (306 K) than C2H4 (283 K), the ܪୡ୭୬ୢ of C2H6 is expected to be slightly 

higher. Surprisingly, for the polymer precursors studied in this work, the effects of gas 

species on ܪ௠௜௫  appear to outweigh the effects of gas critical temperature on ܪୡ୭୬ୢ , 

resulting in a higher absolute value of ܪॺ  for C2H4 than for C2H6. Besides, with the 
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incorporation of Fe into the polymer, slightly higher ܪॺ for both the C2 hydrocarbons was 

observed. For rigid porous CMS materials, ܪ௠௜௫  is negligible since there is no need to form 

sorption sites and few, if any polar groups in the micropores. Therefore, ܪॺ  is highly 

dependent on the gas critical temperature for the carbon materials. However, in this work, 

the relationship between ܪॺ and the gas species is not clear for the CMS materials. This 

surprising observation may be caused by similar critical temperatures for C2H4 & C2H6 and 

also by some uncertainties of the heats of sorption, as shown in Table 7.4.  
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Table 7.3. Sorption performance of C2H4 and C2H6 (50 psia) at 35–50 °C for Fe-free 
and Fe-containing 6FDA-DAM:DABA (3:2) polymeric and CMS membranes 

  ॺ࡯૛ࡴ૝
  ॺ࡯૛ࡴ૟

 

 ॺࢻ
  ቈ

(۾܂܁)૜ܕ܋
(܍ܔܘܕ܉ܛ)૜ܕ܋ ∙ ܏۶ܕ܋

቉ ቈ
(۾܂܁)૜ܕ܋

(܍ܔܘܕ܉ܛ)૜ܕ܋ ∙ ܏۶ܕ܋
቉ 

Fe-free  
polymer 
precursor 

35 °C 0.1001 0.0932 1.07 

42.5 °C 0.0918 0.0858 1.07 

50 °C 0.0793 0.0784 1.01 

Fe-containing 
Polymer 
precursor 

35 °C 0.1005 ± 0.0055 0.0920 ± 0.0070 1.09 ± 0.10 

42.5 °C 0.0875 0.0797 1.10 

50 °C 0.0769 0.0738 1.04 

Fe-free  
CMS 
Fast 550 °C 

35 °C 0.4785 0.4621 ± 0.0146 1.04 ± 0.03 

42.5 °C 0.4528 0.4094 ± 0.0017 1.11 

50 °C 0.4267 ± 0.0067 0.3934 ± 0.0027 1.08 ± 0.02 

Fe-containing 
CMS 
Fast 550 °C 

35 °C 0.4645 0.3909 1.19 

42.5 °C 0.4376 0.3690 1.19 

50 °C 0.3932 ± 0.0016 0.3585 ± 0.0048 1.10 ± 0.02 

 

Table 7.4. Apparent heat of sorption (ࡴॺ) and sorption pre-exponential factor (ॺ࢕) of 
C2H4 and C2H6 (50 psia) between 35–50 °C for Fe-free and Fe-containing 6FDA-
DAM:DABA (3:2) polymeric and CMS membranes 

 
૝ࡴ૛࡯,ॺࡴ

 
(kJ/mol) 

૟ࡴ૛࡯,ॺࡴ
 

(kJ/mol) 

ॺ࡯,࢕૛ࡴ૝
  ॺ࡯,࢕૛ࡴ૟

  

ቈ
(۾܂܁)૜ܕ܋

(܍ܔܘܕ܉ܛ)૜ܕ܋ ∙ ܏۶ܕ܋
቉ ቈ

(۾܂܁)૜ܕ܋
(܍ܔܘܕ܉ܛ)૜ܕ܋ ∙ ܏۶ܕ܋

቉ 

Fe-free  
polymer precursor 

-12.83 ± 2.10 -9.56 ± 0.39 6.77E-04 2.23E-03 

Fe-containing 
Polymer precursor 

-14.74 ± 0.08 -12.19 ± 2.00 3.19E-04 7.81E-04 

Fe-free CMS 
Fast 550 °C 

-6.31 ± 0.22 -8.92 ± 2.46 4.08E-02 1.41E-02 

Fe-containing CMS 
Fast 550 °C 

-9.17 ± 1.63 -4.79 ± 0.85 1.31E-02 6.01E-02 
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Figure 7.2. Temperature dependence of sorption coefficient for C2H4 and C2H6 (50 
psia) for Fe-free and Fe-containing 6FDA-DAM:DABA (3:2) polymeric and CMS 

