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Recent research has developed a class of crosslinkable polymers that can be used 

as effective membrane separators for carbon dioxide removal from natural gas.  In 

asymmetric hollow fiber form, these materials provide significant cost and savings over 

traditional amine absorption towers.  This work focuses on the development of a method 

for forming asymmetric hollow fibers membranes from novel polymers in general, with 

specific application to this group of crosslinkable polymers. 

The majority of current hollow fiber membranes for gas separations are formed 

from a relatively small class of hydrophobic polymers.  As new materials are discovered, 

it is important that they be processable into asymmetric hollow fibers, a form which 

allows for maximum productivity with a relatively small unit operation.  A process was 

developed in this work to first systematically characterize novel materials, and then to 

apply the characterization to hollow fiber formation.  The process requires a minimal 

amount of material, and was validated using a crosslinkable polyimide. 
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A closely related polyimide was used to show the effectiveness of crosslinked 

asymmetric hollow fiber membranes for the removal of CO2 from natural gas.  Fibers 

were spun using the process described, then crosslinked in the solid state for stabilization 

against CO2-induced plasticization.  Initial studies of the crosslinking reaction revealed 

that only moderate temperatures (180°C - 200°C) are required for stabilization.  The 

crosslinking reaction also happened relatively quickly (less than one hour), making the 

process reasonable for use in high-speed fiber production.  Stability was shown upon 

exposure to both liquid solvents and high CO2 pressures, and the fibers were shown to be 

effective separators, maintaining high selectivity and productivity at high pressures over 

time. 
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Chapter 1: Introduction 

1.1 MEMBRANE TECHNOLOGY  

Membranes are molecular level selective barriers.  By allowing the passage of one 

species preferentially over another, separations can be achieved.  A wide variety of 

materials can be used to form membranes, including polymers, carbon molecular sieves, 

and zeolites.  Membrane modules can be packaged as flat sheets (plate-in-frame or spiral 

wound configurations), tubes, or hollow fibers.  Permeation across membranes can be 

driven by concentration, charge, or pressure gradients [1, 2].  In order to more easily 

categorize the wide range of types and applications, membranes are often defined by the 

size of the rejected species as shown in Table 1.1. 

 
Type of Membrane Size Range 
Microfiltration 200-10,000 Å (0.02 – 10 µm) 
Ultrafiltration 10-200 Å 
Nanofiltration 5-20 Å 
Solution-diffusion 3-5 Å 

Table 1.1: Membrane types and size range of typical penetrants [3] 

 

The first three types of membranes in Table 1.1 are primarily used for liquid 

separations and rely on size-exclusion filtration for their separation.  By forming 

membranes with specific pore sizes, species smaller than the nominal pore size are 

allowed to pass, while larger species are retained.  This principle works well for larger 

molecules, but when “micro-molecules” (< 5 Å) are concerned, as is the case with reverse 

osmosis and most gas separation applications, the solution-diffusion mechanism is 
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employed.  In this case, pre-existing pores are typically not apparent in the selective layer 

and a more complex “solution-diffusion” mechanism applies. 

 

1.2 GAS SEPARATION MEMBRANES 

Although most gas separation membranes still rely upon size differences for 

separations, passing the smaller species and retaining the larger, the sizes of the 

molecules involved (<5 Å) necessitate the use of a combination of thermodynamic and 

kinetic forces that comprise the solution-diffusion process noted above.  In this case, 

species are no longer screened by discrete pores through the membrane, but rather the 

gases must pass through an effectively dense polymer film.  Permeation, the process of 

passing through this dense, non-porous film, relies on gas molecules first sorbing 

(dissolving) into the upstream face of the membrane, diffusing through the selective 

layer, and finally desorbing from the downstream membrane face.  More detail on this 

mechanism can be found in Chapter 2 (Section 2.1).  Both sorption and diffusion 

phenomena are critical to the overall movement of molecules through the membrane, but 

most current gas separation membranes rely primarily on a difference in diffusion 

coefficients, related to their molecular sizes, for their separation [4, 5]. 

 

Commercial application of gas separation membranes has lagged somewhat 

behind that of their liquid counterparts.  The first gas separation membranes were used 

industrially in the early 80’s by Monsanto for hydrogen recovery from ammonia purge 

gas [4].  By the late 80’s, membranes were infiltrating other gas separations, becoming 

particularly popular for the production of nitrogen enriched air (95-99% N2) [6].  While 

traditional techniques such as pressure swing absorption (PSA) or cryogenic distillation 

are still needed for large-scale production of ultra-high purity nitrogen (>99.999%), 



 3

polymeric solution-diffusion membranes now dominate the lower purity and lower 

capacity applications due to cost and simplicity [7].  Membranes are also found in 

applications for fuel tank inerting in airplanes [8], natural gas purification (see Section 

1.4), and hydrogen removal [7, 9]. 

 

1.3 INDUSTRIAL GAS SEPARATIONS 

Membranes in the field are usually found in modular form, allowing for relatively 

easy operation and expansion.  By packaging membranes in modules, external operations 

(compression, pretreatment, pumping) can be maintained separately from the core 

membrane, and replacement or expansion of the membrane system involves primarily the 

membrane module itself.  Modules come in three common forms, plate-and-frame, spiral 

wound, and hollow fiber.  The most important difference between the three options is in 

the available surface area per volume.  A chart comparing the area available is shown 

below. 

 

 

Figure 1.1: Surface area to volume ratios of various membrane module configurations 
[9] 

 

Membrane surface area (m2/m3)
0 10,000 20,000

Hollow Fiber
Spiral Wound
Plate in Frame
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The amount of separating area per unit volume is critical in membrane systems 

since a larger area gives higher overall throughput and productivity.  Gas separations, in 

particular, require enormous active surface area in order to be economically feasible.  For 

this reason, plate-in-frame modules are rarely found in commercial gas separation 

applications.  While spiral wound modules are common in liquid applications, the high 

surface area demand of gas separations leads to the increasing popularity of hollow fiber 

modules.  A more detailed discussion of the advantages of hollow fibers, and more 

particularly asymmetric hollow fibers, is found in Chapter 2 (Section 2.3). 

 

1.4 NATURAL GAS SEPARATIONS 

Natural gas separations have attracted significant interest in recent years.  The 

projected growth of the natural gas market is significant, with world-wide use nearly 

doubling between 2001 and 2025 [10].  As with other fossil fuels, natural gas must be 

purified before use, a task that becomes increasingly more difficult as ‘cleaner’ wells are 

exhausted.  The following chart shows some of the most common components, their 

typical level in wells, and the necessary levels for pipeline transport. 

 
Component Typical Feed (mol %) Sales Specifications (mol %)

CH4 70 – 80% 90% 
CO2 5 – 20% <2% 
C2H6 3 – 4% 3 – 4% 
C3 to C5 ~3% ~3% 
C6 and higher 0.5 – 1% 0.5 – 1% 
N2 ~1 – 4% <4% 
H2S < 100 ppm < 4 ppm 
H2O Saturated < 100 ppm 

Table 1.2: Typical natural gas well contaminants, their concentration in the well, and 
pipeline specifications [11, 12] 
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The economic incentive for natural gas purification is large.  An estimated 1.3 

trillion dollars worth of natural gas in United States wells alone is considered “sub-

quality,” due to unacceptably high levels of contaminants [13].  In order to deliver this 

gas to end-users without significant cost increases, continuing advances in purification 

technology are required. 

 

One of the most common and troublesome of the contaminants listed in Table 1.2 

is carbon dioxide.  In addition to reducing heating value and unnecessarily increasing 

compression costs, carbon dioxide can combine with water to form corrosive carbonic 

acid.  This requires special alloy pipes for transport, significantly increasing costs in 

remote applications where purification at the well head is not feasible.  Currently, amine 

absorption is the dominant technology for CO2 removal.  While very effective in reducing 

CO2 levels to pipeline specifications, amine techniques require large space commitments, 

energy to run reboilers, and harsh chemicals that must eventually be disposed of.   

 

Membranes offer an extremely attractive alternative as compact, simple, and 

environmentally benign unit operations.  For example, offshore platforms which currently 

must pipe gas ashore before purification could be equipped with membrane units.  A 

membrane unit on the platform could require less than half the footprint area and 

operating weight and less than one fifth of the volume of an adsorption system [14]. 

 

There are, however, some limitations in the implementation of membranes for 

CO2 removal from natural gas.  While there are several material options for creating 

natural gas purification membranes (polymers, molecular sieves, ceramics, etc.), 
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polymeric membranes are currently the most attractive option because of their cost and 

processing advantages over zeolite or ceramic membranes.  However, the performance of 

polymeric membranes in the field is consistently well below what would be expected 

from the polymers’ material properties.  One of the prime culprits in this performance 

decline is CO2-induced plasticization.  The performance of most polymeric membranes is 

degraded in the presence of moderate to high pressures of CO2.  A further discussion of 

this plasticization phenomenon is found in Chapter 2 (Section 2.2). 

 

1.5 STABILIZATION STRATEGY 

There are a number of options available to address the issue of CO2-induced 

performance degradation.  Pre-treatment of the feed stream can remove detrimental 

components before they reach the polymer [15].  Another option that is receiving 

considerable research attention is the discovery of a “super-material”, a polymer that will 

be stable in the face of CO2, as well as have superior transport properties.  Unfortunately, 

materials are often found to be either robust (stable performance in the face of aggressive 

feed streams) or effective for gas separations (economically viable productivity and 

separation performance).  Recognizing this fact has led some researchers to try to 

combine the two materials to form interpenetrating networks or blends, gaining the 

transport properties of one and the stability of the other  [16-18].  To date, these 

approaches have not lead to a practical solution to the stabilization problem. 

 

Physical or chemical treatment of membranes can also be done to increase 

stability.  Polyimides, for example, have been stabilized by heat treatment, which is 

thought to cause charge-transfer complexes between polymer chains [19].  A more 

concrete way of linking chains can be done through crosslinking, either ionic or covalent.  
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Ionic crosslinking ties the chains together through ionomer clusters, while covalent 

crosslinking uses chemical bonds to link chains, increasing their stability in the presence 

of CO2.  Ionic crosslinks are susceptible to long term disruption by both water and CO2, 

limiting the viability of this approach.  The work in this dissertation applies the covalent 

crosslinking strategy for membrane stabilization to asymmetric hollow fibers. 

 

1.6 OTHER APPLICATIONS FOR ROBUST MEMBRANES 

The development of robust membranes for CO2 removal from natural gas could 

benefit other areas of separation as well.  Membranes that resist CO2 plasticization often 

resist contamination by other impurities such as aromatics and higher hydrocarbons [20].  

Refineries and other chemical plants have a variety of gas streams that could benefit from 

more economical purification or separation options.  Olefin/paraffin and aromatic 

separations are only two of the potential applications for robust membranes [21, 22]. 

 

The development of robust membranes that can be manufactured with traditional 

techniques also opens the door to further performance enhancement.  Other research, 

currently being carried out on “traditional” polymers, could be easily transferred to these 

new materials.  One example of performance enhancement research is in the area of so-

called ‘mixed matrix’ membranes [23].  These membranes incorporate zeolite or carbon 

molecular sieve particles into a polymer matrix, gaining the processability of the polymer 

and the separation ability of the molecular sieves.  Combining mixed matrix research 

with durable, robust polymers would be a significant advance in membrane technology. 
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1.7 RESEARCH OBJECTIVES 

The objectives of this work fall into two areas, hollow fiber spinning from novel 

polymers and chemical crosslinking of asymmetric hollow fibers.  In both areas, practical 

issues of fiber production are considered.  Theory and fundamentals are used to guide and 

explain the processes discussed, but practicality of implementation remains the focus, as 

described in detail in the following sections. 

 

1.7.1 Asymmetric Hollow Fiber Spinning from Novel Polymers 

The bulk of membrane science research occurs on the ‘fundamental’ material 

level.  Investigations revolve around the material properties of various polymers, zeolites, 

carbon molecular sieves, and ceramics.  Within these categories, again, the bulk of 

research is done with polymers; synthesizing, modifying, and characterizing potential 

membrane materials in various applications.  The characterization is done primarily on 

dense films because of their relative simplicity and reproducibility.  Invaluable 

information about the properties of membrane materials comes from this work. 

 

In order for the materials to be applicable in an industrial environment, they must 

be made into a relevant form, and as noted earlier, this is almost exclusively asymmetric 

hollow fibers.  Asymmetric hollow fibers allow productivity to be maximized while 

maintaining material selectivity, the two critical elements required for industrial 

application.  As is elaborated in Chapters 2 through 4, the transition from dense films to 

hollow fibers involves a wide array of interconnected considerations and constraints. 

  

This work therefore addresses the challenge of transitioning a new, promising 

material from dense film to hollow fiber.  The specific polymers used in this work are 
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crosslinkable polyimides that have been proven effective for CO2 removal from natural 

gas in dense film form.  Conclusions are drawn from the experience with these materials 

to guide future researchers in the transition from dense film to asymmetric hollow fiber. 

 

1.7.2 Chemical Crosslinking of Asymmetric Hollow Fibers 

Dense film work has shown that certain polyimides can be covalently crosslinked, 

thus stabilizing the membranes against plasticization in the face of high pressures of 

carbon dioxide while still retaining good separation properties [24-27].  Spinning 

crosslinkable materials, addressed in the first objective of this work, is only the first step 

in creating industrially relevant membranes for natural gas applications.  Crosslinking can 

be a chemically and thermally intense process, and it is imperative that the delicate 

asymmetric morphology (described in Section 2.3) be preserved during the process.   

 

This section of the work will thus address the challenges inherent in balancing 

aggressive chemical and thermal treatment with the need to maintain a delicate physical 

morphology.  The effect on the fibers of different crosslinking conditions and methods 

were investigated.  The results of crosslinking were investigated using permeation 

measurements and other analytical techniques. 

 

1.8 ORGANIZATION OF DISSERTATION 

Chapter 1 contains introductory material, including background on membrane 

separations and the applications for robust membranes.  Research objectives and 

dissertation organization are also included. 
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Chapter 2 relates the technical background for the work.  This includes gas 

transport fundamentals, asymmetric hollow fiber spinning techniques and stabilization 

strategies. 

 

Chapter 3 discusses the challenges and lessons learned in spinning novel 

polymers.  A step-by-step approach to spinning novel polymers is presented. 

 

Chapter 4 presents a case study wherein the approach outlined in Chapter 3 is 

applied to a novel crosslinkable polymer. 

 

Chapter 5 is focused on crosslinking asymmetric hollow fibers.  The effects of 

various crosslinking treatments with and without catalyst assistance on ideal gas 

performance and solvent resistance are presented and discussed.  The crosslinking 

reaction is also investigated with TGA-IR. 

 

Chapter 6 includes the permeation data on crosslinked asymmetric hollow fibers.  

This shows the stability of various fibers in the face of high CO2 pressure and the 

separation performance of the fibers under a variety of feed conditions. 

 

Chapter 7 provides a summary of the conclusions of this work and recommends 

paths for further study and investigation. 

 

The appendices contain additional useful information, including a description of 

polymer synthesis and crosslinking, sample binodal curves, lab-scale permeator 

manufacture, and methods for permeation testing. 
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Chapter 2: Background and Methods 

This chapter provides additional background details needed to understand gas 

transport in polymers, the challenges faced in aggressive stream applications, and the 

specifics of asymmetric hollow fiber formation.  The chapter concludes with an overview 

of testing and characterization methods used for crosslinked hollow fibers. 

 

2.1 GAS TRANSPORT IN POLYMERS 

As noted in Chapter 1, common polymeric micro- or ultra-filtration membranes 

rely on simple size exclusion for separations.  By simply controlling the pore sizes in a 

membrane, larger entities are excluded and smaller ones are allowed to pass through.  

This principle can be extended to the molecular scale of gas separations when rigid 

materials such as carbon molecular sieves or zeolites are used.  Due to the nature of their 

flexible chains, however, polymers are unable to maintain discrete pore sizes that allow 

simple size exclusion on the angstrom scale.  Gas transport through polymeric 

membranes takes place via other mechanisms, most commonly Knudsen flow and 

solution-diffusion processes. 
 

Knudsen diffusion occurs when discrete pores exist in a solid that are larger than 

the kinetic diameter of a gas molecule, but smaller than the mean free path of the 

molecule in the bulk.  As gas molecules pass through these pores, they contact the pore 

walls more often than they contact other gas molecules [1].  The collisions with pore 

walls slows the molecules down, but does not provide significant selective resistance, 
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making membranes that exhibit Knudsen flow behavior relatively ineffective for practical 

gas separations. 

 

Solution-diffusion polymer membranes differentiate themselves from other 

membranes by the fact that discrete, through-going pores do not exist.  Instead, transport 

through a dense, non-porous polymer layer relies on the coupled phenomena of sorption 

and diffusion.  In order for a gas molecule to pass through a solution-diffusion 

membrane, it must sorb (dissolve) in the upstream side of the membrane, diffuse through 

the membrane, and finally desorb on the downstream side (Figure 2.1).   

 

 

Figure 2.1: Schematic of gas permeation through a dense polymer film 

 

The permeability (P) of a material can thus defined as the product of the diffusion 

(D) and sorption (S) coefficients. 

 

DSP ⋅=          (2.1) 
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Diffusion through polymers is accomplished by the penetrant molecule ‘jumping’ 

through molecular-scale gaps created by random polymer chain motion.  The diffusion 

coefficient, then, is proportional to the product of the jump frequency (f) and the square 

of the jump length characteristic of a random walk (λ) [2].  

 
2

6
1 λfD =          (2.2) 

 

Sorption in glassy polymers is commonly described by the dual-mode model, and 

the sorption coefficient given in Eqn 2.3 [3]. 
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In this case, kDA is the Henry’s law constant, C’HA is the Langmuir capacity 

constant, and bA is the Langmuir affinity constant.  Gas molecules can sorb into two 

distinct regions of the polymer, densely packed regions and areas of preexisting 

penetrant-scale ‘microvoids’.  These microvoids, known as free volume, are caused by 

the non-equilibrium nature of glassy polymers.  The volume difference between the 

actual polymer volume and the equilibrium volume is known as the free volume, and the 

Langmuir portion of dual-mode sorption describes the ‘filling’ of this volume with 

penetrant molecules.  Dissolution of penetrant molecules into the densely packed regions 

of the polymer is described by the Henry’s Law portion of the sorption expression.  At 

lower pressures, Langmuir sorption dominates, as free volume in the polymer tends to be 

filled preferentially with penetrant molecules.  As pressure increases, Henry’s Law 

sorption begins to play a larger role due to saturation of pre-existing Langmuir sites.  It is 

important to note that as pressure increases, the sorption coefficient decreases until the 
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Langmuir sites are filled, after which the sorption coefficient remains constant in the 

absence of strong swelling-induced dilation of the polymer matrix as penetrant molecules 

continue to dissolve in the normally packed polymer regions. 

 

The permeability of a membrane can also be practically defined as the flux 

normalized by the pressure drop (∆p) and the thickness (l) of the dense polymer film. 

 
( )

p
lP

∆
⋅= Flux          (2.4) 

 

The common units for permeability are Barrers, defined as  
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For conditions where the downstream pressure is much less than the upstream 

pressure, the ideal selectivity of a membrane for a given gas pair is then defined as the 

ratio of the fast gas to slow gas permeabilities. 

 

B

A

P
P

=α          (2.6) 

 

This is particularly useful when examining the ideal gas performance of 

membranes using pure gas testing (discussed in Section 2.5.2).  For practical purposes in 

mixed gas streams, the selectivity can also be defined as the ratio of compositions 

between the upstream (xA and xB) and downstream (yA and yB) sides of the membrane. 
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2.2 PLASTICIZATION 

Permeability can be affected by polymer-penetrant interactions.  These 

interactions are minimal when separating so-called ‘ideal’ permeation gases such as 

oxygen and nitrogen, but for separations of more aggressive feeds, the effect of penetrant 

interaction with the polymer must be taken into account.  The principle challenge caused 

by polymer-penetrant interaction is plasticization. 