membranes (Equations are shown with ࢔࢒(ॺ) = ቀ
ॺࡴି

ࡾ
ቁ ∙

૚

ࢀ
+  ( (࢕ॺ)࢔࢒
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7.4 Temperature Dependence of Diffusion Performance 

The average diffusion coefficients of C2H4 and C2H6 for Fe-free and 2.2 wt% Fe-

containing 6FDA-DAM:DABA (3:2) polymeric and CMS membranes were calculated 

based on Equation 2.3 ( ஺ܲ = ഥ஺ܦ ∙ ॺഥ஺). The average gas diffusion coefficients (ܦഥ) and 

C2H4/C2H6 diffusion selectivity (ߙ஽) at 50 psia for the studied films are shown in Table 

7.5, where the uncertainties of diffusion coefficients and diffusion selectivity were obtained 

based on the rules for propagation of uncertainty1. 

Clearly, both the carbon materials exhibit significantly higher gas diffusivity than 

the polymer precursors, and this observation has been discussed in previous sections. In 

the range of testing temperature between 35 °C and 50 °C, a trend was found for each type 

of the films that both C2H4 and C2H6 diffusion coefficients increase with the increasing 

temperature, and this trend is consistent with other studies on polymeric membranes2 and 

CMS membranes3. According to Equation 2.11, the diffusion coefficients increase with 

temperature based on an activated process, which follows an Arrhenius relationship. The 

equation can be rearranged as: 

 
݈݊(D) = ൬

ୈܧ−

ܴ
൰ ∙

1
ܶ

+ ݈݊(D௢) (7.4 )

Figure 7.3 shows least-squares fits to the natural logarithm of gas diffusivity in 

cm2/s versus inverse absolute testing temperature for four types of the films. Based on 

Equation 7.4, the diffusion activation energy (ܧ஽) and the diffusion pre-exponential factor 

 were obtained from the fitting slope and the y-intercept, respectively, and the results (௢ܦ)
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including uncertainties are listed in Table 7.6. As shown in the table, positive diffusion 

activation energies were observed for each type of the films, resulting from the increasing 

diffusion coefficients with the increasing temperature. Diffusion activation energy 

represents the minimum energy for a gas penetrant to jump from one sorbed site to another, 

and depends on the size of gas penetrant and the intrinsic properties of membrane materials. 

For each type of the films studied in this work, the larger penetrant, C2H6, has higher 

diffusion activation energy than C2H4. The incorporation of Fe does not have significant 

effects on diffusion activation energies in the polymer precursors. However, the Fe-

containing CMS membranes show the highest level of diffusion activation energies among 

the studied materials. The Fe complex in the CMS films appears to enlarge the temperature 

dependence of gas diffusion. Moreover, the Fe complex appears to be in ultramicropores 

of the CMS membrane and have additional size discrimination feature, resulting in greatly 

improved C2H4/C2H6 diffusion selectivity. This enhanced diffusion selectivity is 

contributed from an energetic factor and an entropic factor, as will be discussed in the next 

section.  
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Table 7.5. Diffusion performance of C2H4 and C2H6 (50 psia) at 35–50 °C for Fe-free 
and Fe-containing 6FDA-DAM:DABA (3:2) polymeric and CMS membranes 

ഥࡰ   ૝ࡴ૛࡯
  

(10-9 cm2/s) 
ഥࡰ ૟ࡴ૛࡯

  
(10-9 cm2/s) 