 

Plasticization occurs when a penetrant interacts with the polymer matrix to 

increase the segmental mobility of the polymer chains.  This increased mobility tends to 

cause an increase in the diffusion coefficients of all penetrants in the polymer [4], thus 

increasing their permeability.  This effect is shown by a typical permeation isotherm in 

Figure 2.2.  The ‘plasticization pressure’ is defined as the pressure where the minimum of 

the curve occurs.  An isotherm showing the plasticization pressure and response is also 

known as a plasticization curve. 
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Figure 2.2: Schematic of CO2 permeability isotherm showing a minimum at the 
plasticization pressure 

 

As penetrant pressure increases, there is an initial drop in permeability caused by 

the dual mode nature of sorption in polymers (Eqn 2.3).  After the plasticization pressure 

is reached, permeability begins to increase.  Since the relative increase in permeability of 

slower gases tends to be greater than that of faster gases, selectivity is depressed at the 

same time.  Plasticization curves are specific to a material, penetrant, and even membrane 

form [5].  For example, the plasticization pressure can be different, there might be no 

plasticization evident (Figure 2.3), or plasticization can occur immediately (Figure 2.4), 

without the initial drop in permeability.  The curve in Figure 2.3 is rarely seen for CO2 (it 

is more common for ‘ideal’ or non-interacting penetrants such as oxygen or nitrogen) 

while Figure 2.4 is most common in very thin polymer layers such as those found in 

asymmetric hollow fibers. 
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Figure 2.3: Schematic of a CO2 isotherm in the absence of plasticization, a response 
commonly seen with ‘ideal’ penetrants such as oxygen or nitrogen 

 
 

 

Figure 2.4: Schematic of a CO2 isotherm in which plasticization occurs immediately, a 
response often seen in thin films 

 

Membrane plasticization is most commonly seen in carbon dioxide studies, 

although aromatic and higher hydrocarbons can cause significant challenges as well.  

This work will focus primarily on controlling plasticization caused by CO2. 
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Stabilization against plasticization has been the objective of significant recent 

effort.  High temperature (350°C) annealing of polyimides has been shown to be effective 

in reducing plasticization effects, either through crosslinking or the formation of charge-

transfer complexes [6].  The high temperature annealing approach, however, significantly 

decreased the permeability and is unattractive for application with hollow fibers.  Blends 

have also been used to improve stability, combining a high-performance polymer with a 

highly stable polymer [7].  These blends are effective in suppressing plasticization, but 

reduce the membrane performance below commercially viable levels.  Another form of 

blend involves adding oligomers or monomers to a polymer to form interpenetrating 

networks.  Good plasticization resistance has been shown, but at the cost of high 

processing temperatures and reduced permeability [8]. 

 

Several attempts have been made to use crosslinking to reduce plasticization 

effects.  Benzophenone groups in polyimides can be crosslinked by exposure to UV 

radiation, resulting in improved selectivity, but greatly reduced permeability [9].  The 

imide link in polyimides can also be used as a site for crosslinking via reaction with 

diamino compounds [10].  Hyper-branched polyimides formed by replacing diamines 

with triamines in the polymer synthesis can also be crosslinked with a variety of 

compounds [11].  The first two of these methods result in a strong decrease in CO2 

permeability, making them unattractive for commercial application.  Crosslinking of 

hyper-branched polyimides was found to increase the CO2 permeability, but the films 

were brittle and difficult to test at high temperatures.  Application to industrially-relevant 

hollow fibers requires materials that exhibit good separation properties and are easily 

handled during the manufacturing process. 



 21

 

The current work is based on studies done by Wind and Koros, et al. utilizing 

covalent crosslinking to stabilize polyimides in the face of aggressive feed streams [12-

14].  The polyimides used contain 4,4'-(hexafluoroisopropylidene) diphthalic anhydride 

(6FDA), and a mixture of 2,4,6-trimethyl-1,3-diaminobenzene (DAM) and 3,5-

diaminobenzoic acid (DABA).  Crosslinking was accomplished by transesterifying two 

DABA moieties with a diol crosslinking agent.  The technique requires heating under 

vacuum to drive the reaction, a step that is easily added to hollow fiber production.  In 

addition, dense film data show that permeability and selectivity can both increase with 

crosslinking [13], making the process very attractive for commercial application.  Details 

on polymer synthesis and the crosslinking procedure can be found in Appendix A.  

Figure 2.5 shows the monomers involved, a representative polymer repeat unit, and an 

example of a transester crosslink using 1,3-propane diol.   

 



 22

NH2

OH O

NH2

O O

O

O

O

O

CF3 CF3

NH2 NH2

OH

OH
O

O

O
O

n
 

NN

CF3CF3O

O

O

O

2NN

CF3CF3O

O

O

CH3

CH3

O CH3

OH O

3

6FDA dianhydride DABA diamine DAM diamine

1,3-propane diol
(crosslinking agent)

DABA moieties linked via transesterification
with propane diol crosslinking agent

3:2 DAM:DABA polyimide

 

Figure 2.5: Monomers used in the polymers discussed in this work, along with a 3:2 
DAM:DABA polyimide, the 1,3-propane diol crosslinking agent and an 
individual transester crosslink 

 

The crosslinked films were shown to be mechanically robust and stable in the face 

of high CO2 pressures, with good permeabilities and selectivities.  Figure 2.6 shows the 

plasticization curves for representative crosslinked and uncrosslinked membranes made 

from this class of polyimides.  The crosslinking agent used in this case was ethylene 

glycol. 
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Figure 2.6: CO2 permeability isotherms of representative uncrosslinked and crosslinked 
polyimides measured at 35°C [15] 

 

At about 300 psi of CO2 pressure, the permeability of the uncrosslinked 

membrane begins to dramatically increase.  This upswing in permeability is accompanied 

by a significant decline in selectivity.  In contrast, the crosslinked membrane shows only 

a slight creep upwards at about 400 psi, showing that plasticization has been essentially 

eliminated at these pressures.   
 

2.3 ASYMMETRIC HOLLOW FIBERS 

2.3.1 Asymmetric Hollow Fiber Fundamentals 
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The overall goal of the current work is to extend the material research performed 

on dense films to asymmetric hollow fibers.  The need for creating hollow fibers lies in 

the inherent limitation of the solution-diffusion method.  Because the mechanism requires 

the relatively slow transport of gases across a membrane via diffusion, the productivity of 

a typical dense film membrane is too low to be of practical use.  The membrane must be 

made in a form that maximizes the productivity equation, shown below. 

 

l
pAP ∆⋅⋅=typroductivi        (2.8) 

 

Asymmetric hollow fibers are the current state-of-the-art form for accomplishing 

this for several reasons.  First, they maximize the area available for separation (A) by 

creating a system analogous to shell-and-tube heat exchangers.  By forming small tubes 

(hollow fibers) and packing them closely together, the membrane surface area to volume 

ratio can reach into the thousands of m2/m3 [16, 17].  The cylindrical form and relatively 

thick wall of hollow fiber membranes also allows for the support of a large pressure drop 

across the membrane (∆p).  Finally, the asymmetric nature of the hollow fiber allows the 

thickness of the dense, non-porous separating layer (l) to be minimized.  Although the 

wall of the fiber is relatively thick, the majority of that wall is highly porous, providing 

negligible resistance to gas flow; only the outside 100 – 200 nm layer is dense and 

performs the separation (see Figure 2.7).  As long as this skin layer remains intact, a 

thinner layer results in higher productivity with no loss in selectivity. 
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Figure 2.7: SEM picture of typical asymmetric hollow fiber and schematic of the thin 
separating skin layer 

 

Since the transport across an asymmetric fiber wall is difficult to clearly separate 

into distinct substructure and skin components, the exact thickness of the dense polymer 

layer is rarely known precisely.  Therefore, instead of describing fiber performance with 

permeability as described in Section 2.1, permeance is used, defined as the permeability 

divided by the unknown dense layer thickness. 
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Common units for permeance are GPU (gas permeation units). 
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2.3.2 Asymmetric Hollow Fiber Production 

All asymmetric hollow fiber production (known as fiber spinning) relies on the 

phase separation behavior of polymer solutions.  Beginning with a homogeneous 

solution, fibers are extruded and then phase separation is induced, either thermally or 

thermodynamically through the use of a non-solvent coagulant.  In Temperature Induced 

Phase Separation (TIPS), a binary polymer solution is heated to the point where it forms a 

single, homogenous phase.  This solution is then extruded through an annular die and the 

temperature then rapidly dropped so that the nascent fiber phase separates into a polymer 

rich phase (forming the structure of the fiber) and a polymer lean phase, which when 

removed forms the porous regions of the final hollow fiber.  More information on TIPS 

can be found in work by Lloyd and Matsuyama [18, 19]. 

 

Non-solvent induced phase separation is the more common technique used to 

produce asymmetric hollow fiber membranes.  Instead of relying on a decrease in 

temperature to induce phase separation, this approach involves changing the composition 

of a stable solution.  In order to visualize this process, a ternary phase diagram (Figure 

2.8) is helpful. 
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Figure 2.8: Ternary phase diagram showing important boundaries, regions, and points 

 

The diagram is divided into three regions, stable one-phase, meta-stable, and two-

phase.  The boundaries between the phases are known as the binodal and spinodal lines, 

and the two lines meet at the critical point.  Above a certain polymer concentration, the 

solution is considered vitrified, and distinctions between one and two phases are no 

longer practically applicable.  During hollow fiber spinning, a solution begins in the 

stable one-phase region.  Depending upon the technique used (see below), the solution 

can be moved into the 2-phase region by the addition of non-solvent (Figure 2.9), or the 

removal of solvent (Figure 2.10).  Once the solution has crossed the binodal line, phase 

separation proceeds by one of two mechanisms, dependent upon the composition of the 

final solution at the time of phase separation (independent of the path taken to get there). 

Polymer
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1-phase 

Vitrification line

2-phase

Meta-stable

Critical Point

Spinodal boundary 
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Figure 2.9: Ternary phase diagram showing composition path upon non-solvent 
addition 

 

 

Figure 2.10: Ternary phase diagram showing composition path upon solvent removal 

 

For a solution in the meta-stable region of the phase diagram, phase separation 

proceeds via a nucleation-and-growth mechanism.  Nuclei of the polymer lean phase 

form, and if they are larger than the critical size, the nuclei grow.  Smaller nuclei 

redissolve into the bulk one-phase solution, making solutions in this region ‘meta-stable’.  

As the stable nuclei grow, they may contact other nuclei, possibly rupturing the wall 

between them and producing interconnectivity.  This type of phase separation is slower 

and leads to a ‘Type I’ membrane, characterized by a thick skin and a closed-cell support 
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layer.  While the skin layer is important for the overall selectivity of the membrane, the 

closed-celled support layer reduces permeance drastically, making membranes of this 

type unattractive for economic gas separations.  A membrane that phase separates in the 

spinodal region, on the other hand, undergoes spinodal decomposition.  This is a process 

of instantaneous demixing, leading to a ‘Type II’ membrane, having a much thinner, or 

even non-existent skin layer, and more open support structure [20].  These skin layers are 

commonly microporous, making them ineffective for gas separation applications.  

Through post-treatment, the defects can sometimes be repaired at the cost of some 

productivity.  Recent work has shown that by increasing the polymer concentration in the 

skin layer prior to phase separation, ‘Type II’ membranes can be formed with integral, 

defect-free skins [21-23] (see also Section 2.4.4).  These processes rely on the fact that 

spinodal decomposition is prevented in the skin layer by the very high polymer 

concentration, and thus the highly porous morphology is found only in the support 

structure. 

 

In order to create fibers via non-solvent induced phase separation, a viscous 

homogeneous polymer solution, known as a dope, is extruded through an annular die 

(spinneret) at low temperatures (30-60°C).  The nascent fiber is then subjected to an 

environment that induces phase separation, either through the preferential evaporation of 

solvents over non-solvents from the dope or immersion in a non-solvent quench bath.  

These spinning techniques can be subdivided further, characterized by the environments 

encountered by the nascent fiber after exiting the spinneret.  Wet-jet techniques rely on 

extruding the dope directly into the quench bath.  Dry-jet, wet-quench, on the other hand, 

involves passing the fiber initially through a gaseous ‘air gap’ (dry-jet) and then inducing 

phase separation in a liquid quench bath (wet-quench).  Other techniques involve dry-
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quench and dual baths [24].  The fibers in this work were all spun by a dry-jet, wet 

quench method, using water as the quench bath.  The following section discusses this 

method in more detail. 

  

2.4 DRY-JET, WET-QUENCH SPINNING 

For this work, a typical dry-jet, wet-quench hollow fiber spinning system was 

used.  The main steps in this technique are shown in the following flow diagram, as well 

as the sections in which the individual steps will be addressed. 

 

 

Figure 2.11: Flow digram showing the steps of hollow fiber production 
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2.4.1 Dope Development 

A typical asymmetric hollow fiber membrane dope contains at least three 

components; polymer, solvent, and non-solvent.  Often the solvent is comprised of both a 

volatile and a non-volatile solvent [24, 25].  Salts can also be added as viscosity 

modifiers or as complexing agents that aid in the phase separation process [26].  It is 

important that the solution be one phase, and sufficiently viscous to be easily spun and 

drawn.  A detailed discussion of formulating a spin dope for a given polymer can be 

found in Chapter 3.  

 

2.4.2 Fiber Spinning 

A schematic of a typical hollow fiber spinning system is shown in Figure 2.12.   

 

 

Figure 2.12: Schematic of a typical hollow fiber spinning system 
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Once a dope has been prepared, it is coextruded with a bore fluid through an 

annular die known as a spinneret.  The bore fluid can be gas or liquid, and is used to 

prevent the nascent hollow fiber from collapsing.  More advanced spinning techniques 

use two dope solutions, one for the main structural core of the fiber, the other as a sheath 

layer [27, 28].  This technique allows for a less expensive polymer to be used as a 

support, while a much smaller amount of a more expensive high-perfomance polymer can 

be used to form the separating layer.  The work presented here focuses on monolithic 

(one polymer layer) fiber spinning, but the ideas can easily be extended to multi-layer 

composite fibers.   

 

In the dry-jet portion of the spinning, the extrudate, or nascent fiber, passes 

through an air gap.  The air gap can be controlled for length, humidity, temperature, and 

even composition (nitrogen, air, vapors, etc.).  While the nascent fiber passes through the 

air gap, it will have various interactions with the air gap.  For example, volatile 

components from the dope may evaporate, increasing the concentration of polymer in the 

outside layers.  At the same time, non-solvent vapors, primarily water vapor, can be 

absorbed by the solution.  Phase separation could be induced if sufficient non-solvent is 

absorbed or solvent evaporates.  The importance of the air gap on the final fiber 

separation performance is discussed in Section 2.4.4.   

 

After passing through the air gap, the nascent fiber enters the liquid quench bath 

(wet-quench).  This is typically an aqueous bath, but any liquid that acts as a non-solvent 

for the polymer system can be used as a coagulant.  When the nascent fiber enters the 

quench bath, non-solvent diffuses into the fiber, while solvent will often diffuse out into 
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the bath.  Phase separation is often very rapid at this point, as the spin dope rapidly 

demixes into polymer rich and polymer lean phases.  The polymer rich phases will 

eventually form the solid fiber structure, while the polymer lean phase will be washed 

out, leaving behind the pores in the fibers substructure. 

 

Once solidified, the fiber will typically pass through several guides on its way to a 

take-up device, often as simple as a rotating drum around which the fibers are wound.  By 

controlling the take-up speed and extrusion rate, the draw ratio (ratio of take-up and 

extrusion rates) and diameter of the fibers can be controlled.   

 

2.4.3 Dehydration 

The removal of the coagulant from asymmetric hollow fibers must be done 

without collapsing the porous substructure.  If the fibers are directly dried from a water-

wet state, the capillary forces caused by the evaporating water will collapse the pores, 

resulting in very low productivity fibers.  Several methods for drying fibers have been 

investigated [29, 30], and some effects on performance have been seen.  All of the 

methods for dehydration use some variation of a step-wise process. 

  

Since the chief issue in coagulant removal is minimization of surface tension, the 

water is removed via a solvent exchange process in which the water is replaced by non-

solvents of decreasing surface tension.  Two steps are commonly used; water is first 

exchanged for an organic alcohol (e.g. ethanol or methanol), then the alcohol washed out 

with a volatile hydrocarbon (e.g. hexane or heptane).  The hydrocarbon is then allowed to 

evaporate, with final drying taking place under controlled conditions in a vacuum oven.  
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The porous substructure of the water-wet fiber is preserved in the dry fiber by doing final 

drying from a low surface tension liquid. 

 

2.4.4 Skin Formation 

The most critical aspect of hollow fiber formation is assuring the existence of a 

dense, non-porous skin layer.  Traditionally, fibers have been spun with slightly defective 

skins, which are then ‘caulked’ with a highly permeable rubber in a post-treatment 

process [31, 32] (See Appendix D).  Recent work has shown that this caulking could be 

undesirable for next-generation membranes, particularly mixed-matrix materials [33, 34].  

The formation of an integral skin layer is therefore an important consideration in hollow 

fiber spinning. 

 

Carruthers recently proposed a mechanism for skin formation that depends upon 

the polymer concentration in the skin layer at the point of phase separation [23].  The 

theory proposes that if the polymer concentration is high enough, the polymer chain 

mobility is limited so that the chains are forced to remain entangled upon phase 

separation.  Similar ideas have been previously proposed [17], with the difference here 

found in the time scales involved.  Carruthers tested his theory on a system that allowed 

less than one second for concentration and vitrification of the skin layer.  In order to 

increase the polymer concentration in the skin layer without sacrificing the porous 

substructure, volatile components can be added to the dope and evaporation encouraged 

during passage through the air gap.  This process concentrates the outside edge of the 

fiber, which then forms the skin layer when quenched.  Carruthers’ ideas will be used to 

guide the dope development and spinning process discussed in Chapter 3. 
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2.5 HOLLOW FIBER CHARACTERIZATION 

The properties of hollow fibers can be separated into two chief categories, macro- 

and microscopic.  Macroscopic properties include ovality, bore concentricity, and 

macrovoids [25].  Microscopic properties involve separation performance: permeance, 

selectivity, etc.  Optical or scanning electron microscopy is often sufficient to examine 

macroscopic properties, while gas permeation testing is required to investigate the details 

of separation performance. 

 

2.5.1 Microscopy 

For initial examination of fibers, optical microscopy at magnifications of 10x-20x 

is normally adequate.  Simply breaking fibers and observing their cross-section suffices 

for determining ovality and concentricity, even at low magnifications.  In order to 

examine the substructure more carefully, scanning electron microscopy is needed to 

obtain higher magnifications in the hundreds and thousands.  In order for SEM to be 

effective, fibers must be cryogenically fractured under liquid nitrogen in order to preserve 

their microscopic morphology.  After mounting and sputter coating the fibers with a 

conductive metal, the fibers can be examined under SEM, giving a clear view of 

macrovoids and substructure porosity.  In addition, while exact determination is 

commonly left to gas permeation, Carruthers has shown that distinct skin layers can be 

seen in SEM micrographs whose thicknesses correlate well with those calculated from 

gas permeation [35].  This work relies primarily on gas permeation to determine the 

existence of a dense skin layer. 
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2.5.2 Gas Permeation 

Regardless of observations made with microscopy, gas permeation remains the 

only reliable method for determining the performance of a fiber in gas separation 

applications.  This discussion will be limited to testing with a double-ended laboratory 

scale permeator (module) the fabrication of which is described in Appendix B.  A more 

detailed description of the testing procedure can be found in Appendix C. 

 

For any application of hollow fiber membranes, it must first be decided whether 

the feed should be applied to the bore or shell side of the permeator.  By feeding on the 

shell side, higher pressure drops can be supported, but a depression in selectivity has been 

observed in some cases [36].  Shell-fed modules are also subject to concentration 

polarization in the bore, particularly in the case of highly permeable gases.  Thus, except 

in cases where there is a need for high pressure drops, or when comparison to those high 

pressure cases is desired, a bore-fed system is preferable.  In the current work, the 

performance of fibers under high pressures is critical, and thus a shell-side feed will be 

used in all cases. 