 ࡰࢻ

Fe-free  
polymer precursor 

35 °C 3.52 ± 0.99 0.97 ± 0.22 3.62 ± 1.30 

42.5 °C 4.48 ± 1.04 1.35 ± 0.30 3.32 ± 1.06 

50 °C 5.72 ± 1.45 1.67 ± 0.33 3.43 ± 1.11 

Fe-containing 
Polymer precursor 

35 °C 2.81 ± 0.15 0.67 ± 0.06 4.16 ± 0.41 

42.5 °C 3.72 ± 0.06 0.92 ± 0.03 4.03 ± 0.15 

50 °C 4.59 ± 0.08 1.17 ± 0.02 3.91 ± 0.10 

Fe-free CMS 
Fast 550 °C 

35 °C 260 92.0 ± 13.8 2.83 ± 0.42 

42.5 °C 286 106 ± 30.1 2.70 ± 0.77 

50 °C 324 ± 5.12 117 ± 29.8 2.77 ± 0.77 

Fe-containing CMS 
Fast 550 °C 

35 °C 13.6 1.73 7.87 

42.5 °C 19.1 2.79 6.86 

50 °C 3.30 ± 0.14 4.24 ± 0.06 7.79 ± 0.11 

 

Table 7.6. Diffusion activation energy (ࡰࡱ) and diffusion pre-exponential factor (࢕ࡰ) 
of C2H4 and C2H6 (50 psia) at 35–50 °C for Fe-free and Fe-containing 6FDA-
DAM:DABA (3:2) polymeric and CMS membranes 

 
૝ࡴ૛࡯,ࡰࡱ

 
(kJ/mol) 

૟ࡴ૛࡯,ࡰࡱ
 

(kJ/mol) 
૝ࡴ૛࡯,࢕ࡰ

 
(cm2/s) 

૟ࡴ૛࡯,࢕ࡰ
 

(cm2/s) 

Fe-free  
polymer precursor 

26.82 ± 0.47 29.78 ± 3.21 1.23E-04 1.11E-04 

Fe-containing Polymer 
precursor 

27.16 ± 1.90 30.57 ± 1.98 1.14E-04 1.04E-04 

Fe-free CMS 
Fast 550 °C 

12.15 ± 1.06 13.39 ± 1.20 2.96E-05 1.72E-05 

Fe-containing CMS 
Fast 550 °C 

48.85 ± 7.24 49.51 ± 1.19 2.50E+00 4.30E-01 
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Figure 7.3. Temperature dependence of diffusion coefficient for C2H4 and C2H6 (50 
psia) for Fe-free and Fe-containing 6FDA-DAM:DABA (3:2) polymeric and CMS 

membranes (Equations are shown with (۲)࢔࢒ = ቀ
۲ࡱି
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7.5 Energetic and Entropic Factors in Diffusion Selectivity 

As mentioned in Equation 2.4, a permselectivity (ߙ஺ ஻⁄ ) is a product of diffusion 

selectivity (ߙ஽) and sorption selectivity (ߙॺ). The average C2H4/C2H6 permeation, sorption, 

and diffusion selectivities for each type of the films at the temperature between 35 °C and 

50 °C were plotted in Figure 7.4, where the error bars represent the standard deviation of 

the corresponding data in the temperature range. The results shown in Figure 7.4 are 

consistent with the previous discussions in Section 6.3.1: the permselectivity is dominated 

by diffusion selectivity while sorption selectivity has little influence for all the films studied 

in this work. Although Fe enhances C2H4/C2H6 sorption selectivity for CMS membranes, 

Fe increases more notable diffusion selectivity, resulting a ~3X permselectivity relative to 

the carbon material without Fe.  