 

Double-ended modules provide flexibility by adapting easily to pure or mixed gas 

testing.  In pure gas testing, the module is run with zero retentate flow so that a single gas 

can be used to pressurize the upstream side of the module and the flow through the fibers 

measured directly with a bubble flow meter.  When using noncondensable ‘ideal’ gases 

such as oxygen, nitrogen, or helium, the ideal selectivity (ratio of pure gas permeabilities) 

is sufficient.  For more complex gas mixtures, such as CO2/CH4 at elevated pressures, 

mixed gas testing is required [37]. 
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The set-up for mixed gas testing is similar to that of pure gas with regards to the 

feed and the permeate flow measurement.  In addition, the retentate flow rate must be 

measured and the permeate composition determined.  Retentate flow can be measured 

easily by an electronic flow meter, while gas chromatography is commonly used for 

compositional analysis.  By maintaining a stage cut (Eqn 2.10) of less than 1%, the 

effects of concentration polarization in the feed can be minimized [16]. 

 

rate flowmolar  feed
rate flowmolar  permeate cut  stage =        (2.11) 

 

One of the large concerns in hollow fiber testing is detecting substructure 

resistance.  Substructure resistance, also called non-selective resistance, can reduce both 

permeance and selectivity by having a greater influence on the faster of two gases.  This 

is discussed in detail by Pinnau and Koros [38], who also point out that asymmetric 

membranes must have substructure resistances less than one tenth of the skin resistance 

in order to exhibit intrinsic selectivity.  Since faster gases are affected more strongly by 

additional substructure resistance, very fast gases such as helium are often used for 

investigation.  For example, if the O2/N2 selectivity is equal to the intrinsic value, but a 

depression in He/N2 selectivity is seen, substructure resistance is presumed to be a 

primary cause.  The much greater speed of helium makes it much more sensitive to the 

small changes in resistance than the slower oxygen and nitrogen molecules, making it an 

excellent probe gas.  
 

2.6 STABILIZATION CHARACTERIZATION 

Two methods can be used to show stabilization of fibers in the face of aggressive 

feed streams.  The first is an examination of the plasticization curve.  By comparing the 
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curves of uncrosslinked vs. crosslinked fibers, the plasticization pressure could increase 

(Figure 2.13) or the response to plasticization after exceeding the plasticization pressure 

could be reduced (Figure 2.14).  Both responses are indicative of greater stability. 

 

 

Figure 2.13: Schematic of CO2 permeability isotherm showing an increase in 
plasticization pressure 

 

 

Figure 2.14: Schematic of CO2 permeability isotherm showing a decrease in 
plasticization response 
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Second, stabilization can be qualitatively determined by a dissolution test.  

Crosslinked fibers will not dissolve when placed in a solvent for the uncrosslinked 

polymer.  A qualitative measure of the degree of crosslinking can also be obtained by 

observing the amount of swelling the solvent causes in the undissolved fiber. 

 

2.7 TGA-IR 

TGA-IR (thermogravimetric analysis-infra-red) was used to analyze the evolution 

of gases from samples both by weight loss (quantification) and IR spectroscopy 

(qualitative).  In this work, a Netzsch STA 409 TGA instrument was used with a Bruker 

Tensor 27 FTIR spectrometer outfitted with a flow-through gas cell and an LN-MCT 

external detector.  A schematic of the system is shown in Figure 2.15. 

 

 

Figure 2.15: Schematic of a TGA-IR instrument 
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in the instrument.  The flowing nitrogen also served as a carrier gas to transport evolved 

gases from the sample to the FTIR instrument.   IR spectra were continuously monitored, 

and recorded at defined intervals. 

 

This instrument provided a powerful technique for analyzing the effect of 

temperature treatments on samples.  The IR allowed relatively straight-forward 

identification of components, while the TGA quantified these components by mass.  The 

chief limitation was the difficulty in differentiating between components that evolve 

simultaneously.  When two components evolved from the sample at the same time, the 

TGA recorded the weight loss of both components, and the IR detected the combined 

spectrum.  While this can allow identification, decoupling the components to determine 

the contribution of each was challenging. 
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Chapter 3: Hollow Fiber Spinning from Novel Polymers 

 

Advances in gas separation membrane research have resulted in an enormous 

number of potential materials.  For example, in Robeson’s well-known 1991 paper 

illustrating the permeability-selectivity trade-off, 228 different polymers are cataloged for 

the O2/N2 separation alone [1].  Since that time, many new materials have been 

developed, often targeted at specific separations.  As the number of materials has 

increased, so has the breadth, as entire new classes of polymers have been investigated in 

order to improve performance or stability.  Unfortunately, the material research has not 

generally been accompanied by corresponding research into the systematic transition 

from dense film materials work to industrially relevant hollow fibers. 

 

Due to the economic constraints on the commercial application of gas separation 

membranes, the advantages of asymmetric hollow fibers, discussed in Chapter 2, must be 

utilized in industry.  In addition, the film to fiber transition must be made within a very 

specific framework, one defined by the end-users and producers of commercial 

membranes.  For example, much of the fiber spinning research in academia done on 

novel materials utilizes lab-scale spinning systems that rely primarily on gravity-limited 

drawing [2, 3].  While useful for investigation of the physical processes that occur during 

spinning and phase separation, the force of gravity is insufficient to drive commercial 

production rates.  In order to achieve necessary economies of scale, production rates 

should be 45-60 m/min or higher [4, 5], about ten times higher than the speed achieved 

through gravity drawing alone.  Other issues of importance to fiber manufacturers include 

solvent and coagulant toxicity and availability, fiber manipulation after spinning 
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(mechanical flexibility and strength), and adaptability of the new polymer system to 

existing production capabilities.  None of these issues are trivial; all require an 

understanding of the underlying science, and yet they receive relatively little attention in 

membrane research. 

 

This chapter focuses on these fundamental theoretical and practical aspects of 

transferring a novel polymer system discovered in materials research into effective, 

industrially relevant, hollow fiber membranes.  The focus is the relationship between 

polymer properties (hydrophilicity, molecular weight, viscosity, etc.) and the techniques 

of fiber spinning (dope formulation, spinning process, solvent exchange/drying).  Chapter 

4 describes a practical application of the ideas discussed here with a case study wherein a 

systematic approach is taken to successfully spin a novel crosslinkable polyimide. 

 

Figure 3.1 shows a flow diagram of the process used to develop hollow fibers.  

Each step will be described in detail in the sections noted.   
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Figure 3.1: Flow diagram showing the steps required for asymmetric hollow fiber 
production with relevant section numbers 
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Traditionally, spin dopes are ternary polymer solutions, containing a mixture of 

polymer, solvent, and non-solvent [6-8].  The polymer is usually chosen for its separation 

performance in the specific application of interest based on prior materials research.  The 

solvent and non-solvent are then chosen by the spinning researcher within the restrictions 

imposed by the polymer.  For example, many of the glassy polymers currently of interest 

for gas separations are difficult to dissolve, mandating the use of relatively strong organic 

solvents.  This is balanced by the industrial requirement to minimize toxicity and other 

dangers (flammability, explosiveness, etc.).  NMP (N-methyl-2-pyrrolidone) is 

commonly used because it appropriately balances strong solvent power with relatively 

limited danger (as compared to other strong solvents such as dichloromethane, for 

example).   

 

The choice of non-solvent is perhaps more challenging, as the number of choices 

is greater and the guidelines less well-defined.  The primary role of the non-solvent in a 

spin dope is to set the composition of the solution at a thermodynamic point that is stable, 

yet near enough to the binodal line (separating the one-phase from the two-phase region 

on a phase diagram) to allow for rapid phase separation in the quench bath.  Again, health 

and safety issues are of prime concern. 

 

The most obvious choice for a non-solvent is water, as the majority of polymers 

used for gas separation are hydrophobic.  Water satisfies the safety requirement, and is 

plentiful and economical.  For these reasons, it is commonly used as a coagulant in the 

quench bath (see Section 3.4.2).  However, in most polymer systems, the non-solvent 

strength of water is too high to be of practical use [9].  Very little water is needed to 

induce phase separation in most polymer/solvent/water solutions, making the window of 
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stable ternary solutions containing water very narrow.  For this reason, alcohols are 

commonly chosen as the non-solvent in spin dopes, as they are still relatively benign, yet 

allow more flexibility in dope composition than water.  In addition, lower alcohols are 

more volatile than water.  Work done by Carruthers has shown that the amount of volatile 

components in a spin dope is directly related to the skin formation process [10].  Lower 

molecular weight alcohols are good choices, with ethanol often combining the best 

volatility with the lowest health and safety concerns. 

 

Once the components of the system are chosen, the thermodynamic space of 

interest must be mapped in order to choose an appropriate dope composition.  Essentially, 

this involves constructing a ternary phase diagram showing the one- and two-phase 

regions for the system.  There are two options for constructing this diagram.  The first is 

from a theoretical model such as that proposed by Flory [11, 12] .  The advantage to this 

method is the complete characterization possible.  Unfortunately, models require 

complete information about the thermodynamic nature of the components in the solution.  

For novel polymer systems, this information is rarely available, making this theoretical 

approach very difficult.  For this reason, the experimental binodal determination 

approach, known as the cloud point technique, is often more useful.  This technique 

involves mixing a variety of solutions with varying concentrations of components, then 

qualitatively determining if the solution is one or two phases.  By mapping these points 

on a ternary phase diagram, the location of the binodal is made clear.  Details about the 

cloud point determination of binodals can be found in work by Boom [13].  Examples of 

experimentally determined binodals can be found in Appendix E. 
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After the relevant thermodynamic space is mapped, the dope location 

(composition) must be selected by choosing the best balance of polymer and non-solvent 

concentrations.  The first priority is to have a sufficient polymer concentration so that the 

dope can be extruded and drawn.  Polymer concentration is directly related to solution 

viscosity,` and this viscosity must be high enough to allow extrusion and drawing without 

creating unmanageable or unsafe pressure drops across the tubing and spinneret.  A more 

detailed discussion of viscosity issues is found in Section 3.2.1.  The other factor limiting 

polymer concentration is the need for a porous substructure in the final fiber.  If the 

polymer concentration is too high, kinetic factors during phase separation will produce a 

substructure that does not have the needed porosity, causing additional non-selective 

resistance in the support layer.  Generally, as a practical matter, the lowest polymer 

concentration that yields sufficient viscosity is used. 

 

While a binodal curve is being constructed for the spin dope, it is useful to also 

map the polymer/solvent/water space.  Since water is the most commonly used quench 

medium, it is helpful to understand its interaction with the polymer.  In addition, this 

diagram can be used to guide the choice of bore fluid.  Many different bore fluids have 

been used in spinning, each with a somewhat different effect on the support layer of the 

fiber [8, 14-16].  Some of the differences caused by different bore fluids are believed to 

be thermodynamic and others kinetic in nature, but the deconvolution of these 

contributions remains an unsolved problem.  The simplest point of view is that the bore 

fluid exists ‘just to take up space’, preventing the nascent fiber from collapsing.  In this 

case, the fluid should be ‘thermodynamically neutral’, acting neither as solvent nor non-

solvent for the spin dope.  On the polymer/solvent/water ternary diagram, this point can 
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be determined by extrapolating to the solvent/non-solvent axis a line tangent to the 

binodal at the polymer concentration of the dope (Figure 3.2).    

 

 

Figure 3.2: Ternary phase diagram showing the determination of the ‘thermodynamic 
neutrality’ point 

 

3.2 DOPE CHARACTERIZATION 

The guidelines for dope formulation given in Section 3.1 are intentionally slightly 

vague.  When beginning with a totally novel polymer system, there is very little data to 

guide the process.  Instead of being able to directly apply a generic recipe to a new 

polymer, currently the researcher must initially rely on experience and intuition.  

Subsequently, several characterization tests can be performed on a dope that allow for an 

iterative optimization process prior to actual fiber spinning.  With some practice, these 

techniques can be pursued with relatively small amounts of polymer, making it feasible to 

establish a viable spin dope without investment of a large quantity of novel and likely 
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expensive polymer.  The two chief measures of a dope’s viability for hollow fiber 

spinning are viscosity and phase separation time. 

 

3.2.1 Viscosity 

As was mentioned in Section 3.1, viscosity is a critical attribute of spin dopes.  

The spinning process relies on flow phenomena throughout; beginning with flow through 

tubing and a spinneret of complex geometry, followed by elongational drawing before 

final solidification.  Due to the different types of flow involved, an understanding of the 

shear viscosity alone is insufficient.  During the pumping phase (flow through tubing and 

spinneret), shear viscosity is clearly important, while elongational viscosity becomes 

critical during drawing.  Both will be addressed here. 

 

Of the two measures, shear viscosity is the simpler to obtain.  Any commercial 

rheometer (rotational or capillary) can produce useful shear viscosity data.  For current-

generation hollow fibers, it is important primarily that the dope flow through the tubing 

and spinneret without excessive pressure drops.  Pressure drop minimization is important 

for both safety and to limit energy costs.  Future hollow fiber membranes, however, such 

as those incorporating particles in so-called ‘mixed matrix membranes’ will require a 

much more thorough understanding of shear forces in the tubing and spinneret [17, 18]. 

 

The more critical viscosity measure for hollow fiber formation is elongational or 

extensional viscosity.  Often, shear and elongational viscosities are linked.  In Newtonian 

fluids, for example, the elongational viscosity is three times the shear viscosity, a rule 

known as the Trouton ratio [19].  However, non-Newtonian fluids rarely follow the same 

patterns as their simpler counterparts.  For more complex fluids, Trouton’s ratio is valid 
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only at low shear rates, if at all.  Often, the strain response can even be different, with the 

same fluid showing shear-thinning and extensional-hardening behavior simultaneously 

[20].  Spin dopes are complex viscoelastic fluids which do not follow Trouton’s ratio, and 

thus both the shear and elongational viscosity should be measured. 

 

Measurements of elongational viscosity are difficult, and several methods have 

been developed to measure elongation directly or to approximate it with the use of semi-

empirical models [20].  Direct measurement through physical pulling is generally only 

practical for very high viscosity samples due to the difficulty in gripping less viscous 

fluid samples.  For solutions like the dopes used for spinning, indirect, semi-empirical 

methods are far more easily applied.  One of the most common has been developed by 

Cogswell [21].  His analysis looked at converging flows in an orifice die as a 

combination of shear and extensional flows.  The Cogswell method separates the two 

components, and thus if the shear component is known independently, the extensional 

component can be deduced.  Appendix F contains a somewhat more detailed treatment of 

the method.  A dual-bore capillary rheometer is commonly used to obtain both shear and 

elongational information in the same experiment, using a capillary die in one bore and an 

orifice die in the other. 

  

In order to determine a viscosity range for fiber spinning at industrially relevant 

speeds, dopes containing NMP, ethanol and Matrimid® at different concentrations were 

made.  The Matrimid concentrations ranged from 17.5% to 30% by weight.  NMP and 

ethanol were used in the same weight ratio for the balance of the dope.  By correlating 

viscosity with ‘spinnability’ (measured by the maximum draw ratio at which a stable spin 

line can be maintained), the range of appropriate viscosities can be defined.  The shear 
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and elongational viscosities were measured at 35°C, and the data are presented in the 

plots below. 
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Figure 3.3: Shear viscosity of Matrimid® spin dopes of varying concentration 
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Elongational Viscosity
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Figure 3.4: Elongational viscosity of Matrimid® spin dopes of varying concentration 

 

After measuring the viscosity, the four dopes were spun using a standard set-up.  

The air gap was set at 10 cm, spinning temperature at 35°C, and quench bath temperature 

at 25°C.  Each dope was extruded at 120 ml/hr, with the exception of R4, which was 

extruded at 60 ml/hr due to the large pressure drop.  The less viscous dopes were spun 

first with the intent to spin all dopes at 120 ml/hr.  When spinning R4, the pressure drop 

was much higher than that of the less viscous dopes, forcing it to be spun at lower rates.  

Take-up rates were then slowly increased until a stable spin line could not be maintained.   

 

From the fastest stable take-up rate, a nominal draw ratio was then calculated.  

‘Nominal’ refers to the fact that die swell was not taken into account.  The nominal draw 
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ratio is simply the ratio of take-up speed to the linear velocity of the dope at the exit of 

the spinneret.  True draw ratio is the ratio of take-up speed to the linear velocity of the 

dope at maximum die swell, which will be somewhat slower than the extrusion velocity.  

The difference can be as much as 2.5 times in some cases [7].  Nominal draw ratio will 

thus underestimate true draw ratio.  The nominal value is still useful in this case because 

it is used consistently.  This technique was intended to give a rough first estimate of 

spinnability without the need for complicated and time-consuming tests to determine die 

swell.  Full characterization would require die swell measurements, but for the issue at 

hand, nominal draw ratio is sufficient.  The maximum nominal draw ratios for each dope 

are tabulated below. 

 
Dope 

ID 
Matrimid® 

Concentration  
Extrusion 

Rate (ml/hr) 
Max Nominal 
Draw Ratio 

Pressure Drop at Max 
Draw Ratio  (psi) 

R1 17.5% N/A 
No cohesive 

spin line formed
N/A 

R2 22.5% 120 2 900  

R3 25% 120 4.4 1800 

R4 30% 60 5.5 2000 

Table 3.1: Concentration, spinning parameters, and maximum nominal draw ratio of 
Matrimid® dopes 

 

The table shows that the more viscous dopes, R3 and R4, can be spun with much 

more ‘aggressive’ conditions, or higher draw ratios.  However, as was mentioned above, 

the upper limit on viscosity is often dictated by the pumping pressure drop.  For example, 

R3 and R4 both exhibited pressure drops of near 2000 psi, although the extrusion rate for 

R3 was twice that of R4.  Thus, despite having a lower maximum nominal draw ratio, the 
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maximum take-up speed was double at the same pressure drop.  It is then evidently 

desirable to choose a dope viscosity near that of R3, where both high extrusion and take-

up rates can be achieved.  It is important to note that viscosities near that of R4 are valid 

as well, and while R3 may be nearer the optimal viscosity, first-iteration dopes should 

have slightly higher viscosities, between R3 and R4, to ensure their ability to support the 

high draw ratios that may be needed for high speed spinning. 

 

To confirm the validity of these data, a typical hollow fiber spinning situation was 

considered.  The shear and extensional viscosities of the defect-free dope developed by 

Clausi [6], containing Matrimid®, NMP, ethanol, and THF, were measured and are 

presented below. 
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Figure 3.5: Shear viscosities of Clausi’s defect-free dope and sample Matrimid® dopes 
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Comparison of Elongational Viscosities
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Figure 3.6: Elongational viscosities of Clausi’s defect-free dope and sample Matrimid® 
dopes 

 

The shear viscosity of Clausi’s dope is near that of R3, while the elongational 

viscosity is nearer that of R2.  This dope is known to form a stable spin line at a nominal 

draw ratio of 3.2, falling between the maximum draw ratios of R2 and R3.  This is lower 

than the recommended viscosity earlier (between R3 and R4), with the difference lying in 

the number of iterations that have been done over the course of several years.  The range 

of viscosities between R3 and R4 provide an excellent beginning point, while further 

study will commonly lead to lower viscosities as the character of a specific system is 

explored in more detail.  Clausi’s dope is the result of extensive optimization on a 

specific system, and provides an ideal target, one that is unlikely to be attained in initial 
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trials.  By beginning with more viscous dopes, capable of withstanding higher draw 

ratios, initial fibers can be more easily spun and the process of optimization begun 

quickly.   

 

3.2.2 Phase Separation Time 

The second critical measure of a spin dope is the phase separation time.  This 

measure takes into account the kinetic aspects of phase separation.  During spinning, a 

homogeneous, stable, one-phase solution (the spin dope) is exposed to a pure non-solvent 

environment (the quench bath).  The thermodynamic equilibrium state for the total 

system now lies in the two phase region.  However, this state can not be achieved 

instantaneously, as the non-solvent must diffuse throughout the nascent fiber.  The initial 

thermodynamic stability of the dope, diffusion rates (influenced somewhat by viscosity), 

and the driving force for phase separation will all affect the speed at which the fiber 

solidifies. 

 

Phase separation time can be measured using either asymmetric flat sheets or 

simulated fiber spinning (syringe tests).  The flat sheet method is the most common, and 

lends itself more easily to quantitative measure.  By casting a flat sheet on a glass plate, 

then submersing the plate in a non-solvent bath, the time to phase separation can be 

measured using light transmittance.  As phase separation progresses, the clear, nascent 

films become cloudy.  Using a standard cut-off level of transmittance, the phase 

separation time of various systems can be compared [22].  The simpler, yet cruder 

method uses the researcher's eyes as the detector, marking with a stopwatch the time 

between submersion in coagulant and opacity.  With practice, the measurements of an 

individual researcher are reliably consistent. 
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The process of fiber spinning can be more closely approximated by using the 

syringe technique described by Carruthers [23].  This technique simulates spinning by 

extruding a solid fiber by hand from a syringe into a water bath.  Temperature, air gap, 

and extrusion rate can be controlled to create a reasonably accurate simulation of fiber 

spinning.  While it is more difficult to set up light transmission for this experiment, a 

practiced researcher can consistently measure phase separation times manually. 
 

The importance of phase separation time is found in two areas.  The first is on the 

microscopic level in the morphology of the fiber.  It is desirable that the nascent hollow 

fiber undergo instantaneous liquid-liquid demixing (spinodal decomposition) in the 

substructure.  Slower phase separation generally proceeds through a nucleation and 

growth mechanism, resulting in a closed membrane structure [24].  Although the closed 

cells thus produced can rupture, creating interconnectivity, the most common result is an 

increase in substructure (non-selective) resistance.  Conversely, spinodal decomposition 

is a near instantaneous process that creates an interconnected network of polymer rich 

and lean phases [25].  This allows for a porous substructure that is still sufficiently 

interconnected to support large pressure drops.  These phase separation mechanisms are 

concerned primarily with the formation of a porous substructure.  As discussed in Section 

2.4, skin layer formation is somewhat independent, and takes place when the outer region 

of the nascent fibers vitrifies, essentially excluding it from either phase separation 

process. 
 

Phase separation time is also important on the macroscopic morphology level.  

All fiber production involves manipulation of the fiber after it has been spun.  In most 
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cases, this begins in the quench bath itself, as fibers are extruded straight down from a 

spinneret into the quench bath, then pass around a guide roll at the bottom of the bath on 

their way back up and out to a take-up device.  In order to maintain the cylindrical 

morphology of the hollow fibers, it is important that the fibers solidify before they are 

forced around guide rolls.  On many systems, because of the speed of take-up and 

physical limitations on bath depth, fibers encounter the first guide roll in less than one 

second, thus requiring very rapid phase separation.  In the current work, this potential for 

fiber crushing around the guide roll is the more important implication of phase separation 

time. 

 

In order to correlate the phase separation times measured in flat sheet and syringe 

tests to those involved in fiber spinning, it can be assumed that the phase separation is 

primarily limited by the time required for non-solvent to diffuse into the polymer 

solution.  The difference in size and geometry between spun fibers, syringed fibers, and 

cast sheets requires the use of mass transfer equations for correlation.  In addition to the 

diffusion-limited assumption, it can also be assumed that: 

a) Because the dope is initially positioned near the binodal line, a relatively 

small amount of coagulant is required to cause phase separation.   If Mt is 

the amount of coagulant in the fiber at time t, and M∞ is the amount of 

coagulant in the fiber at saturation, it can be assumed that the percent 

saturation ( ∞M
Mt

 ) is less than or equal to 0.5 when phase separation 

occurs.  

b) Phase separation occurs at the same saturation point regardless of 

geometry or size. 
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c) The diffusion coefficient is essentially the same regardless of geometry or 

size. 

d) A hollow fiber can be treated as an asymmetric film with thickness equal 

to the wall thickness. 

e) The bore fluid has negligible effect on phase separation, as it is chosen to 

be ‘thermodynamically neutral’, acting as neither solvent nor non-solvent 

(Section 3.1). 

 

Each of these assumptions is straightforward, with the possible exception of 

assumption d.  In order to more clearly visualize this, a hollow fiber with inner and outer 

radii of r and R, respectively, can be considered. 

 

 

Figure 3.7: Schematic of a hollow fiber showing inner and outer radii 

 

The wall thickness of the fiber is then rR − , a quantity that in typical hollow 

fibers is equal to 2
R

.  Application of assumption (e) leads to the conclusion that no 

R

r 



 62

phase separation occurs from diffusion of bore fluid outwards, meaning only nonsolvent 

from the surrounding bath can cause phase separation.  This is analogous to the casting of 

asymmetric films, which are supported on a substrate that does not contribute to phase 

separation (Figure 3.8). 

 

 

Figure 3.8: Schematic of flat sheet showing the direction of non-solvent influx during 
quenching 

 

By theoretically ‘cutting’ the wall of the hollow fiber, it can be flattened and 

viewed as a flat sheet with unidirectional influx of nonsolvent.  This is a more valid 

treatment than applying basic cylindrical coordinates, as the nonsolvent is not required to 

penetrate the full radius of the fiber before reaching the 50% saturation point used in 

assumption (a). 

 

With these assumptions, the following equations for the percent saturation in a 

slab and in a cylinder can be applied.  ∞M
Mt

 is the percent saturation of quench solvent 

in the dope at time t, D is the diffusion coefficient, l is the thickness of a slab, a is the 

radius of a cylinder, ts and tc are the times involved for a slab and cylinder respectively. 

 

Nonsolvent inflow

Substrate

Film
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π
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        (3.1) 

 

π
ct Dt

aM
M 4=

∞
        (3.2)  

 

Two equations can now be developed for correlating flat sheet and syringe phase 

separation time experiments to fiber spinning.  First, for the syringe experiment, Equation 

3.2 is applied to the syringed fiber (sy) and Equation 3.1 to the spun fiber (sp), then the 

percent saturations are set equal to one another, yielding Equation 3.3.  From assumption 

d above, lsp is equal to one fourth the diameter of the spun hollow fiber (since typical 

hollow fibers have an OD/ID ratio of 2). 

 

sy
sy

sp
sp t

a
l

t 2

24
=          (3.3) 

 

Equation 3.1 can be used in the same way to correlate the phase separation times 

of flat sheets (tfs) and hollow fibers (tsp). 

 

fs
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sp t
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t 2

2

=          (3.4) 

 

These correlations can be useful in interpreting the data gathered from phase 

separation time experiments with flat sheets and syringed fibers.  It is important to 

remember, however, that phase separation is a complex process, and while the treatment 

given here provides a guide, it is by no means exhaustive.  The correlations are accurate 
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only within an order of magnitude, guiding the process, but preventing absolute 

conclusions from being drawn. 

 

The true power of phase separation time experiments lies in the iteration steps.  If 

the initial dope is spun and the fibers appear to require shorter phase separation times, the 

times of the second iteration dope can be compared to that of the first to confirm more 

rapid solidification.  While the values may not correspond directly to the conditions of 

spinning, the trend will be the same, thus confirming that the new dope will phase 

separate more or less quickly than the first. 

 

3.3 DOPE PROPERTY MODIFICATION 

The dope characterization techniques described in Section 3.2 can be used only 

after an initial dope has been made.  In the absence of previous spinning work with a 

novel polymer system, this initial dope formulation is often chosen using intuition and 

experience as much as hard science.  Broad generalizations guide this first test dope.  The 

composition must be one-phase, contain large amounts of volatile non-solvent to aid skin 

formation, and the viscosity should ‘look about right’, commonly similar in consistency 

to thick honey (~10,000 cP).  Once the initial dope is made based on these qualitative 

parameters, it can then be characterized quantitatively using the methods described 

above.  Unless the researcher is very skilled or very fortunate, the viscosity and phase 

separation time will likely need to be adjusted before fiber spinning should begin.  There 

are two chief methods for accomplishing this modification. 

 

The first method relies upon simply changing the ratios of components in the 

dope.  Simply raising the polymer concentration, for example, will increase viscosity.  
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Greater amounts of non-solvent (while still remaining in the one-phase region) can affect 

viscosity slightly and decrease phase separation time. 

 

A more powerful method for dope modification is the use of complexing salts [26, 

27].  One such salt is lithium nitrate, which is commonly used to aid in both viscosity 

enhancement and phase separation time.  When used in a dope containing NMP as the 

solvent, lithium nitrate complexes with NMP [28], slightly decreasing its solvent power 

and increasing viscosity.  At the same time, the complex can aid in decreasing phase 

separation time when water from the quench bath dissociates the complex. 
 

3.4 FIBER SPINNING 

Once a dope has been chosen and characterized, fiber spinning can begin.  At this 

point, if the dope has been properly chosen and characterized, spinning is a relatively 

simple matter of choosing parameters that work best to create fibers.  Parameters should 

be chosen with the end goals for fiber properties in mind.  Chief among these properties 

are skin integrity, substructure porosity, and macroscopic morphology.  

 

3.4.1 Skin Integrity 

Based on Carruthers’ work on skin formation mechanisms [10], it is assumed that 

higher polymer concentrations in the skin layer prior to coagulation lead to skins that are 

less nodular and more likely defect-free (‘denser’).  During spinning, then, the conditions 

should be such that evaporation of volatile dope components in the air gap is maximized.  

The most common methods for increasing evaporation are lengthening the air gap and 

raising the spinning temperature.  The increase in air gap is usually limited by spin line 

stability and tension, while increasing the spinning temperature lowers viscosity.  As long 
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as the spin line remains stable and the viscosity sufficiently high, both should be 

increased as much as possible during a first spin to maximize the chances of defect-free 

skin formation.  In place of a longer air gap, convection can also be used to increase 

evaporation [23, 29].  Convection around the spin line reduces the external mass transfer 

resistance for evaporation, thereby increasing the evaporation rate without increasing the 

time spent in the air gap. 

 

3.4.2 Substructure Porosity 

Microscopic morphology is determined primarily during the phase separation step 

(coagulation).  As was mentioned previously, the rapid phase separation of spinodal 

decomposition results in the porous interconnected substructure that will support large 

pressure drops without unduly resisting gas flow.  Once a specific dope has been chosen, 

the opportunities for modifying the form of phase separation (nucleation and growth vs. 

spinodal decomposition) and the overall phase separation time lie in the quench bath.  

Two prime variables can be adjusted, bath composition and bath temperature. 

 

The composition of the quench bath is chosen using similar criteria to those used 

in dope formulation.  First and foremost, the bath must have the necessary chemical 

interaction with the nascent fiber.  A strong non-solvent is critical for inducing rapid 

spinodal decomposition in the fiber.  Economic, environmental, health, and safety 

concerns are also important, particularly in industrial settings.  Water is the most 

commonly used quench bath non-solvent (coagulant) for these reasons.  It is safe, 

plentiful, and acts as a very strong non-solvent for most polymers used in gas separations.  

Additionally, it is miscible with the solvents and non-solvents commonly used in the 

dope, encouraging diffusion into the nascent fiber and rapid phase separation.  
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Particularly in light of the cost and safety issues involved in using other quench media, 

the use of water as a coagulant is commonly assumed.  Modification of the interaction 

between the water and the nascent fiber is thus primarily done via temperature. 

 

By increasing the temperature of the quench bath, diffusion rates can be 

significantly increased, improving the speed of phase separation.  However, warmer 

water will often act as a weaker non-solvent than cooler water.  These two issues must be 

balanced, particularly with more hydrophilic polymer systems.  In general, rapid 

interdiffusion and decreased phase separation time will be aided by higher bath 

temperatures (40°C-50°C) during a first spin run.  During optimization, the bath 

temperature can be lowered if necessary to achieve desired separation characteristics. 

 

3.4.3 Macroscopic Morphology 

Macroscopic morphology refers to the overall state of the hollow fiber.  This 

includes primarily ovality and inner and outer fiber diameter.  Ovality refers to the degree 

of radial symmetry in the fiber.  A fiber with a high degree of ovality will be unable to 

withstand the high pressure drops used in gas separations, and it is therefore important 

that the fibers be as perfectly circular as possible.  A chief cause of ovality is the fiber’s 

inability to withstand the stress placed upon it by guide rolls in the quench bath.  This can 

be caused either by excessive tension in the spin line or insufficient solidification (phase 

separation) prior to contacting the guide roll.  The tension in the spin line is rarely large 

enough to crush a fully phase separated fiber, so phase separation time is the key issue.  

Similar to the control of microscopic morphology, the temperature of the quench bath can 

be raised in order to decrease phase separation time and assure solidification prior to 

contacting the guide roll.  The amount of time spent in ‘free-fall’ prior to contacting the 
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first guide roll can also be increased by decreasing the take-up speed or by simply using a 

deeper quench bath. 

 

Fiber diameters, both inner and outer, are controlled through extrusion rates and 

draw ratio.  Fibers are commonly spun with outer diameters roughly twice the inner 

diameter [30].  This allows for sufficient wall thickness to support the pressure drops 

used in gas separations.  As a rule of thumb, the bore extrusion rate can be set at about 

one third of the dope extrusion rate.  This varies somewhat with the system used, but 

provides a valid starting point.  The extrusion rate of the dope is generally dictated by the 

pressure drop across the feed line and spinneret, while the take-up rate is limited by the 

spin line strength.  Ideally, fast extrusion and even faster take-up rates can be used to 

maximize the rate of spinning.  However, this is not always possible, and spinning should 

begin with a moderate extrusion rate (1-2 ml/min) and low take-up (slightly faster than 

the free-fall velocity in the air gap).  Once the spin line is stable, take-up speed can be 

increased in order to draw the fiber down to the desired dimensions.  Finally, the 

extrusion rate can be increased to whatever is required for production without exceeding 

reasonable pressure drops (as defined by safety and energy considerations). 

 

3.5 DEHYDRATION 

After fibers are spun, it is necessary to dry them before use in gas separation.  The 

critical idea in dehydration is that the morphology of the wet fibers must be preserved 

after drying.  Direct removal of water is therefore generally unappealing due to water’s 

high surface tension.  In order to avoid the collapse of the porous substructure that would 

result from direct drying, a solvent exchange process is used in which the water is 

replaced by non-solvents of lower surface tension before being fully dried.  Commonly, a 
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low molecular weight alcohol is used to replace the water, then the alcohol is washed 

with a volatile hydrocarbon, after which the fibers are dried in air and often under heat 

and vacuum.  Several non-solvent options are tabulated below in order of surface tension. 

 
Non-solvent Surface Tension (dynes/cm) Normal boiling point (°C) 

Water 72.8 100 
1-Butanol 24.6 117.2 
1-Propanol 23.8 97.4 
Acetone 23.7 56.2 
Ethanol 22.8 78.5 
Methanol 22.6 65 
2-Propanol 21.7 82.4 
n-Octane 21.8 125.7 
n-Hexane 18.4 69 

Table 3.2: Common or potential non-solvents for use in dehydration of asymmetric 
hollow fibers arranged by decreasing surface tension [31] 

 

The important issues in choosing chemicals to use in the solvent exchange process 

are surface tension, miscibility with the previous non-solvent, and interaction with the 

polymer.  It is clearly important that the surface tension be reduced somewhat with each 

wash so as not to create excessive capillary forces, thus preserving the morphology of the 

fibers.  Miscibility is also important, as the two non-solvents must mix in order for the 

new liquid to completely wash out and replace the prior one.  A more subtle area of 

importance is that of non-solvent-polymer interactions.  Even among chemicals that act 

as non-solvents for the polymer, differing degrees of interaction with the fiber can occur, 

particularly in the area of swelling.  If the polymer is highly swollen by the non-solvent 

used, it can become fragile and unable to withstand even the gentle currents experienced 

during washing.  The most likely explanation for this phenomenon is that the high degree 

of swelling allows polymer chains the freedom to disentangle slightly.  The lack of 
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entanglement will limit mechanical stability under stress.  Since the chains will have little 

incentive to re-entangle during drying, this fragility can extend to the fibers after the 

swelling agent is removed, causing brittleness and making the fibers unprocessable after 

drying.  Some swelling, however, is beneficial to facilitate complete removal of the 

water. 

 

It is important to choose the correct solvent exchange liquids prior to subjecting 

experimental fibers to the treatment.  In order to test various non-solvents, the 

asymmetric films cast during phase separation time experiments can be used.  Since these 

films are asymmetric, their reaction to solvent exchange is analogous to that of fibers.  By 

subjecting a film to the chosen solvent exchange process, the fragility can be observed, 

both during a wash and after drying.  Subsequently, the dry film can also be observed 

under SEM to confirm that substructure collapse has not occurred.  It is generally best to 

begin tests with higher swelling alcohols such as methanol and work towards the larger 

alcohols until acceptable durability has been observed.  By testing the solvent exchange 

process with asymmetric films, the potential destruction of an entire batch of valuable 

fibers is avoided. 

 

3.6 TESTING AND OPTIMIZATION 

Once dry, the fibers can be tested using standard methods.  Gas permeation 

testing can be used to confirm the existence of a dense separating skin layer, while SEM 

is useful for examining the structure of the support layer.  While the ideas discussed 

above will lead to an excellent first iteration, only in very rare cases will this be 

sufficient.  If the initial fibers indicate that further research and commercialization is 

warranted, optimization must be done.  The steps outlined in this chapter can then be 
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applied iteratively, with each new dope and spin informed by the previous until an 

optimized fiber is produced. 

 

3.7 SUMMARY 

Spinning effective hollow fiber membranes from novel polymers will continue to 

become more necessary as the requirements for gas separations become more stringent 

and demanding.  Material science will keep pace with this demand, and 

commercialization technology must continue to translate new materials into asymmetric 

hollow fibers. 

 

In order for new polymers to be spun efficiently, a basic understanding of the 

polymer system must exist.  This chapter has outlined the basic steps necessary for 

achieving and implementing that understanding.  From dope development through 

spinning and dehydration, this systematic approach can be applied to understand the 

polymer and to use that understanding to spin hollow fibers exhibiting good gas 

separation performance.  The following chapter will illustrate these steps through a case 

study involving a novel crosslinkable polyimide. 
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Chapter 4: Spinning Hollow Fiber Membranes from Novel Polymers, a 
Case Study 

 

4.1 INTRODUCTION 

In Chapter 3, guidelines were presented for the efficient development of effective 

asymmetric hollow fiber membranes from novel membrane materials.  This chapter will 

apply that framework to a novel crosslinkable polyimide.  The following familiar flow 

diagram shows the structure that will be followed and the relevant sections. 

 

 

Figure 4.1: Flow diagram showing the steps involved in producing asymmetric hollow 
fibers and the relevant chapter sections 
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The first section will describe the materials used, including the polymer and 

various solvents.  From there, the chapter will progress through the flow diagram, 

discussing dope development, fiber spinning, dehydration, testing, and post-treatment in 

turn.  Section 4.7 addresses the need for iteration and the next steps that would be 

required in order to optimize these fibers. 

 

4.2 MATERIALS 

The polymer used was synthesized by Dr. Claudia Staudt-Bickel at the University 

of Heidelberg from the class of materials described in her work as being effective for the 

CO2/CH4 separation after crosslinking [1].  The polyimide was synthesized by 

condensation polymerization of 6FDA with a 4:1 ratio of DAM and DABA diamines.  It 

is important to note that this polymer is similar to, but differs in composition from that 

used in the work presented in Chapters 5 and 6.  The resultant 4:1 polymer is less 

hydrophilic and is used only in this case study to illustrate and validate the process 

outlined in Chapter 3.  After synthesis, the acid pendant groups on the DABA units were 

monoesterified with 1,3-propane diol.  This process, including the importance of thermal 

imidization, is described in more detail in Appendix A.  Using a standard solution NMR 

technique developed by Wind and Staudt-Bickel [2], the conversion of acid to ester 

groups was confirmed to be greater than 95% for all polymer batches used in this chapter.  

Figure 4.2 shows the final polymer structure. 
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Figure 4.2: Chemical structure of 6FDA/DAM:DABA 4:1 polyimide used in Chapter 4 
spinning studies 

 

Several different synthesis batches of this polymer were used during the dope 

development and spinning process.  The molecular weights varied slightly (± 10%), but 

were all near 30,000 (Mw) based on universal calibration using viscometry data. 