 

 

Figure 7.4. Permeation, sorption, and diffusion selectivities of C2H4/C2H6 (50 psia) 
between 35–50 °C for Fe-free and Fe-containing 6FDA-DAM:DABA (3:2) polymeric 
and CMS membranes 
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According to Equation 2.17, the diffusion selectivity can be further decoupled into 

an energetic factor and an entropic factor. The energetic selectivity is based on the 

difference in the diffusion activation energies of the two gas penetrants (∆ܧ஽,஺ି஻), while 

the entropic selectivity reflects the difference in the diffusion activation entropies of the 

two gas penetrants (∆ܵ஽,஺ି஻). Previous studies7,8 have revealed the significance of entropic 

selectivity for CMS materials for CO2/CH4, O2/N2, and N2/CH4 pairs. The researchers 

found that the entropic selectivity in polymeric films is close to unity, while entropic 

selectivity is much higher in CMS films. The results of the studies on C2H4/C2H6 pair in 

this work are consistent with this observed trend. As shown in Figure 7.5, both types of 

the CMS films have higher entropic selectivity than the polymer precursors. CMS materials 

have rigid size-discriminating ultramicropores that can restrict the degrees of motional 

freedom for gas penetrants, which makes it size-selective sieving. Compared to polymer 

membranes with flexible chains, CMS membranes have added entropic selectivity which 

is useful for separating penetrants with very little difference in size and shape. With the 

incorporation of Fe, the entropic selectivity further increases to the highest level of 5.83, 

and this entropic factor dominates the increase in diffusion selectivity with Fe.  
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Figure 7.5. Diffusion, energetic, and entropic selectivities of C2H4/C2H6 (50 psia) 
between 35–50 °C for Fe-free and Fe-containing 6FDA-DAM:DABA (3:2) polymeric 
and CMS membranes 

 

Based on the observed improvements in C2H4/C2H6 diffusion selectivity with Fe in 

CMS membranes, the Fe complex is hypothesized to be in the ultramicropores, tightening 

the rigid molecular sieve window and providing added entropic factor for the improved 

diffusion selectivity. Besides, a slight increase in C2H4/C2H6 sorption selectivity was 

shown in this work, apparently resulting from the Fe complex in the micropores providing 

selective affinity to olefin. Hence, the Fe incorporation clearly changes the pore structure 

of CMS membranes, and an idealized bimodal pore size distribution in the Fe-containing 

CMS materials is proposed, as illustrated in Figure 7.6. Since Fe clearly affects sorption 

and diffusion performance, it is envisioned that the Fe complex modifies “large” 

ultramicropores and “small” micropores. The shaded area is the cross-over region, where 

is the possible range for Fe complex to present in the CMS membranes. With these 

0

2

4

6

8

10

Diffusion
selectivity

Energetic
selectivity

Entropic
selectivity

C 2
H

4/
C 2

H
6

se
le

ct
iv

ity

Pure polymer Fe-polymer
CMS_Fast 550 °C Fe-CMS_Fast 550 °C



 121

combined contributions derived from the Fe in “large” ultramicropores and “small” 

micropores, therefore, the Fe-containing CMS membranes derived from the Fast 550 °C 

protocol not only overcome the C2H4/C2H6 upper bound for polymers9 but also surpass the 

C2H4/C2H6 upper bound for CMS materials10, which has been proven in Section 6.3.2.  

 

 

Figure 7.6. Idealized bimodal pore size distribution in Fe-containing CMS materials 
(shaded area represents cross-over region of “large” ultramicropores and “small” 
micropores as possible range for Fe complex to present) 

 

7.6 Summary and Conclusions 

The temperature dependences of permeation, sorption, and diffusion of C2H4/C2H6 

separation for the Fe-containing CMS membranes are studied in this chapter. The 

permeation and sorption properties for Fe-free and 2.2 wt% Fe-containing polymer 

precursor as well as the resulting CMS materials derived from the Fast 550 °C protocol 

were measured at 35 °C, 42.5 °C, and 50 °C. For the films studied in this work, as 
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temperature increases, the increase in diffusion coefficients outweighs the decrease in 

sorption coefficients, resulting in an increase in permeation. This work demonstrated that 

the highly enhanced C2H4/C2H6 diffusion selectivity was based on the added contribution 

from entropic selectivity with Fe.   
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CHAPTER 8. CONCLUSIONS & RECOMMENDATIONS 

8.1 Overview 

In this work, carbon molecular sieve (CMS) dense film membranes derived from 

6FDA-DAM:DABA (3:2) polyimide precursor were studied for separation of mixed 

olefins (C2H4 and C3H6) from paraffins (C2H6 and C3H8). Incorporation of Fe(II) ions into 

the precursors was pursued to develop olefin-selective CMS membranes with high 

separation performance. The principal goal of this work is to understand the factors 

controlling performance of the CMS membranes for the separation, and four specific 

objectives, as listed in Chapter 1, were pursued. This chapter highlights the key findings 

and contributions for each objective in this work. Recommendations for the future studies 

are outlined in the chapter as well. 

8.2 Conclusions 

There are four specific objectives in this work for the studies on 6FDA-

DAM:DABA (3:2) derived CMS membranes for separation of mixed olefins (C2H4 and 

C3H6) from paraffins (C2H6 and C3H8). The key findings and contributions for each 

objective are described as below.  

8.2.1 Evaluation of Viability of Selected Metal in CMS Membranes for Increasing 

Olefin/Paraffin Sorption Selectivity 

To improve olefin/paraffin separation performance, Fe(II) ions were selectively 

integrated into CMS membranes for improving the sorption selectivity, and ultimately the 
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permselectivity. The iron salts of Fe(acac)2 was integrated into the 6FDA-DAM:DABA 

(3:2) polymer precursor to form a 2.2 wt% Fe-containing polymer precursor. Various 

pyrolysis conditions (including pyrolysis temperature, ramp rates, and soak time) were 

studied for tuning the separation performance, and C2H4 & C2H6 sorption properties of the 

resulting Fe-containing CMS membranes were measured at 35 °C with selectivity 

determined at 50 psia. It was found that the Fast 550 °C protocol (a protocol with a low 

pyrolysis temperature at 550 °C, a fast ramp rate at 10 °C/min, and no soak time) was the 

most suitable pyrolysis protocol for the olefin/paraffin separation for the Fe-containing 

CMS membranes. The DABA moiety in the polymer was shown to be necessary for the 

improved separation performance, based on more or less stabilization of the cross-linking 

with Fe ions in the precursor. After applying the Fast 550 °C protocol, the Fe-containing 

CMS membranes derived from the 2.2 wt% Fe-containing 6FDA-DAM:DABA (3:2) 

precursor showed a 19% enhancement in C2H4/C2H6 sorption selectivity and an 11% 

improvement in C3H6/C3H8 sorption selectivity relative to the controlled Fe-free CMS 

membranes derived from the same protocol. From the X-ray absorption near edge structure 

(XANES) analysis, the Fast 550 °C protocol derived Fe-containing carbon material was 

shown to have a unique coordination environment of the Fe species compared to the 

materials derived from other pyrolysis protocols, and this particular Fe species was found 

to have an average oxidation state of Fe+2.2, which may provide a reason for the 

enhancement in olefin/paraffin sorption selectivity. Deeper studies on Fe-containing CMS 

membranes for olefin/paraffin separation were pursued in the following objectives.  
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8.2.2 Investigation of Effects of Iron Loadings & Studies on Alternative Metal Species 

for Olefin-Selective CMS Membranes 

The preliminary results in Chapter 4 have demonstrated that if correctly tailored, 

CMS membranes derived from the 2.2 wt% Fe-containing 6FDA-DAM:DABA (3:2) 

precursor exhibit more efficient sorption separation. An advanced olefin-selective CMS 

membrane was pursued by studying the effects of Fe loadings between 1.1 and 3.2 wt% in 

the precursor. Higher loadings of Fe could not be pursued due to gelation issue during the 

formation of polymer precursor films with Fe. The CMS membranes with the studied 

loadings of Fe were derived from the Fast 550 °C protocol, and the transport properties of 