 

All solvents used were obtained from Sigma-Aldrich and were normally used 

without further purification.  NMP and ethanol used in cloud point experiments were 

dried overnight over 4A molecular sieves to remove residual water.  The following table 

lists the solvents, CAS numbers, and published purities. 

 
Solvent CAS # Purity 

N-Methyl-2-pyrrolidone 872-50-4 99% 
Ethanol 64-17-5 99.5% 

Methanol 67-56-1 99.8% 
Hexane 73513-42-5 98.5% 

Table 4.1: Solvents and non-solvents used during spinning and dehydration 
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4.3 DOPE DEVELOPMENT 

4.3.1 Binodal Curves 

Dope development was begun with the construction of ternary phase diagrams 

and determination of binodal curves.  The systems chosen were polymer/NMP/ethanol, 

and polymer/NMP/water.  Ethanol was chosen as the dope non-solvent because of its 

volatility, miscibility with NMP and water, and limited toxicity.  Water was chosen as the 

coagulant due to low cost, toxicity, and flammability, and because it is the current 

industrial standard.  The binodals of the two systems were determined in the polymer 

concentration ranges of interest (~15-40 weight % polymer) using the cloud point 

technique.  The two binodals are shown on the diagram below.  Binodal lines are marked 

with the non-solvent used to construct them. 
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Figure 4.3: Ternary phase diagram showing binodal lines for polymer/NMP/water and 
polymer/NMP/ethanol solutions 

 

It is important to note that the binodal curves for this polymer system are shifted 

to the right from those of ‘traditional’ hollow fiber polymers, which tend to be more 

hydrophobic.  For example, the binodal for Matrimid® lies at 17% (wt) ethanol at 25% 

(wt) polymer concentration.  The polymer under investigation here is clearly more 
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hydrophilic (as expected) and is thus expected to have a longer phase separation time 

(shown in Section 4.3.3). 

 

4.3.2 Viscosity 

The next step in the process of dope formulation is to determine the polymer 

concentration for appropriate shear and elongational viscosities.  The cloud point 

solutions were observed, and a qualitative judgment made that the viscosity of 

polymer/NMP/ethanol solutions ‘looked about right’ (near the viscosity of thick honey) 

for polymer concentrations between 30% and 35%.  Ethanol concentration was chosen by 

placing the solution within 2-5% (wt) of the binodal line.  Placing the dope at this point 

allows rapid movement of the solution into the two-phase region upon quenching, but the 

risk of phase separation from incidental ethanol evaporation is very low.  Two solutions 

were made, with the compositions shown in the following table. 

 
Solution ID EV1 EV2 

Polymer weight % 30% 35% 
NMP weight % 33% 32% 

Ethanol weight % 37% 33% 

Table 4.2: Compositions of viscosity test dopes 

 

The two solutions were then tested in a capillary rheometer to obtain shear and 

elongational viscosities.  The curves of the two solutions (EV1 and EV2) are plotted 

below, along with the Matrimid® standard curves from Chapter 3 (R3 and R4). 
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Figure 4.4: Shear viscosity of test dopes and standard Matrimid® dopes from Chapter 3 
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Elongational Viscosity
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Figure 4.5: Elongational viscosity of test dopes and standard Matrimid® dopes from 
Chapter 3 

 

In Chapter 3 (Section 3.2.1), it was established that spin dopes should have both 

shear and elongational viscosities near that of R3, with higher viscosities (up to that of 

R4) being acceptable, but less desirable due to the increased pressure drop in the feed 

lines.  EV1 lies very near R3 in both elongational and shear viscosity.  EV2 is somewhat 

higher, but still mostly below R4.  Either dope would then be appropriate, but lower 

polymer concentrations encourage a more porous substructure and are easier to process 

due to the lower pressure drop.  It was therefore decided that the spin dope composition 

should be near EV1, but with a slightly higher polymer concentration to ensure that the 

viscosity does not fall below that of R3. 
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4.3.3 Phase Separation Time 

Two tests were done to determine phase separation time.  Both were done at room 

temperature (~26°C).  The first was an asymmetric flat sheet test in which a polymer-

NMP-ethanol dope was mixed and a 50 micron film cast on a glass plate with a casting 

knife.  The film was immersed in water and time between immersion and opacity 

measured.  Determination of the onset of opacity was done by observation, as no light 

transmission system was available and the time measured by hand with a stopwatch.  The 

time to phase separation was between one and two seconds. 

 

A second test was done with syringed fibers.  A syringe dope was mixed and 

syringed by hand into a water bath.  The extrusion rate was about two milliliters per 

minute through a five centimeter air gap and the fibers were not drawn.  The final dry 

syringed fiber was approximately one millimeter in diameter.  Again, opacity was 

considered to be indicative of phase separation, and the time required for phase 

separation measured with a stopwatch, although the exact moment of full phase 

separation in a syringed fiber is much more difficult to determine than with flat sheets.  

Repeated measurements were generally consistent, with phase separation times around 

ten seconds (± 1.5 seconds) between entry into the quench bath and coagulation 

(opacity). 

 

In Chapter 3, equations were given to correlate the phase separation time of flat 

sheet and syringe experiments to fiber spinning.  For convenience, those equations are 

repeated here. 
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These equations can be used to calculate either the time required to phase separate 

a hollow fiber of given diameter, or the maximum diameter hollow fiber that will phase 

separate in a given time.  The first is useful in determining the amount of time required 

during ‘free-fall’ in the quench bath before contacting the first guide roll in order to 

produce a desired fiber diameter.  The second calculation gives insight into the 

limitations of a specific system, where the free-fall distance is set, and the only control of 

time comes through take-up speed. 

 

Table 4.3 gives the correlations for several different categories.  The free-fall 

distance for the system used in this study was 30 cm, and the maximum allowable 

diameter at two different take-up speeds is given.  Traditionally, standard Matrimid® 

fibers have been spun with diameters of about 250 µm, so the time required for a 250 µm 

fiber spun from this crosslinkable polyimide to phase separate is also given.  In all cases, 

it was assumed that the spun fiber’s wall can be treated as a film of thickness equal to one 

quarter of the overall diameter (this and other assumptions can be found in Section 3.2.2). 
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  Based on flat sheet 
data (1-2 seconds) 

Based on syringe 
data (~10 seconds) 

Phase separation time required for a 
standard 250 µm fiber 1.7 – 3.1 seconds ~0.6 seconds 

At 50 m/min take-up 85 – 120 µm ~190 µm ‘Allowable’ fiber 
diameter in the 

current system (30 
cm available 

before guide roll) 
At 20 m/min take-up 134 – 190 µm ~300 µm 

Table 4.3: Correlation of syringe and flat sheet phase separation times to relevant 
hollow fiber spinning values at 26°C 

 

While the two sets of data do not agree perfectly, they are clearly within the same 

order of magnitude.  Both seem to indicate that the production of 250 µm fibers with the 

current system will likely be limited by phase separation time considerations.  While the 

information gleaned from the syringe data indicates that 250 µm fibers are achievable at 

moderate take-up rates (~30 m/min), film data point to even slower phase separation 

rates.  In contrast to this crosslinkable polyimide, phase separation time experiments with 

the traditional hydrophobic polyimide Matrimid® showed nearly instantaneous phase 

separation for both flat sheets and syringed fibers.  Matrimid® fibers easily fully solidify 

before reaching the first guide roll, a prediction that can not be made for this 

crosslinkable polyimide. 

 

Based on this information, these fibers will likely not be fully solidified prior to 

contacting the first guide roll, and techniques were therefore used to increase the speed of 

phase separation.  Again applying the assumption that the process is primarily diffusion 

limited, increased temperature will result in decreased phase separation times.  These 

fibers should therefore be spun into a warm quench bath (>40°C) to encourage rapid 
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diffusion of water into the fibers.  Even with this additional help, oval fibers may still be 

produced during initial fiber production. 

 

4.4 FIBER SPINNING 

Once the preliminaries of dope development and characterization were completed, 

the fiber spinning process was begun.  From the viscosity information, a spin dope 

composition near EV1 was chosen and is shown in the following table. 

 
Component Weight Percent 

Polymer 32% 
NMP 33% 

Ethanol 35% 

Table 4.4: Composition of dope used for spinning (D25) 

 

The bore fluid composition was chosen to be 13% water (by weight) in NMP, 

based on the ‘neutrality point’ of the polymer/NMP/water ternary diagram (see Section 

3.1 and Figure 3.2).  Both dope and bore fluid were loaded into Isco® syringe pumps 

connected to the spinneret by 1/8” stainless steel tubing.  The dope was filtered through a 

40 micron filter, while a 2 micron filter was used for the bore fluid. 

 

Temperatures for spinning were chosen based on the viscosity and phase 

separation work presented earlier.  Since the viscosity measurements were made at 35°C, 

this was also chosen for the spinning temperature.  During optimization, increasing the 

spinning temperature to encourage skin formation will likely be helpful.  The dope 

composition was chosen at the lower end of the acceptable viscosity range, and thus a 

higher temperature would risk reducing the viscosity below the spinnability limit.  The 
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quench bath was set at 40ºC to compensate for the slower phase separation time of this 

more hydrophilic polymer. 

 

The following table lists the conditions used for the four successful fiber states. 

 

State 
ID 

Dope Extrusion 
Rate (mL/hr) 

Bore Fluid 
Extrusion Rate 

(mL/hr) 

Air Gap 
Length (cm) 

Take-up 
Rate 

(m/min) 

Nominal 
Draw 
Ratio 

D25.1 60 20 10 26.5 5.1 
D25.2 120 40 10 26.5 2.6 
D25.3 120 40 10 37 3.6 
D25.4 90 30 14 32 4.2 

Table 4.5: Spinning parameters for spin run D25 

 

The initial dope extrusion rate was chosen to limit the pressure drop along the 

1/8” feed line.  The bore extrusion rate was set and maintained at one third of the dope 

extrusion rate as described in Chapter 3 (see Section 3.4.3).  Based on experience with 

other polymers, a ten centimeter air gap is ‘typical’ and a good starting point.  Longer air 

gaps increase the likelihood of the spin line breaking, while smaller air gaps reduce the 

opportunities for evaporation (and thus skin formation).  The take-up rate was set to 

maintain some tension in the spin line, while not risking a draw ratio that could break the 

spin line. 

 

After the first ‘state’ of fibers, the extrusion rates were increased in an effort to 

increase the production rate.  Air gap and take-up were initially kept constant, then the 

take-up rate was increased.  The take-up rate was increased to the maximum stable rate; 

higher take-up speeds resulted in the spin line breaking.  Finally, the extrusion and take-
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up rates were reduced slightly and air gap increased in order to maximize evaporation and 

skin formation.  Air gaps higher than 14 cm caused the spin line to break. 

 

4.5 DEHYDRATION 

The steps for dehydration were established prior to fiber spinning.  The flat sheets 

cast during phase separation time testing were used to test different solvent exchange 

procedures.  One film was solvent exchanged with methanol and hexane, another with 

ethanol and hexane.  The first film showed signs of extreme swelling in methanol, and 

was too fragile to handle when swollen.  Ethanol, on the other hand, did not cause the 

same fragility.  Care was still required when handling the swollen, ethanol-wet film, but 

it did not fall apart in the same way that the methanol-wet film did. 

 

From these observations, it was decided that a solvent exchange process involving 

ethanol and hexane should be used.  The water-wet fibers were soaked in two ethanol 

baths of 30 minutes each, then two 30 minute hexane baths.  After 60 minutes of air 

drying, the fibers were dried under vacuum for one hour at 80°C.  The final dry fibers 

were flexible and could be easily handled. 

 

4.6 TESTING 

Dry fibers were potted into double-ended modules as described in Appendix B.  

The pot faces were examined under optical microscopy to determine ovality, 

concentricity, and the presence of macrovoids.  The modules were tested with oxygen 

and nitrogen to determine the existence of a selective skin layer. 
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4.6.1 Microscopy 

In Section 4.3.3, the longer phase separation time of this polymer system was 

discussed.  A tendency towards oval fibers was expected due to the slower phase 

separation and thus the low probablility that the nascent fiber would completely solidify 

prior to being subjected to crushing pressures around the guide roll.  The following 

pictures of module pot faces, taken at 10x magnification, show this hypothesis to be 

accurate. 

 

 

 

Figure 4.6: Photos of fibers showing varying degrees of ovality 

 

Clearly, fibers are generally oval with occasional fibers approaching perfect 

circularity.  It would be expected then, that high pressure drops would not be supported.  

In addition, the wall thickness is somewhat less than is common.  Typical hollow fibers 

have OD/ID ratios of around two [3], while these fibers have ratios around 1.5.  Thinner 

Circular or near-
circular fibers 

Oval fibers
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walls naturally also contribute to lower crush and burst pressures, but can be changed 

easily by adjusting bore and dope extrusion rates in further optimization steps. 
 

Despite being oval, the concentricity of the fibers is generally good.  In addition, 

macrovoids are absent.  Once the issues of ovality and wall thickness are addressed 

during optimization, this lack of macrovoids will aid in supporting higher pressure drops 

across the membrane. 

  

4.6.2 Pure Gas Permeation 

Pure gas permeation testing was done with oxygen and nitrogen at 100 psi of feed 

pressure and a temperature of 27 ºC as described in Appendix C.  The downstream was at 

atmospheric pressure and the gas flow rates measured with a bubble flow meter.  The 

permeation data for the four fiber states are summarized in the following table. 

 
State ID N2 Permeance (GPU) O2 Permeance (GPU) Ideal O2/N2 Selectivity 

D25.1 140 150 1.1 
D25.2 4.8 24.5 5.1 
D25.3 6.0 28.0 4.7 
D25.4 4.7 22.5 4.8 

Table 4.6: Ideal gas permeation properties of D25 fibers.  Permeance values have an 
uncertainty of ±5%, while selectivity values have an uncertainty of ±10%. 

 

Dense film data for this specific polymer is unavailable.  Analogous polyimides, 

however, have intrinsic O2/N2 selectivities of 4.5-5.5.  Thus, it appears that states D25.2 

through D25.4 have defect-free or near defect-free skin layers.  State D25.1 exhibits 

Knudsen selectivity for O2/N2, indicating a defective skin layer.  If the defects are small 
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enough, post-treatment with a silicone rubber could caulk the skin and raise the 

selectivity. 

 

4.6.3 Post-treatment 

State D25.1 was post-treated with Sylgard® silicone as described in Appendix D.  

The treatment resulted in depressed permeance values (-33% change) with no increase in 

selectivity.  This shows that the defects in the fibers were too large to caulk.  The prime 

difference between state D25.1 and the other states seems to be the draw ratio, which is 

highest in the first state.  Excessive drawing may have caused large defects in the skin 

layer, leading to Knudsen selectivity that could not be corrected with post-treatment. 

 

4.7 ITERATION 

Although most of the initial fibers have good O2/N2 separation performance, 

further optimization must still be done.  Fiber ovality must be addressed first.  The most 

likely cause of the ovality seen in these initial fibers is a lack of complete solidification 

prior to being subjected to crushing pressures around the guide roll during spinning.  In 

order to correct this, phase separation time must be decreased, or the ‘free-fall’ time 

(amount of time prior to contacting the first guide roll) in the bath must be increased.  

Spinning with higher bath temperatures would address the first issue, while a deeper bath 

or slower take-up speeds would address the second. 

 

Lower take-up speeds, however, would be counterproductive in the other main 

issue involved in optimization; production speed.  Even at maximum take-up, fibers were 

produced at only 37 m/min.  While this is faster than what is typically found in academic 
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research, minimum commercial production speeds are nearly double this value.  In order 

to spin fibers at these rates (>50 m/min), faster extrusion rates will be needed, and 

possibly more viscous dopes to increase spin line stability under higher tensions. 

 

4.8 CONCLUSION 

Commercial implementation of membrane material research relies on the efficient 

transfer of new materials to industrially relevant hollow fibers.  Chapter 3 described a 

procedure for this transfer, from dope development through fiber spinning and 

dehydration.  This chapter has employed the techniques described to form selective 

asymmetric hollow fibers on the first iteration.  While further work is required to 

optimize fibers made from this material, the case study discussed in this chapter firmly 

establishes the validity of this method for spinning initial fibers from novel polymers.  In 

Chapters 5 and 6, the separation performance of fibers formed from a different 

crosslinkable polymer is discussed.  The fibers described there are the result of several 

iterations of this same method, demonstrating the overall effectiveness of the technique. 
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Chapter 5: Crosslinking of Asymmetric Hollow Fibers 

5.1 INTRODUCTION 

In Chapter 2, a brief survey of membrane stabilization approaches was given.  

These approaches included heat treatment, blending, reactively formed interpenetrating 

networks, and crosslinking.  Crosslinking has proven to be one of the more effective 

options, combining relative ease of execution and practical extension to realistic 

processing with good transport properties and plasticization resistance [1].  This chapter 

will discuss the application of covalent crosslinking to hollow fiber membranes. 

 

The challenges of solid-state crosslinking faced in dense film work are magnified 

when working with asymmetric hollow fibers.  Now the aggressive conditions needed to 

promote crosslinking must be balanced by the necessity of preserving the delicate fiber 

morphology.  It has been found that aggressive heat treatments of hollow fibers, even 

below the Tg of the polymer, can cause substructure collapse [2], destruction of the 

integrity of the skin layer, and embrittlement.  In order for the fibers to be commercially 

viable, these negative aspects must be minimized while still creating a fiber that resists 

CO2 plasticization. 

 

This balance causes a change in perspective on the crosslinking process.  Instead 

of pursuing routes that accomplish the greatest degree of crosslinking and the greatest 

resistance to plasticization, the bigger picture must be considered.  For example, the 

maximum resistance may be overkill for certain applications, and could be sacrificed for 

improved overall separation performance.  This work has focused primarily on using heat 

treatments involving varying temperatures and exposure times to optimize chemical 
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resistance and separation performance.  The bulk of this chapter will be spent discussing 

these results, focusing on ideal gas separation performance (O2/N2) and the crosslinking 

reaction itself.  There is also a brief discussion on the preliminary investigations into the 

use of a catalyst in crosslinking to reduce aggressive processing conditions.  Chapter 6 

includes details on the CO2/CH4 separation performance of these fibers. 

 

5.2 MATERIALS AND METHODS 

All fibers described in this chapter were spun from a 6FDA-based polyimide 

containing a 3:2 ratio of DAM:DABA diamines.  The DABA groups were monoesterified 

with 1,3-propane diol prior to spinning (throughout this work, references to propane diol 

will be assumed to be 1,3-propane diol).  Synthesis and esterification were done by Dr. 

Claudia Staudt-Bickel at the University of Heidelberg (Appendix A).  The molecular 

weight of the polymer was found to be approximately 29,000 (Mn) using a GPC with 

universal calibration.  Figure 5.1 shows the structure of the polyimide. 
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Figure 5.1: Chemical structure of 6FDA/DAM:DABA 3:2 polyimide used in Chapters 5 
and 6 

 

Fiber spinning was done on the system described in Chapters 2 and 3.  The fibers 

used here and in Chapter 6 were spun using the same philosophy outlined in Chapter 3, 
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iterated and optimized over several spin runs.  Dope extrusion rates were between 48 and 

60 mL/hr, and take-up rates varied between 21 and 50 m/min.  This corresponded to 

stable nominal draw ratios between 4 and 9 (see Section 3.2.1 for the definition of 

nominal draw ratio).  The spinning temperature was 50°C, and the quench bath was also 

maintained at 50°C.  The air gap was varied between 5 and 21 cm.  Most of the spinning 

conditions resulted in selective fibers.  During crosslinking testing, only selective fibers 

were used to explore separation performance, while other, non-selective states were also 

used for chemical and spectrographic studies.  The following table lists representative 

uncrosslinked states with their separation performance for oxygen and nitrogen.  Fiber 

states 23.8, 23.9, and 23.11 are considered to have ‘defect-free’ skins, as the selectivities 

of these states lie within 90% of the dense film value. 

 
Fiber Number O2 Permeance (GPU) N2 Permeance (GPU) O2/N2 Selectivity 

1 49.5 44 1.1 
3 8.7 3.4 2.6 
4 18.2 5.0 3.6 
6 17.5 5.2 3.4 
8 10 2.4 4.2 
9 10 2.5 4.0 
10 10.7 4.3 2.5 
11 21.3 5.3 4.0 

Dense Film N/A N/A 4.4 

Table 5.1: Ideal gas performance of unpost-treated uncrosslinked fibers.  Testing was 
done with pure gases at 30°C and 100 psi feed pressure.  Uncertainty is ±5% 
for permeance values, and ±7% for selectivity.  Dense film selectivity 
measured by Alexis Hillock is included for comparison. 

 

All fibers showed excellent concentricity and were nearly perfectly circular.  No 

macrovoids were evident in optical or SEM microscopy.  Figure 5.2 shows an SEM 
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image typical of these crosslinkable fibers.  The bore is reasonably clear, but the inside 

walls are very ‘rough’, indicating that further optimization of the bore fluid is needed. 

 

 

Figure 5.2: SEM picture of crosslinkable asymmetric hollow fiber spun from 3:2 
polyimide at 345X magnification 

 

The crosslinking reaction was driven by heating fibers under vacuum for a set 

period of time (see Appendix A for more crosslinking reaction details).  Fibers were 

wrapped in aluminum foil and placed directly into preheated vacuum ovens.  Dynamic 

vacuum was used to maximize the driving force for removal of 1,3-propane diol.  Not all 

conditions led to crosslinked fibers, but for the purposes of this discussion, the process of 
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heating will be referred to interchangeably as ‘heat-treatment’ or ‘crosslinking’, 

regardless of whether covalent crosslinks are actually formed.  For the primary time-

temperature crosslinking experiments, a series of five temperatures and five times was 

used.  Fibers were crosslinked at 200°C for 6, 12, 24, 48, and 96 hours, and for 24 hours 

at 120°C, 150°C, 200°C, 230°C, and 300°C. 

 

5.3 EFFECTS OF CROSSLINKING CONDITIONS ON TRANSPORT 

This section is concerned primarily with the effect of crosslinking conditions on 

the ideal gas performance (O2, N2).  These gases provide a useful benchmark, as well as 

more rapid testing with pure gas instead of the more complicated CO2/CH4 mixed gas 

testing.  Carbon dioxide and methane separation performance will be discussed in 

Chapter 6.  All ideal gas data was obtained through pure gas testing of lab scale modules 

as described in Appendix C. 

 

The following table summarizes the data for fibers crosslinked for 24 hours at five 

different temperatures. 

 
Permeance (GPU) Fiber Label Temperature 

for 24 hours O2 N2 
Ideal O2/N2 Selectivity 

23.8 N/A 10 2.4 4.2 
23.8x120 120°C 7.8 1.7 4.6 
23.8x150 150°C 7.5 1.5 5.0 
23.8x200 200°C 9.1 2.0 4.6 
23.8x230 230°C 9.0 2.0 4.5 
23.8x300 300°C Defective skin, Knudsen selectivity 

Table 5.2: Ideal gas performance of unpost-treated crosslinked fibers (temperature 
series).  Testing was done with pure gases at 30°C and 100 psi feed 
pressure.  Uncertainty is ±5% for permeance values, and ±7% for 
selectivity. 
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All of the crosslinked states show slightly improved O2/N2 selectivity, with the 

exception of 23.8x300.  These fibers had greatly increased permeances and selectivities 

near one.  This is characteristic of fibers with highly defective skins, indicating that the 

high temperature treatment destroyed the delicate skin layer. 

 

The increase in selectivity was between 7% and 19% over the uncrosslinked 

fibers.  This increase does not seem to indicate a significant change in the material 

properties of the polymer itself (permeability and inherent selectivity).  Accompanied by 

a 10% to 25% loss in permeance, these results are consistent with a densification of the 

transition layer and the healing of slight skin defects (also called skin densification).  The 

densification of the transition layer causes an effective thickening of the skin layer, 

reducing permeance.  At the same time, tiny defects in the skin layer can be healed, 

raising selectivity slightly. 

 

Table 5.3 shows permeance and selectivity values for states crosslinked at 200°C 

for 6 to 96 hours. 

 
Permeance (GPU) Fiber 

Label 
Time at 
200°C O2 N2 

Ideal O2/N2 Selectivity 

23.8 N/A 10 2.4 4.2 
23.8x-6 6 hrs 10.6 2.7 3.9 
23.8x-12 12 hrs 8.4 2.0 4.2 
23.8x-24 24 hrs 9.1 2.0 4.6 
23.8x-48 48 hrs 11 2.2 5.0 
23.8x-96 96 hrs 10.4 2.8 3.7 

Table 5.3: Ideal gas performance of unpost-treated crosslinked fibers (time series).  
Testing was done with pure gases at 30°C and 100 psi feed pressure.  
Uncertainty is ±5% for permeance values, and ±7% for selectivity. 
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Selectivity changes in this experiment are very scattered, ranging from -12% to 

+19%, just outside the range of uncertainty.  This makes trends difficult to discern and 

unreliable, as both selectivity and permeance move up and down with time, and the two 

performance measures are generally uncorrelated.  While the crosslinking time does seem 

to affect fiber performance somewhat, the effects are not obvious. 

 

The ideal gas performance for fibers in both time and temperature series 

experiments is inconclusive.  Although changes to selectivity and performance do occur, 

the changes are not distinct enough to draw solid conclusions regarding the effect of 

crosslinking conditions on ideal gas performance.  It is evident that the fibers retain 

selectivity in all crosslinking conditions except at 300°C for 24 hours.  For the purposes 

of this work, which is primarily concerned with natural gas separations, this information 

is sufficient at this point.  In Chapter 6, clearer trends are seen in CO2/CH4 performance, 

and are discussed in detail there. 

 

5.4 CROSSLINKING CHARACTERIZATION 

Three chief methods were used to characterize the crosslinking in hollow fibers, 

dissolution, TGA-IR, and plasticization resistance.  Each method gives slightly different 

data, complementing each other.  This section describes the methods and results for the 

first two, while Chapter 6 describes the CO2 plasticization resistance in addition to 

CO2/CH4 separation performance. 
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5.4.1 Fiber Dissolution 

The quickest and easiest method for determining the existence of crosslinking is a 

simple dissolution test.  The polymer used here is fully soluble in THF when 

uncrosslinked, but after crosslinking, the ‘infinite’ molecular weight makes it insoluble.  

Fibers subjected to crosslinking at a series of temperatures were placed in vials of THF to 

determine the existence of crosslinking.  A picture of the fibers in THF is shown below.  

The labels show the crosslinking temperature for the fibers in each vial. 

 

 

Figure 5.3: Fibers crosslinked for 24 hours at various temperatures (120°C - 300°C) 
placed in pure THF at room temperature. 

 

From the picture, it is evident that fibers crosslinked at 300°C for 24 hours do not 

dissolve, while those crosslinked at 120°C are completely soluble.  Fibers crosslinked at 

230°C are also clearly not dissolved, but exhibit a slightly greater degree of swelling than 

120°C 150°C 200°C 230°C 300°C
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those crosslinked at 300°C.  This is shown by their slightly larger diameter and more 

translucent appearance.   

 

The fibers crosslinked at 150°C are mostly soluble.  Some very small, highly 

swollen pieces can be seen on close examination, indicating that additional bonds have 

begun to be formed, but crosslinking has not proceeded sufficiently far to stabilize the 

fibers overall.  This ‘near-crosslinked’ hypothesis is supported by molecular weight data.  

GPC measurement of the molecular weights of 120°C and 150°C crosslinked fibers 

showed essentially no change from the raw polymer for the 120°C fibers, while the 

150°C fibers showed a molecular weight increase of nearly 35% over the original 

polymer.  It is evident, then, that some crosslinking took place to increase the molecular 

weight, but not enough to stabilize the fibers completely in THF. 

 

Close examination of the fibers crosslinked at 200°C reveals highly swollen, yet 

intact fibers.  The fibers cannot be easily seen in the picture due to the translucence 

caused by swelling.  These fibers seem to be ‘barely-crosslinked’, just enough to hold 

together in the presence of solvent. 

 

Dissolution studies of fibers crosslinked at 200°C for different times show a 

different trend.  The following picture shows crosslinked fibers placed in vials of THF.  

The labels indicate the amount of time the fibers were held at 200°C under vacuum. 
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Figure 5.4: Fibers crosslinked at 200°C for 6-96 hours placed in pure THF at room 
temperature. 

 

Fibers are visibly intact in each vial.  According to these simple dissolution 

observations, there is little or no difference in solvent stability when fibers are 

crosslinked at 200°C between six and ninety-six hours.  The traditional crosslinking time 

of 24 hours was chosen primarily for convenience, and no optimization of the process has 

been done previously.  While transport properties are affected by both the time and 

temperature of treatment (see Section 5.3 and Section 6.3), solvent resistance seems to be 

a function purely of temperature, a hypothesis that is further supported by the data in the 

next section. 

 

5.4.2 TGA-IR Analysis 

TGA-IR (thermogravimetric analysis-infrared spectroscopy) studies were 

undertaken to better understand the crosslinking process.  A Netzsch STA 409 PC was 

used for TGA, with IR analysis done with an attached Bruker Tensor 27 as described in 

6 hrs 12 hrs 24 hrs 48 hrs 96 hrs
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Section 2.7.  All studies were done with a nitrogen sweep gas, simulating the low vapor 

pressure of the products of interest in a vacuum oven.  Crosslinked samples were placed 

in THF after analysis to benchmark against the dissolution results discussed above.  In 

some cases, polymer powder was used in place of fibers for ease of testing.  Duplicate 

runs showed no significant difference between powder and fiber data. 

 

The TGA work was initially undertaken to determine a degree of crosslinking.  

During heating, propane diol is evolved, and could theoretically be identified with IR and 

quantified by weight loss in the TGA.  Comparing the actual weight loss to the theoretical 

weight loss from stoichiometry would yield a degree of crosslinking.  Time allowed for 

only initial studies, which revealed two surprising results.  First, weight loss 

quantification is confounded by the unexpected presence of residual NMP (as much as 6 

weight percent) in the polymer, both fibers and powder.  Second, the evolution of 

propane diol is limited to a very short period of time (< 30 minutes), supporting the 

theory from Section 5.4.1 that the crosslinking reaction is independent of time between 6 

and 96 hours.  These two discoveries are discussed in more detail below. 

 

NMP is used as both a synthesis and spinning solvent and is difficult to wash out, 

subsequently evolving at the same time as propane diol during heating.  The following 

figure is the TGA curve for the polymer as it is heated from 20°C to 300°C at 5°C per 

minute.  The curve plots temperature and percent weight loss versus time. 
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Figure 5.5: TGA weight loss curve for 3:2 polyimide heated from 20°C to 300°C at 5°C 
per minute 

 

Two regions of major weight loss are seen, one at just under 5 minutes, and the 

second at about 30 minutes.  The IR data at the first point shows the evolution of 

absorbed water.  Figure 5.6 shows the IR spectrum of the gasses evolved during entirety 

of the second weight loss, as well as spectra for pure propane diol and pure NMP 

obtained from the NIST Webbook [3]. 
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Figure 5.6: IR spectra for 1,3-propane diol, NMP, and the evolved gases from TGA 

 

The spectrum shows that the evolved gas contains both NMP and propane diol.  

Peaks at 3670 cm-1 and 1067 cm-1 are present in propane diol, yet not in NMP, while the 

large single peak at 1737 cm-1 is absent in propane diol and present in NMP.  The sample 

spectrum appears to be a simple addition of the two spectra, as both components are 

evolved simultaneously.   

 

It is useful to be able to decouple the two components in an attempt to quantify 

crosslinking.  Since the TGA-IR instrument does not have the capability to physically 

separate components, the IR spectrum is the only tool available for this analysis.  While 

IR spectra are notoriously difficult to quantify due to varying absorptivities and 

concentrations between samples, the ratio of peak integrals can be useful.  Fortunately, 
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there are common and stand-alone peaks in both propane diol and NMP.  The peaks 

chosen for analysis are at about 3670 cm-1, 2900 cm-1, and 1740 cm-1.  These correspond 

to the OH stretch, CH stretch, and C=O stretch, respectively [4]. 

 

Each of these peaks in the three spectra shown in Figure 5.6 was integrated using 

the IR software.  The results are shown in the following table. 

 
Peak Area Peak Label Frequency (cm-1) Stretch Propane Diol NMP Experimental 

A 3670 O-H 8.62 N/A 0.19 
B 2900 C-H 36.74 33.42 2.54 
C 1740 C=O N/A 55.15 2.21 

Table 5.4: Peak integrals at 3670, 2900, and 1740 cm-1 for the three spectra shown in 
Figure 5.6 

 

The ratios of peaks A and C to peak B in the pure sample spectra are 

approximately equal to the ratios in any mixture of the two.  For propane diol, the ratio of 

A to B is 0.23, while for NMP, the C to B ratio is 1.65.  Applying these ratios to the 

independent A and C peaks from the experimental data gives us the contribution of each 

component to the overall B peak.  In this case, BNMP = 1.34, while BPD = 0.83, equating to 

a composition of 62% NMP.  Since this composition is based on absorbance, it is a molar 

percentage.  Converting to weight percents, the evolved gases consist of 32% propane 

diol and 68% NMP. 

 

One important factor to consider in the preceding ratio analysis is that the sum of 

the two components of peak B is not equal to the measured value of peak B.  The sum is 

about 15% lower than the experiment.  This is evidence of the fact that a great deal of 
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uncertainty remains in quantifying IR spectra.  While the values obtained here are useful 

additions to TGA weight loss data, they can only be approximate, and cannot be used as 

definitive measures. 

 

A final check can be made on the values to determine if 32% propane diol is a 

reasonable value.  From Figure 5.5, it was seen that approximately 7.5% of the fibers’ 

weight was lost between 130°C and 300°C.  IR data showed this loss to be the 

combination of propane diol and NMP.  If the ratio analysis is correct, 32% of that 7.5% 

total weight loss is attributable to propane diol, or 2.4% overall.  Calculations show that 

the theoretical propane diol loss at 100% crosslinking is 2.6% (Appendix A).  While this 

does not show conclusively that the method is valid, the fact that the data is not 

inconsistent (greater than 100% crosslinking, for example) lends credence to the 

technique.  This ratio method will thus be applied in the following sections, although 

always with the caveat of relatively large uncertainty. 

 

5.4.3 TGA-IR analysis of crosslinking time dependence 

Traditionally, this class of polymers has been crosslinked for 24 hours under 

vacuum [5].  Section 5.4.1 showed dissolution results that indicate little or no change in 

solvent resistance between 6 and 96 hours of crosslinking.  This result was tested further 

with TGA-IR.  A polymer sample was heated to 110°C for one hour to remove residual 

water; the temperature was then raised to 200°C and held for 24 hours.  The weight loss 

measured is plotted vs. time in the figure below. 
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Figure 5.7: TGA weight loss curve for 3:2 polyimide heated for one hour at 110°C and 
then held at 200°C for 24 hours 

 

There is an initial weight loss during the 110°C step as residual water is removed.  

Then during the heating to 200°C, a large weight loss occurs (~5%).  The IR spectrum at 

this point is identical to that shown in Figure 5.6, showing the presence of both NMP and 

propane diol.  After that initial heating, very little weight loss occurs over the next 24 

hours and the IR registers no evolved components.  This seems to indicate that the 

crosslinking reaction with its evolution of propane diol occurs very quickly during initial 

heating to 200°C.  To further confirm this, another run was done, again with a 110°C 

drying step, but with the 200°C step held for only 3 hours.  The ramp rate also was 

slowed to reduce overshoot, and both curves (24 and 3 hour soak times) are shown in the 

following figure. 
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Figure 5.8: TGA weight loss curve for 3:2 polyimide heated for one hour at 110°C and 
then held at 200°C for 3 hours and the first three hours of a 24 hour hold 
time 

 

The curves are predictably similar.  The slight difference can be attributed to the 

different ramp rates causing a difference in ramp onset time.  Again, after the initial 

drying period, most of the weight loss occurs in a very small time period, with very little 

subsequent loss.  Figure 5.9 shows the 3-D IR spectrum from the 3 hour soak time.  The 

lack of signal subsequent to the weight loss at about 80 minutes (4800 seconds) is 

evident.   

 



 109

 

Figure 5.9: 3-D IR spectrum showing the evolution of components over 3 hours during 
heating at 200°C as in Figure 5.8.  Figure 5.9 includes an initial 3600 second 
drying step at 110°C.  The large peaks occur at the point of heating from 
110°C to 200°C 

 

Outside of the minor water signal at the beginning, the only absorbance is seen 

during heating to 200°C, and it disappears thereafter.  Figure 5.10 shows the drop-off 

even more clearly by plotting the intensity of the characteristic propane diol peak at 3670 

cm-1 as a function of time. 
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Figure 5.10: Change in the intensity of the characteristic propane diol peak at 3670 cm-1 
over time 

 

Initially, there is absorbance at 3670 cm-1 attributable to evolved water.  During 

most of the 110°C drying phase, nothing is produced with absorbance at this 

wavenumber.  At about 69 minutes (4100 seconds), the temperature begins to ramp to 

200°C and the propane diol peak begins to grow.  By 86 minutes (5160 seconds), the 

temperature is stable at 200°C, the primary weight loss has ended, and the propane diol 

peak has disappeared.  There is no indication that further propane diol is evolved after 

this point.   
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Dissolution tests confirm that crosslinking has occurred in both samples, treated 

for 3 or 24 hours, as they did not dissolve in THF.  The fundamental crosslinking and loss 

of propane diol appears to be very rapid, occurring within 30 minutes of heating.  

Temperature plays a larger role, as was shown in Section 5.4.1 and is discussed further in 

the following section. 

 

5.4.4 TGA-IR analysis of crosslinking temperature 

Section 5.4.1 showed that temperature has an impact on the crosslinking of this 

class of polymers.  In order to investigate this further, the TGA curve presented in Figure 

5.5 was analyzed to determine the temperature at the onset of weight loss.  Figure 5.10 

shows the same curve with temperature plotted on the x-axis and the weight loss onset 

identified at about 170°C. 
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Figure 5.11: TGA weight loss curve of 3:2 polyimide during heating from 20°C to 300°C 
at 5°C per minute with the temperature at the onset of weight loss identified 
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The components evolved during the weight loss at 30 minutes were identified in 

Section 5.4.2 as propane diol and NMP.  Thus, it is at this temperature that the 

crosslinking reaction must be happening.  At temperatures below 170°C in this ramp 

experiment, little propane diol is evolved, and thus limited crosslinking can be occurring, 

while at temperatures above 170°C, propane diol is produced rapidly, evidence that 

crosslinking is happening.  To test this hypothesis, two runs were done, each with a 

110°C drying step for one hour, followed by 3 hours of treatment at either 150°C or 

180°C.  Little propane diol should be evolved at 150°C, while at 180°C, propane diol 

should be produced and crosslinking should occur.  The following figure shows both 

weight loss curves. 
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Figure 5.12: TGA weight loss curve of 3:2 polyimide heated to 110°C for one hour, then 
held at 150°C or 180°C for 3 hours 
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It is immediately evident that less weight is lost in the 150°C run than in the 

180°C trial.  Information from the IR again shows that propane diol and NMP are both 

evolved during both runs.  Integration of the peaks yields the values shown in the 

following table. 

 
Peak Area Peak Label Frequency (cm-1) Stretch 150°C Soak 180°C Soak 

A 3670 O-H 0.51 0.56 
B 2900 C-H 6.42 7.67 
C 1740 C=O 6.34 8.19 

Table 5.5: Peak integrals of characteristic propane diol and NMP peaks in the evolved 
gases from the weight losses seen in Figure 5.12 

 

Again applying the ratio technique described in Section 5.4.2, propane diol is 

found to contribute to 30% of the weight loss at 150°C, and 27% of the weight loss at 

180°C.  Table 5.6 below summarizes the effect on the two samples, as well as from the 

sample shown in Figure 5.8 which involved a three hour thermal soak at 200°C.  The 

weight losses are taken only from the heating phase, as the subsequent slow weight loss 

does not show an IR signal, and can therefore not be conclusively identified. 