C2 and C3 hydrocarbons in each membrane were measured with a 50 psia quaternary 

mixture at 35 °C. Surprisingly, a trend was observed that the selectivity of larger olefin 

over smaller paraffin (C3H6/C2H6) decrease with the increasing Fe loading in the 

membranes, which does not meet the expectation for developing an advanced olefin-

selective membrane. However, the 3.2 wt% Fe loading CMS membrane achieved the 

highest C2H4/C2H6 permselectivity near 11 with C2H4 permeability above 10 Barrers, while 

the 0 wt% Fe loading CMS membrane had a lower selectivity of 3.3. It has been proven 

that the Fe incorporation provides a valuable tuning opportunity for the challenging 

C2H4/C2H6 separation; therefore, most of the studies done in this work focus on the C2 pair 

separation. Stability of the extensively studied 2.2 wt% Fe-containing CMS membranes 

were investigated by continuous permeation testing using the 50 psia quaternary mixture 

at 35 °C over a period around 60 days. The membrane showed some reductions in 

permeation initially (24% decrease in C2H4 permeability) and achieved stable performance 

after 50 days with the continuous feed. Regardless the initial decrease in permeation caused 
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by CMS pore relaxation, the 2.2 wt% Fe-containing CMS membrane has been proven to 

be stable with a competitive C2H4/C2H6 permselectivity around 9.  

In the preliminary studies, Fe(II) was chosen as the incorporated metal into CMS 

membranes based on a combination of factors including high C2H4/C2H6 adsorption 

selectivity1, low cost, and stability against contaminants. Besides Fe(II), various metal 

species including Fe(III), Al(III), Ni(II), Mn(II), and Mn(III) were investigated for 

evaluating their impacts on the mixed olefin/paraffin separation. Each metal species in the 

form of metal acetylacetonates [M(acac)n] of 0.05 g was integrated into the 6FDA-

DAM:DABA (3:2) precursor of 0.5 g. However, only the films with Fe(II), Fe(III), and 

Al(III) were applicable while the other metal salts only partially dissolved in the 

tetrahydrofuran (THF) solvent, preventing film masking. The successfully prepared films 

were pyrolyzed with the Fast 550 °C protocol and exposed to the 50 psia quaternary 

mixture at 35 °C for measuring the gas transport properties. Among the studied metal 

species, Fe(II) has been proven to be the suitable specie for the highest C2H4/C2H6 around 

9 while the other metal species provided the selectivity less than 6. Therefore, Fe(II) in the 

form of Fe(acac)2 was extensively studied as the source of metal in the CMS membranes 

for improving olefin/paraffin separation. 

8.2.3 Analysis of Effects of Iron on Performance of Iron-Containing CMS Membranes 

Extensive studies were performed on the 2.2 wt% Fe-containing CMS membranes 

derived from the Fast 550 °C protocol, and the effects of Fe on C2 pair separation 

performance were decoupled into a sorption contribution and a diffusion contribution. The 

permeation and the sorption performance of the Fe-free and Fe-containing CMS 
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membranes were measured with single-component C2H4 and C2H6 feeds at 35 °C. It has 

been discovered that the C2H4/C2H6 sorption selectivity increases by 1.2 times since the Fe 

complex in micropores provides selective affinity to the olefin. On the other hand, the 

C2H4/C2H6 diffusion selectivity becomes 2.7 times as the Fe complex blocks large less 

selective ultramicropores. The combined contributions result in a 3.2X permselectivity 

relative to the Fe-free CMS membrane derived from the same pyrolysis protocol.  

This objective also analyzed the trade-off in terms of separation efficiency and 

productivity of various CMS films (Fe-containing and Fe-free CMS materials derived from 

different pyrolysis protocols). The results showed when applying the Fast 550 °C protocol, 

the Fe-containing CMS membranes with Fe loadings between 1.1 wt% and 3.2 wt% all 

have C2 pair separation performance above the CMS upper bound2 reported recently. It 

has been showed that the 3.2 wt% Fe loading film has the highest selectivity near 11 with 

C2H4 permeability above 10 Barrers, which is competitive with the recent studied PIM-

polyimide derived CMS made at 800 °C2,3. 