 

 150°C soak 
temperature 

180°C soak 
temperature 

200° soak 
temperature 

% weight loss during heating 4.4 6.7 7.8 
% weight loss due to NMP 3.1 4.9 5.9 

% weight loss due to propane diol 1.3 1.8 1.9 

Table 5.6: Estimated NMP and propane diol loss during heating of 3:2 polyimide to 
150°C, 180°C, and 200°C 
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Earlier, it was stated that 100% crosslinking would result in 2.6% propane diol 

weight loss.  According to the data in Table 5.6, 50% of the crosslinking has occurred at 

150°C within 35 minutes (the window over which weight loss was measured), and the 

polymer remains soluble in THF while exhibiting an increased molecular weight (Section 

5.4).  At 180°C, 69% of the crosslinking has occurred, while at 200°C, completion has 

reached 73%, and at both temperatures the polymer is insoluble in THF.    Higher 

temperatures were not tested with this procedure, but from Section 5.4.2, a heat ramp to 

300°C results in 92% of total crosslinking.  These values are valid only within the 

uncertainty of the IR quantification, but a clear trend is seen.  At or below 150°C, 

approximately half of the possible crosslinking occurs, while increasing the temperature 

increases crosslinking degree, but further temperature increases bring diminishing returns 

in driving the crosslinking reaction forward. 

 

5.4.5 Summary and Analysis of TGA-IR Data 

The previous three sections have presented a wide variety of data gleaned from 

TGA-IR analysis of this crosslinkable polymer.  This section summarizes the 

occasionally disparate data to form a coherent whole and draws conclusions regarding the 

crosslinking reaction. 

 

Primary among the observations from TGA-IR is the presence of large amounts of 

NMP in both powder and fiber samples.  The amount of NMP evolved was as high as 5-

6% (wt).  This is significantly higher than the 0.5-1% typically found in spun fibers [6].  

The difference seems to be primarily attributable to the solvent exchange process.  

Traditionally, fibers are soaked in water for three or more days before solvent 

exchanging.  The solvent exchange then takes place with methanol and hexane.  In 
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contrast, the crosslinkable fibers were soaked for only 24 hours in water before being 

solvent exchanged with ethanol and hexane.  The change in water soak time was made to 

prevent hydrolysis of the ester groups.  Ethanol was used instead of methanol for solvent 

exchange to limit the swelling and fragility that methanol causes in these fibers.  

Combining the two changes has led to a drastic decrease in the effectiveness of NMP 

removal.  Further optimization of the solvent exchange process is needed to remove this 

excess NMP, which also affects the transport properties of the fibers (see Chapter 6 for 

more detail on CO2/CH4 transport properties). 

 

Section 5.4.2 provides a rough method for decoupling the NMP and propane diol 

contributions to weight loss.  Using this method, the effect of time and temperature on 

crosslinking, identified by propane diol evolution, can be investigated.  In Section 5.4.3, 

it was found that propane diol (and NMP) are quickly evolved once the minimum 

temperature is reached, and within about 30 minutes, the weight loss stabilizes and IR 

signals disappear.  It is thus evident that once the proper temperature is chosen, 

crosslinking can be done relatively quickly, possibly in as little as 30 minutes if 

necessary.   

 

Section 5.4.4 attempts to answer the question of minimum practical crosslinking 

temperature.  It was found that crosslinking has gone approximately 50% to completion 

when the polymer is treated at 150°C, but this is insufficient to stabilize the polymer 

against dissolution.  At some point between 50% and 70% crosslinking (reached at 

180°C), the fibers become stable in THF.  Further increases in temperature give 

diminishing returns in crosslinking degree. 
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This data seems to be consistent with a system balancing temperature-induced 

chain mobility with chain immobilization caused by crosslinking.  In order to visualize 

this, it is important to note that esterification is an equilibrium reaction with high 

activation energy [7].  In general, activation energy barriers in chemical reactions are 

overcome by the kinetic energy of colliding reactants [8].  For reactants attached to 

polymer chains, it is very difficult to attain sufficient kinetic energy to overcome the 

activation energy, a difficulty that is further complicated by the limited ability of the 

reactants to come into contact at all.  Chain mobility thus becomes the controlling factor, 

both in bringing reactive sites together, as well as providing sufficient kinetic energy to 

drive the reaction. 

 

Temperature directly affects chain mobility.  Higher temperatures result in more 

mobile chains, and thus a greater likelihood of sufficient kinetic energy at the reaction 

sites.  Due to the equilibrium nature of the transesterification reaction in, the reaction can 

proceed to products (a covalent diester crosslink) or back to reactants (two monoester 

pendant groups).  By removing the evolved 1,3-propane diol by vacuum or nitrogen 

purge, the equilibrium can be forced to products.  Once a temperature is reached that 

causes sufficient chain mobility, chemical equilibrium indicates that the reaction should 

proceed essentially to completion (if all propane diol is removed). 

 

The data obtained from TGA-IR experiments shows this not to be the case, and 

there must therefore be another factor at work.  Instead of proceeding to completion, the 

reaction reaches a temperature-dependent equilibrium.  At 150°C, for example, 

approximately 50% of the possible crosslinks have been formed, while at 200°C, the 

reaction is 73% complete.  This equilibrium exists despite the complete removal of 
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propane diol, which should encourage further reaction.  The balancing factor is the effect 

of crosslinking on chain mobility.   

 

As the crosslinking reaction proceeds, chain mobility is reduced.  If the 

crosslinking temperature is constant, the immobilization caused by crosslinking will 

balance the chain mobility imparted by the increased temperature.  At this point, although 

the chemical equilibrium is still forced towards the products side by removal of the 

propane diol, the reactive groups are no longer able to come together with sufficient 

kinetic energy to overcome the activation barrier.  ‘Equilibrium’ is established, based not 

on the chemical interactions, but on the mobility competition between elevated 

temperature and immobilizing crosslinks. 

 

Overall, the data in this chapter point to a reaction that is limited primarily by 

chain mobility.  Crosslinking proceeds rapidly when sufficient temperature is reached, 

consistent with an activated reaction mechanism, but the reaction stops short of where 

chemical equilibrium would predict.  This is promising for industrial application, as the 

relatively short crosslinking time (30-60 minutes) can be easily incorporated into current 

fiber production processes, while temperature can be used to control the crosslinking 

degree. 

  

5.5 COVALENT CROSSLINKING WITH CATALYST 

5.5.1 Catalyst Background 

Esterification reactions are acid-catalyzed [7], and thus the addition of an acid 

catalyst can aid in increasing the rate of reaction by lowering the activation energy 
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needed to drive the reaction forward.  In Section 5.4, it was found that the rate of 

crosslinking is relatively rapid once sufficient mobility is achieved.  In this study, then, 

the interest is in finding a catalyst to reduce the energy barrier so that less mobility (and 

thus a lower temperature) is required for crosslinking.  Para-toluenesulfonic acid (PTSA) 

has been shown to be useful in catalyzing polyesterification reactions [9], and is used to 

catalyze the monoesterification of the polymers used in this work.  The application of 

catalyst can also be extended to the trans-esterification step by impregnating a membrane 

with the acid prior to heat treatment.  This section will discuss the application of catalyst-

assisted crosslinking to asymmetric hollow fibers. 

 

5.5.2 Methods 

Using catalyst with dense films requires simply that the catalyst be added during 

the casting process, and once the solvent has evaporated, the catalyst will remain in the 

film.  Since fibers are not spun using an evaporative process, a different technique is 

required to impregnate fibers with a catalyst.  Mixing the catalyst into the initial dope 

would likely result in the catalyst washing out during the quench and washing steps of 

spinning.  As an alternative, the catalyst can be impregnated into the fibers during the 

solvent exchange step (Section 2.4.3). 

 

The catalyst used in this work, p-toluenesulfonic acid, is very soluble in ethanol, 

one of the non-solvents used during solvent exchange.  By solvent exchanging with a 

PTSA-ethanol solution instead of pure ethanol, the catalyst is imbibed directly into the 

fibers.  The swelling effect of ethanol also aids in imbibing the catalyst fully into even 

dense polymer regions in the skin layer.  When the ethanol solution is replaced by 

hexane, a non-solvent for PTSA, the catalyst is trapped in the polymer matrix.  The same 
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process of heating under vacuum can now be done, with the crosslinking reaction now 

aided by the presence of the acid catalyst. 

 

5.5.3 Effectiveness of Crosslinking Conditions 

Fibers were solvent exchanged using two 30 minute washes of a 0.6 M PTSA 

solution in ethanol.  The ethanol solution was replaced by hexane, and then the fibers 

dried for one hour at 80°C under vacuum.  Fibers were then crosslinked for 24 hours at 

120°C, 150°C, and 180°C.  Section 5.4 showed that without catalyst, crosslinking at the 

lower two temperatures did not result in fibers with significant solvent resistance.  The 

addition of catalyst is expected to lower the activation energy, and thus increase the 

degree of crosslinking (and thus the solvent resistance) at lower temperatures.  The 

following picture shows the effect of placing the catalyst-assisted crosslinked fibers in 

pure THF. 
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Figure 5.13: Fibers crosslinked with the aid of p-toluenesulfonic acid catalyst for 24 
hours at 120°C - 180°C placed in pure THF. 

 

Figure 5.13 shows all of the fibers to be stable in THF.  Fibers crosslinked at 

120°C are highly swollen (indicated by translucence), but still intact, while those 

crosslinked at 150°C and 180°C are less swollen.  In section 5.4.1, it was seen that fibers 

crosslinked at or below 150°C were still mostly or completely soluble in THF.  This 

increase in solvent resistance indicates that the use of catalyst is very effective in 

stabilizing fibers while using lower crosslinking temperatures. 

 

120°C 150°C 180°C
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5.5.4 Transport effects 

While the stability of fibers crosslinked with PTSA is significantly increased over 

that of uncatalyzed fibers, the process has a negative effect on the separation properties.  

The following table summarizes the permeance and selectivity data. 

 

Fiber Label Catalyst/Crosslinking O2 Permeance 
(GPU) 

N2 Permeance 
(GPU) 

O2/N2 
Selectivty 

23.7 As-spun fiber, no 
catalyst, uncrosslinked 5.4 1.2 4.5 

23.7p Fiber with catalyst, 
uncrosslinked 1.3 0.7 1.9 

23.7px120 Fiber with catalyst 
crosslinked at 120°C 1.6 1.0 1.6 

23.7px150 Fiber with catalyst 
crosslinked at 150°C 1.0 0.5 2.0 

23.7px180 Fiber with catalyst 
crosslinked at 180°C 1.5 0.6 2.5 

Table 5.7: Ideal gas performance of unpost-treated fibers, before and after crosslinking 
with the aid of the PTSA catalyst.  Testing was done with pure gases at 
30°C and 100 psi feed pressure.  Uncertainty is ±5% for permeance values, 
and ±7% for selectivity. 

 

Clearly, the addition of catalyst degrades the ideal gas performance of the fibers, 

cutting oxygen permeance by 75% and selectivity by more than 50%.  This effect is 

indicative of a dramatic increase in non-selective resistance, particularly as the slower 

nitrogen permeance was reduced by a lesser amount (16% - 60%).  It is likely that during 

the catalyst addition process, the porous substructure was collapsed, or small ‘pores’ 

blocked by the bulky catalyst molecules.  In order to alleviate this, further investigation 

with smaller catalysts, such as methylsufonic acid [10, 11], or even non-acid (less polar) 

catalysts like titanium butoxide [12] should be undertaken.  Alternatively, a catalyst such 
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as oxalic acid could be used that would degrade during the crosslinking process, thus 

removing it from the fibers. 

  

A sulfur analysis of the fibers was performed at ChevronTexaco.  The fibers 

contained 0.77% sulfur by weight, which equates to over 4% (wt) of PTSA in the fibers, 

approximately eight times the amount of catalyst used in the monoesterification process 

described in Appendix A.  This excess of catalyst was a result of uncertainty in the 

imbibing process, where the amount of catalyst that would be absorbed from the 

ethanol/PSTA solution was unknown.  Further optimization of the process will allow for 

sufficient catalyst to be imbibed into the fibers without the addition of excessive non-

selective resistance. 

 

5.6 CONCLUSIONS 

Asymmetric hollow fibers were spun from crosslinkable polyimides.  The fibers 

showed near defect-free selectivity for O2/N2 separations.  Crosslinking was carried out 

under a range of temperatures and exposure times.  Varying the crosslinking conditions 

caused some slight changes in O2/N2 separation performance, primarily due to changes in 

the morphology of the fibers (densification of transition and skin layers).   

 

The crosslinking was characterized by dissolution studies and TGA-IR analysis.  

These studies revealed that the crosslinking reaction is rapid, occurring within 30 minutes 

of exposure to sufficient temperature.  The minimum temperature to cause noticeable 

solvent resistance in the absence of catalyst was found with TGA to be around 170°C.  

Dissolution studies showed that higher temperatures resulted in less swelling, indicating 

slightly higher crosslink density.  These data support a picture of the reaction as limited 
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primarily by an activation energy that must be overcome by chain mobility in order to 

drive the crosslinking reaction forward. 

 

Catalysts were also employed to reduce the temperature required for crosslinking.  

Dissolution studies showed that fibers treated at temperatures as low as 120°C were 

resistant to dissolution in THF.  The separation performance of catalyst-crosslinked fibers 

was greatly diminished due to the method of catalyst impregnation and further 

optimization will be needed in this area. 

 

The following chapter will build on the results presented here by examining the 

performance of crosslinked fibers in natural gas separations. 
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Chapter 6: Natural Gas Purification with Crosslinked Asymmetric 
Hollow Fibers 

 

6.1 INTRODUCTION 

In Chapter 1, the case was made for using hollow fiber membranes for natural gas 

purification.  Size and cost advantages make membranes an attractive alternative to 

traditional amine separations if the challenge of plasticization can be overcome.  Chapter 

5 presented data on crosslinked hollow fibers, including their solvent resistance and ideal 

gas separation performance.  This chapter will specifically address the use of crosslinked 

membranes for separating a mixture of carbon dioxide and methane. 

 

The fibers discussed in this chapter are identical to those described in Chapter 5.  

Details on spinning conditions and ideal gas performance can be found in Section 5.2.  

All permeation data in this chapter, with the exception of the plasticization isotherms, 

were obtained by mixed gas testing as described in Appendix B.  A model feed of 80% 

methane and 20% carbon dioxide was used to simulate a natural gas well with moderately 

high CO2 content.  Unless otherwise stated, performance was measured at 30°C and 

approximately 200 psig of total pressure.  Discussions with industrial collaborators have 

established target performance goals of 30 GPU for CO2 permeance and 40 for CO2/CH4 

selectivity at these conditions.  High pressure (up to 1000 psi) and higher temperature 

(50°C) tests are discussed in the latter part of this chapter. 

 

This chapter begins with a discussion of the fibers’ plasticization behavior, 

followed by the effect of crosslinking conditions on separation performance.  The fibers 
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with the best performance were selected for the pressure, post-treatment, and temperature 

studies subsequently presented.  Throughout the chapter, crosslinked fibers will be 

compared with Matrimid® defect-free fibers spun with the same system.  Matrimid® is a 

state-of-the-art polyimide currently used in commercial gas separation applications, and 

provides a useful benchmark for comparing crosslinked fibers to an industrial standard. 

 

6.2 PLASTICIZATION CURVES 

The first consideration in assessing the performance of crosslinked hollow fibers 

is their stability in the face of high pressures of carbon dioxide.  In Chapter 2, the 

plasticization pressure was defined as the minimum in a permeation isotherm.  While the 

traditional plasticization plot displays this ‘U’ shape, other responses were also identified, 

including the case of no plasticization (Figure 2.3), and ‘instant’ plasticization (Figure 

2.4).  This second case is commonly found in very thin films where no minimum is 

observed, but permeance remains relatively stable below the plasticization point, and 

begins to rise at higher pressures. 

 

Since asymmetric hollow fibers have a very thin separating layer, it is expected 

that the plasticization response would be similar to that seen in thin dense films.  No 

minimum should occur in the permeation isotherm, and reduction in plasticization will be 

evident in more stability in the permeance at lower pressures, followed by a lesser 

response to higher CO2 pressures. 

 

The figure below shows the permeation isotherm for three fiber states, one 

uncrosslinked and the other two crosslinked for 24 hours at 120°C and 200°C, 

respectively. 
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Effect of temperature on CO2 stability
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Figure 6.1: Pure CO2 permeance isotherm for uncrosslinked fibers and fibers 
crosslinked at 120°C and 200°C for 24 hours.  Test temperature = 30°C.  
Uncertainty is ±5% 

 

The uncrosslinked fiber shows an upswing in permeance almost immediately.  

The response is very large at higher pressures, resulting in a permeance increase of 400% 

between 100 psi and 700 psi.  Crosslinking shows an immediate reduction in this 

plasticization response.  Fibers crosslinked at 120°C were shown in Chapter 5 to dissolve 

in THF, indicating that a significant number of covalent crosslinks had not formed.  Some 

reduction in the plasticization response is seen, but the permeance still increases almost 

four-fold over the same pressure range.  The fibers crosslinked at 200°C showed the best 
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plasticization resistance of the three, maintaining a relatively stable permeance up to 

about 350 psi before slowly rising somewhat.   

 

The effect of crosslinking time is shown in the next figure.  In Chapter 5, the 

extent of crosslinking was determined to be essentially independent of time beyond the 

initial 30 minutes.  Therefore, it is expected that crosslinking at 200°C for various times 

between 6 and 96 hours will result in the same plasticization response. 
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Figure 6.2: Permeance isotherms for uncrosslinked fibers and fibers crosslinked at 
200°C for 6-96 hours.  Test temperature = 30°C.  Uncertainty is ±5% 

 

Crosslinking again reduced the plasticization response of the fibers.  As expected, 

the effect is nearly identical for fibers crosslinked between 6 and 96 hours.  
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Unexpectedly, fibers crosslinked for 48 hours show slightly less plasticization response.  

In the next section, it is shown that fiber separation performance (permeance and 

selectivity), is also better in fibers crosslinked at 200°C for 48 hours.  Close examination 

of Figure 6.2 reveals that the plasticization response is very similar for all crosslinked 

fibers, but the plasticization onset is at a slightly higher pressure for the 48 hour fibers.  

These fibers resist the onset of plasticization somewhat longer than the others, but 

respond similarly (the curves are nearly parallel) beyond about 400 psi.  The difference in 

plasticization pressure is slightly greater than can be attributed to uncertainty in the 

measurements, and thus more likely involves a subtle sorption effect that requires 

extensive further study.  However, the reduction in the plasticization response seems to 

be essentially equivalent in fibers crosslinked from 6 to 96 hours at 200°C. 

  

The stability of crosslinked fibers is even more evident when compared to defect-

free Matrimid® fibers spun with the same system.  The following plot shows the CO2 

permeance isotherm for Matrimid® and the 200°C-48 hour fibers shown in Figure 6.2. 
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Crosslinked-Matrimid® Comparison
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Figure 6.3: Comparison of permeance isotherms for crosslinked and Matrimid® fibers.  
Crosslinked fibers treated at 200°C for 48 hours.  Test temperature = 30°C.  
Uncertainty is ±5% 

 

At lower pressures, both fibers show similar responses, with the crosslinked fibers 

having a slightly higher permeance.  The crosslinked fibers begin to creep upwards at 

300-400 psi, while the Matrimid® fibers remain stable up until 500 psi.  However, once 

the plasticization pressure for Matrimid® is reached, permeance increases dramatically 

very quickly.  Above 600 psi, Matrimid® loses all stability, while the crosslinked fiber 

maintains its slow creep. 