8.2.4 Characterization of Effects of Testing Temperature on Olefin/Paraffin Separation 

Performance of Iron-Containing CMS Membranes 

As the Fe-containing CMS membranes developed in this work have shown 

impressive olefin/paraffin separation performance, extensive temperature dependence 

studies were performed on the 2.2 wt% Fe-containing CMS membranes derived from the 

Fast 550 °C protocol. The permeation and the sorption performance of the Fe-free and Fe-

containing CMS membranes were measured with single-component C2H4 and C2H6 feeds 

at 35 °C, 42.5 °C, and 50°C. The results have proven that for each type of the films, as 
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temperature increases, the increase in diffusion coefficients outweighs the decrease in 

sorption coefficients, resulting in an increase in permeation. By analyzing the temperature 

dependence results, the Fe-containing CMS membranes shown added C2H4/C2H6 diffusion 

selectivity contributed from the entropic selectivity with Fe.  

8.3 Recommendations 

8.3.1 Exploration of Higher Metal Loadings in CMS Membranes with Alternative 

Processing Procedures and Precursor Materials 

In this work, CMS membranes with the incorporation of Fe(II) ions have been 

proven to exhibit improved olefin/paraffin separation performance. Moreover, the CMS 

membrane derived from the 6FDA-DAM:DABA (3:2) with 3.2 wt% Fe showed the highest 

C2H4/C2H6 permselectivity near 11 with a competitive C2H4 permeability. This impressive 

performance may be further pursued by increasing the loading of Fe. However, in the 

current work, Fe loading could not be pursued due to gelation issue during the formation 

of Fe-containing polymer precursor films, resulting from high ionic cross-linking density 

between Fe ions and the DABA group. Alternative approaches are recommended to 

overcome this gelation issue during the formation of Fe-containing polymer precursors. 

Metal ions may be incorporated into polymers during the polyimide synthesis 

process. Several studies have demonstrated a metal-containing polyimide film can be 

formed by casting a mixed solution with metal salts and polyamic acid4,5. As the films are 

thermally cured at a high temperature, the metal ions react with the carboxylic acid groups 

of the polyamic acid, forming metal-containing polyimide films. Besides, the gelation issue 

may also be addressed by infusing metal ions into the polymer. This work suggests soaking 
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a precursor membrane in metal acetylacetonate solutions, allowing for infusion of metal 

ions into the polymer. This application can be further extended to hollow fiber membranes, 

which are more appropriate in industry applications. The third proposed approach to 

increasing metal loading is integrating metal ions with a DABA-free polyimide in the same 

manner used in this work. Although this work indicated that the DABA moiety appears to 

be necessary for uniformly distributed metal ions and the improved olefin/paraffin sorption 

selectivity, it is the diffusion selectivity dominating the increasing permselectivity. 

Therefore, alternative polyimide precursors without DABA, (e.g., 6FDA-DAM, 

6FDA:BPDA-DAM, and 6FDA:BPDA) are suggested as the starting material for the 

metal-containing CMS membranes with presumably improved diffusion and permeation 

selectivities.  

8.3.2 Investigation of Physical Aging in Fe-Containing CMS Membranes 

In the current work, the extensively studied 2.2 wt% Fe-containing CMS 

membranes derived from the Fast 550 °C protocol have shown moderately stable 

separation performance after 50 days with a continuous feed. Nevertheless, an initial 

reduction in permeation was observed, presumably caused by CMS pore relaxation. A 

physical aging phenomenon in CMS materials resulting in time-dependent transport 

performance was reported previously6,7. The turbostratic carbon sheets in CMS membranes 

are hypothesized to rearrange to a more stable state with denser packing, which results in 

a decrease in permeability over time. This phenomenon may explain the initial reduction 

in permeation for the Fe-containing CMS studied in this work. As the stability of the 

membrane is critical for real-world applications, conducting thoughtful investigations on 

the performance stability of the Fe-containing CMS is suggested for the future research.  
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The storage conditions for the resulting CMS membranes have some effects on the 

separation performance, and the physical aging phenomena can be amplified when a CMS 

material is exposed to active vacuum. Hence, storage conditions, including vacuum 

environment and active inert gas feeds, are recommended for the studies on the stability of 

CMS membranes. Controlled experiments of CMS membranes without Fe are suggested 

to be performed for analyzing the effect of Fe on physical aging.  

8.3.3 Translation of Fe-Containing CMS Dense Films to Hollow Fiber Membranes 

In the current work, Fe-containing CMS dense film membranes were successfully 

fabricated and showed an impressive improvement in olefin/paraffin separation 

performance relative to the starting precursor polymer and even the controlled CMS 

membranes without Fe. Therefore, it is attractive to translate this promising Fe-containing 

CMS dense film to hollow fiber membranes for scale-up in industrial applications.  

Several approaches may be feasible to integrate metal ions into CMS hollow fiber 

membranes. The first proposed approach, as mentioned before, is to soak an already spun 

hollow fiber precursor in a metal-containing solution, allowing for infusion of metal ions 

into the fiber precursor. An alternative suggestion is adding metal ions into the dope 

solution for fiber spinning. As the dope composition is critical for the solution spinning 

process, preliminary studies can be started with syringe test to form mimic fibers. This 

method has been proven as a useful screening tool to identify the influences of dope 

composition and spinning conditions on resulting fibers8.  
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APPENDIX A.  

GAS COMPRESSIBILITY FACTORS 

Gas compressibility factors (Z) of the gases were used in this work to account for 

behavior of non-ideal gases, and is described as follows: 

 
ܼ =

ܸ݌
ܴ݊ܶ

 (A.1)

where: 

p : pressure of the gas      

V : volume of the system occupied by the gas   

n : number of moles of the gas     

R : universal gas constant     

T : absolute temperature of the gas 

In this work, the pressure-dependent compressibility factor equations of pure gases 

were calculated using the Peng-Robinson Equation of State and the National Institute of 

Standards and Technology (NIST) SUPERTRAPP Software, Version 3.1. These equations 

of C2 and C3 hydrocarbons at 35–50 °C are listed in Table A.1.  
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Table A.1. Compressibility factor equations of gases, with pressure (p) in psia 

Gas Temperature Compressibility Equation 

C2H4 

35 °C Z = −2.966×10ିଵଵ݌ଷ − ଶ݌10ି଼×8.125 − 3.519×10ିସp + 1 

42.5 °C Z = −1.352×10ିଵଵ݌ଷ − ଶ݌10ି଼×6.807 − 3.261×10ିସp + 1 

50 °C Z = −5.668×10ିଵଶ݌ଷ − ଶ݌10ି଼×5.558 − 3.027×10ିସp + 1 

C2H6 

35 °C Z = −1.681×10ିଵ଴݌ଷ − 1.487×10ି଻݌ଶ − 4.683×10ିସp + 1 

42.5 °C Z = −1.103×10ିଵ଴݌ଷ − 1.289×10ି଻݌ଶ − 4.355×10ିସp + 1 

50 °C Z = −6.943×10ିଵଵ݌ଷ − 1.105×10ି଻݌ଶ − 4.046×10ିସp + 1 

C3H6 

35 °C Z = −2.317×10ିଽ݌ଷ − 5.100×10ି଻݌ଶ − 8.720×10ିସp + 1 

42.5 °C Z = −1.254×10ିଽ݌ଷ − 5.778×10ି଻݌ଶ − 7.958×10ିସp + 1 

50 °C Z = −1.051×10ିଽ݌ଷ − 4.341×10ି଻݌ଶ − 7.475×10ିସp + 1 

C3H8 

35 °C Z = −4.194×10ିଽ݌ଷ − 4.940×10ି଻݌ଶ − 9.922×10ିସp + 1 

42.5 °C Z = −2.925×10ିଽ݌ଷ − 4.760×10ି଻݌ଶ − 9.165×10ିସp + 1 

50 °C Z = −1.950×10ିଽ݌ଷ − 4.743×10ି଻݌ଶ − 8.464×10ିସp + 1 

 