 

Two observations can be made from this data.  First, crosslinked fibers have a 

productivity advantage at lower CO2 partial pressures.  The selectivity of crosslinked 
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fibers is somewhat lower than for Matrimid® fibers (32 for crosslinked fibers vs. 42 for 

Matrimid® fibers at 200 psi), but stability is essentially the same and permeance is three 

times higher at low pressures.  Second, crosslinked fibers have a stability advantage at 

high CO2 partial pressures.  Where Matrimid® fibers show a drastic increase in 

permeability, indicative of a severe drop in selectivity, crosslinked fibers remain 

relatively stable, with a slight loss of selectivity selectivity at high pressures, but much 

less than the loss seen in Matrimid® fibers.  Additional comparisons of stability between 

Matrimid® and crosslinked fibers are found in Sections 6.4 and 6.5. 

 

6.3 EFFECT OF CROSSLINKING CONDITIONS ON FIBER PERFORMANCE 

The effect of crosslinking conditions on ideal gas performance was presented in 

Chapter 5.  While some effects were seen, the impact was limited, and clear trends were 

difficult to determine.  The effect on CO2/CH4 performance is much more pronounced.  

The following plots show the effect of crosslinking temperature on CO2 permeance and 

CO2/CH4 selectivity. 
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Crosslinking Temperature Effect
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Figure 6.4: Effect of crosslinking temperature on performance of fibers crosslinked for 
24 hours at 120°C - 230°C.  Test conditions = 200 psi total feed pressure, 
80/20 CH4/CO2 feed, 30°C test temperature.  Error bars are ±5% for 
permeance and ±7% for selectivity. 
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An effect is evident, with an initial drop in both permeance and selectivity, 

followed by a rise to a maximum at the 200°C condition.  After this point, performance 

deteriorates somewhat.  Fibers crosslinked at 300°C were not tested for CO2/CH4 

performance, as they showed highly defective skins in ideal gas testing. 

 

These seemingly chaotic changes in permeance and selectivity are explicable by 

taking into account all the factors involved in the crosslinking process.  Fiber morphology 

is affected, additional solvents are being removed (Section 5.4), and the material 

properties of the polymer are changing [1].  The complexity of interaction between these 

factors, along with others that may be undiscovered, makes firm conclusions difficult to 

draw without further intensive investigation.  Some ideas, however, can be inferred. 

 

First, heat treatment of these fibers for 24 hours seems to cause some substructure 

collapse.  The effect is large, but not catastrophic, as permeance drops 30% in the 120°C 

treated fibers compared to the untreated.  Although some permeance is regained with 

higher crosslinking temperatures, the initial loss is never fully recovered.  The He/N2 

selectivity is a common tool for determining the existence of non-selective substructure 

resistance [2].  Since helium is a very fast gas, it is affected more by substructure 

resistance than the much slower nitrogen.  A depression in He/N2 selectivity is therefore 

correlated with substructure collapse.  In this case, the He/N2 selectivity for the 120°C 

crosslinking temperature is 35, about 12% lower than that found for dense films, 

indicative of substructure resistance.  The full drop in permeance, however, is likely 

caused by both substructure collapse and skin and transition layer densification as small 

defects are healed. 
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As the crosslinking temperature is raised, substructure collapse continues, but is 

now masked by the effects of solvent removal.  In Section 5.4, surprisingly large amounts 

of NMP were found in the fibers (3-6 weight percent).  At 150°C, this NMP was 

beginning to be evolved, and the removal of solvent molecules allows easier passage of 

gas molecules through the fibers.  At the same time, initial crosslinks are beginning to 

form (about 50%, according to Section 5.4.4), reducing chain mobility.  These two 

factors cause a rise in both permeance and selectivity from the 120°C condition. 

 

At 200°C, the effects described in the preceding paragraph continue with an 

increase in permeance and a marginal increase in selectivity.  From Section 5.4, residual 

solvent continues to be removed, while the degree of crosslinking has risen to about 73%.  

Crosslinking has been shown to raise both permeance and selectivity in dense films as 

chain spacing is increased by the diol (increasing permeance) while chain mobility is 

reduced (increasing selectivity).  In these more complex asymmetric structures, the 

substructure is presumably continuing to compact somewhat, but the effect may be 

masked by these other solvent and material issues. 

 

The highest temperature that was tested shows a drop-off in both selectivity and 

permeance.  In Section 5.4, the degree of crosslinking at 230°C was not investigated, but 

diminishing returns were seen in crosslinking as the temperature was raised.  It would be 

expected, therefore, that the crosslinking degree would not be significantly higher than 

that at 200°C.  In addition, most of the residual NMP has been removed.  The additional 

heating seems to primarily cause compaction of the transition layer, resulting in 

decreased permeance, as well as slight substructure compaction, leading to a marginal 
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increase in non-selective resistance and decrease in selectivity.  At even higher 

temperatures (not shown on plot), selectivity goes to near one and permeance increases 

dramatically as the skin layer is destroyed. 

 

Effects are seen in the time series fibers as well.  The plots below shows the same 

initial drop in performance, followed by a rise to a maximum at 48 hours, after which 

performance declines again. 

 



 136

Crosslinking Time Effect
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Figure 6.5: Effect of crosslinking time on performance of fibers crosslinked at 200°C 
for 6-96 hours.  Test conditions = 200 psi total feed pressure, 80/20 
CH4/CO2 feed, 30°C test temperature.  Error bars are ±5% for permeance 
and ±7% for selectivity. 
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These results are somewhat surprising.  In Chapter 5, it was proposed that 

crosslinking is very rapid (<30 minutes), as long as the minimum temperature for 

overcoming the activation energy was achieved.  As these fibers were all crosslinked at 

200°C, it is expected that the crosslinking degree would be essentially similar for each 

state.  Also, the removal of solvent provides little help in explanation as the majority of 

NMP was shown in Chapter 5 to be evolved at the same time as the propane diol.  Yet the 

results can not be explained purely by morphological changes.  There must, therefore, be 

subtle effects that were not apparent in the TGA work that are revealed with gas 

permeation. 

 

It is expected that long-term heat treatments of asymmetric hollow fibers would 

cause some collapse of the porous support layer, analogous to what was seen in the 

temperature series fibers.  Longer treatments should result in further collapse and 

compaction, and lead to decreased permeance and selectivity.  This idea of collapse can 

explain the initial drops in selectivity and permeance, as well as the decay seen at the 96 

hour point.  At 12 hours, permeance has dropped again, while selectivity rises.  This 

could be due to a ‘healing’ of the skin layer, as slight defects are closed, or a physical 

aging effect due to the elimination of excess unrelaxed volume trapped in the glassy skin 

layer during quenching.  The most likely explanation, however, is related to the 

beginnings of ‘final’ crosslinking discussed in the next paragraphs. 

 

The points at 24 and 48 hours cannot be explained through morphological effects.  

Selectivity and permeance both rise, a phenomena that is not commonly seen.  

Substructure collapse, transition layer densification, and skin layer healing or traditional 
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aging-related skin layer densification no longer suffice to explain these points.  Thus 

there must be some material change in the polymer itself, a change that is most likely 

reflective of crosslinking.  Yet crosslinking has been established to occur within the 

initial minutes of heat treatment, so the effect must be more subtle than that.  A subtle 

rearrangement of segmental packing, while not specific, seems to best describe this 

unusual aging effect. 

 

In Section 5.4.4, it was concluded that about 73% of the crosslinking occurs 

rapidly upon heating to 200°C.  No propane diol is detected in the IR after initial heating, 

and the weight loss is minimal.  Combining this information with CO2/CH4 permeation 

data, it seems that the initial crosslinking is sufficient for establishing solvent and 

plasticization resistance (Section 6.2), but the final steps of crosslinking take place over 

more time.  Thus, while fibers crosslinked at 200°C for 12 hours show good solvent and 

plasticization resistance, 24 or more hours are required to fully realize the performance 

benefits seen in dense films that can counteract the densification and collapse of the fiber 

substructure. 

 

As is the case in much of the work presented here, only the initial stages of 

investigation into the practical nature of these fibers could be done due to the breadth of 

the topic.  The effects of crosslinking are more complex than initially thought and 

thorough study is still required to fully understand the fundamental processes at play 

here. 
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6.4 PRESSURE EFFECTS 

Fiber performance at low pressures provides a convenient and useful benchmark 

for comparison.  For commercial application, however, fibers must perform under more 

realistic high pressure conditions.  This section will discuss how higher pressures affect 

the permeance and selectivity of crosslinked hollow fibers.  For the remainder of work 

presented in this chapter, the fiber state with the best performance at low pressures was 

chosen.  State 23.8x-48 was crosslinked at 200°C for 48 hours and had a CO2/CH4 

selectivity of about 32 and a CO2 permeance of 35 GPU at 200 psi.  The module was 

tested at a series of pressures between 200 and 1000 psi, and the results for CO2/CH4 

selectivity are shown below, taking into account the effects of fugacity differences as 

shown in the calculations in Appendix C. 
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Figure 6.6: Effect of increasing feed pressure on CO2/CH4 selectivity of fibers 
crosslinked for 48 hours at 200°C.  80/20 CH4/CO2 feed, 30°C test 
temperature.  Uncertainty is ±7% 

 

The solid points in the figure represent the selectivity as pressure was increased.  

Once 1000 psi was reached, the pressure was held for several days (see Section 6.5).  The 

pressure was then steadily decreased, and the selectivity shown with the hollow points.  

Two observations can be made from this plot.  The first is that selectivity decreases with 

an increase in pressure, from 32 to 27 (16%).  Second, there is no noticeable hysteresis 

effect.  The selectivity is solely a function of the pressure, irrespective of the history of 

the fiber.  This is a strong indication that plasticization has not occurred.   

 

To explain the decrease in selectivity, it is helpful to look at the permeance of 

both CO2 and CH4 as a function of pressure. 
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Figure 6.7: Effect of increasing feed pressure on CO2 permeance of fibers crosslinked 
for 48 hours at 200°C.  80/20 CH4/CO2 feed, 30°C test temperature.  
Uncertainty is ±5% 
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CH4 Permeance with Changing Pressure
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Figure 6.8: Effect of increasing feed pressure on CH4 permeance of fibers crosslinked 
for 48 hours at 200°C.  80/20 CH4/CO2 feed, 30°C test temperature.  
Uncertainty is ±5% 

 

The permeances of both methane and carbon dioxide decrease as pressure is 

increased.  Selectivity is depressed because CO2 permeance drops by about 40%, while 

CH4 permeance declines only about 33%.  As the gap between the permeances narrows, 

selectivity decreases. 

 

Since the difference in fugacity between carbon dioxide and methane are already 

included in the plots, the remaining differences in the pressure responses can be 

explained by the dual mode theory of sorption (Section 2.1).  In the absence of 

plasticization, the sorption coefficient will tend to decrease with increasing pressure as 
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Langmuir sorption sites are filled.  This decrease in sorption coefficient leads to lower 

permeance.  At the pressures used here, CO2 has a competitive advantage over CH4 for 

Langmuir sites, and is thus affected more by increases in pressure.  At the upper end of 

the pressures considered here, bulk flow effects become more prevalent [3].   

 

In comparing the crosslinked fibers to defect-free Matrimid® fibers, there is a 

clear advantage to the crosslinked fibers.  The Matrimid® fibers used were unable to 

support pressure differentials greater than 650 psi, but the selectivity for lower pressures 

is shown on the plot below. 
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Figure 6.9: Effect of increasing feed pressure on CO2/CH4 selectivity of defect-free 
Matrimid® fibers.  Data for 6FDA/DAM:DABA 3:2 fibers crosslinked at 
200°C for 48 hours are included for comparison.  80/20 CH4/CO2 feed, 30° 
test temperature.  Uncertainty is ±7% 
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Although the initial selectivity for these Matrimid® fibers is higher than that of the 

crosslinked fibers, the drop in selectivity with increased pressure is more dramatic.  By 

600 psi, the fibers have lost 10% of their selectivity as compared to performance at 200 

psi.  Over the same pressure range (200-600 psi), crosslinked fibers lose only 4% of their 

selectivity.  The hysteresis effects in Matrimid® fibers were not studied due to the fiber 

failure at high pressures. 

 

While the selectivity of Matrimid® fibers remains somewhat higher than 

crosslinked fibers, even at high pressures, the productivity is greatly reduced.  The 

following figure shows the effect of pressure on CO2 permeance in these Matrimid® 

fibers.   
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Figure 6.10: Effect of increasing feed pressure on CO2 permeance of defect-free 
Matrimid® fibers.  80/20 CH4/CO2 feed, 30° test temperature.  Uncertainty is 
±5% 

 

Permeance is reduced from 11.5 to 9 GPU, a reduction of 22% between 200 psi 

and 600 psi.  Over the same range, crosslinked fibers drop in CO2 permeance from 37 to 

32 GPU, a 14% loss, yet still over three times the overall Matrimid® permeance.  The 

crosslinked fibers clearly have the advantage in permeance and in the stability of 

permeance and selectivity as pressure is increased. 

 

6.5 HIGH PRESSURE STABILITY 

For industrial applications, it is important not only that performance be 

maintained as pressure is increased, but the performance must be stable over time at high 

pressures.  In order to begin to simulate long-term exposure to a high CO2 content natural 

gas stream, the fibers discussed in Section 6.4 were exposed to a 20% CO2 in CH4 feed at 

1000 psi of total pressure for approximately 100 hours.  The data for CO2/CH4 selectivity 

and CO2 permeance are shown below. 
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Figure 6.11: CO2/CH4 selectivity stability at 1000 psi total feed pressure of fibers 
crosslinked at 200°C for 48 hours.  80/20 CH4/CO2 feed, 30° test 
temperature.  Uncertainty is ±7% 
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Performance stability at 1000 psi
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Figure 6.12: CO2 permeance stability at 1000 psi total feed pressure of fibers crosslinked 
at 200°C for 48 hours.  80/20 CH4/CO2 feed, 30° test temperature.  
Uncertainty is ±5% 

 

It is evident that at 1000 psi total feed pressure, the fibers are stable for over 4 

days.  Selectivity fluctuates somewhat, but remains constant just above 28, while 

permeance shows a slight upward trend initially before stabilizing near 27 GPU.  The 

critical observation here is that plasticization, with its accompanying selectivity loss, does 

not occur over this time period.  The final point at 100 hours initially appears to indicate 

the possible beginnings of creep.  Permeance is higher, and selectivity lower than earlier 

points.  The most likely explanation for this is scatter, which is seen at the earlier times as 

well.  If plasticization had occurred, hysteresis effects would also be seen in 

depressurization tests (Figures 6.6 and 6.7).  The claim of scatter (instead of creep) is 
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supported by the lack of hysteresis during depressurization.  Longer testing periods are 

certainly needed to establish stability over weeks and months, but these initial tests 

indicate good stability. 

 

6.6 CAULKING 

The performance of the fibers discussed thus far is good, but does not meet the 

performance targets mentioned in Section 6.1.  Permeance does exceed 30 GPU at lower 

pressures, but selectivity falls well short of 40.  In order for these membranes to be 

attractive for industrial applications, the selectivity must be raised.  Caulking is often 

used to raise the selectivity of hollow fibers [4].  While these fibers are selective, it is 

possible that further enhancements in selectivity could be achieved by caulking.  With 

this goal in mind, fibers were caulked with silicone rubber according to the procedure 

described in Appendix D. 

 

An immediate improvement in selectivity was seen after caulking.  At 200 psi 

total feed pressure, CO2/CH4 selectivity increased by nearly 50% from 30 to 44.  

Permeance decreased due to the additional resistance of the caulking layer, from 32 GPU 

to 21 GPU for CO2.  This tremendous improvement in selectivity indicates that the initial 

fibers skins were slightly defective, although those defects could be caulked with 

common techniques. 

 

While the fiber performance improved significantly at low pressures, it is 

important to understand the effects of more realistic feed conditions.  To investigate this, 

a pressure ramp study was done, steadily increasing the feed pressure from 200 psi to 
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1000 psi, holding at 1000 psi for several days, then slowly depressurizing.  The following 

plot summarizes the data, with the arrows indicating the order of testing. 
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Figure 6.13: Effect of feed pressure on CO2/CH4 selectivity of caulked fibers originally 
crosslinked for 48 hours at 200°C.  80/20 CH4/CO2 feed, 30° test 
temperature.  Uncertainty is ±7% 

 

Comparing Figure 6.13 to the analogous plots for uncaulked fibers in Section 6.4 

reveals significant differences.  First, the loss of selectivity is initially smaller (6% vs. 

16%), making these fibers much more attractive than the uncaulked ones tested earlier.  

However, the stability at 1000 psi is much less, as the selectivity initially drops before 

essentially stabilizing at a selectivity of 37, a 21% drop from the initial selectivity.  The 

overall selectivity is still higher in the caulked fibers, but the advantage is lessened at 
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higher pressures.  In addition, while caulking seems to reduce selectivity loss during the 

pressure ramp, the total loss is somewhat more than in uncaulked fibers. 

 

The most surprising aspect of Figure 6.13 appears during the depressurization 

step.  Instead of regaining the selectivity lost during pressurization, selectivity remains 

essentially constant as the pressure is lowered, finishing with a selectivity of about 37 

measured at 200 psi total pressure.  This is only somewhat higher than the selectivity of 

uncaulked fibers at this pressure (uncaulked selectivity at 200 psi is about 32, shown in 

Figure 6.6), indicating that high pressure conditioning eliminated most of the advantages 

of the caulking. 

 

These results point to the importance of defect-free skins in crosslinked polymers.  

While caulking can raise the selectivity of these fibers under mild conditions, the benefit 

is reduced at higher pressures and the higher selectivity at lower pressures is not 

regained.  A much more attractive fiber would have a defect-free skin with the higher 

selectivity of caulked fibers, but with the inherent plasticization resistance of the 

uncaulked fiber.  An alternative approach would be to develop an improved caulking 

technique that would maintain its improved performance at high pressures. 

 

6.7 TEMPERATURE EFFECTS 

Industrial application of these membranes will likely be at temperatures higher 

than 30°C.  It is important, therefore, that the fibers maintain performance at realistic 

operating temperatures.  50°C was chosen as a model operating temperature, and the 

post-treated crosslinked fibers described in Section 6.6 were tested with an 80% CH4, 

20% CO2 feed at 200 psi. 
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The post-treated fibers exhibited a 33% loss in selectivity from 30°C to 50°C.  At 

the lower temperatures, CO2/CH4 selectivity was 43, while at 50°C, selectivity dropped to 

30.  This is approximately the same selectivity that is found for unpost-treated fibers at 

30°C.  Further investigation is required to determine if the selectivity loss would be 

significantly reduced in fibers that do not require post-treatment.   

 

6.8 CONCLUSIONS 

Crosslinked asymmetric hollow fibers were made and tested for their resistance to 

plasticization and separation performance.  The crosslinked fibers showed improvement 

in plasticization resistance as compared to uncrosslinked fibers.  Higher crosslinking 

temperatures improved resistance, while longer crosslinking times appeared to have a 

limited effect on plasticization resistance. 

 

Fiber separation performance was found to be highly dependent on the conditions 

of crosslinking, both time and temperature.  The conclusions drawn in Chapter 5 

regarding the rapid nature of crosslinking appear to be valid only for initial solvent and 

plasticization resistance, while CO2/CH4 permeance and selectivity show more subtle 

effects.  Substructure collapse seems to be occurring in treatment at all temperatures and 

times, but this was offset by improvements in material properties at some temperatures.  

The maximum performance was found at a crosslinking condition of 200°C for 48 hours, 

with a selectivity of 32 and a CO2 permeance of 35 GPU (measured at 200 psi feed 

pressure and 30°C). 

 



 152

The crosslinked fibers were also tested at higher pressures, and showed some loss 

in performance as pressure was increased, but less than that seen in defect-free Matrimid® 

fibers.  Crosslinked fibers also showed stability at high pressures, maintaining selectivity 

and permeance over the course of four days exposure to 1000 psi. 

 

Post-treatment of the crosslinked fibers raised their selectivity to over 40, meeting 

the performance targets for this project.  At higher pressures, however, the advantage of 

post-treatment was lessened, indicating that the production of defect-free fibers is critical 

for these materials.  Higher temperature testing of the post-treated fibers also showed 

significant performance decline, although the post-treated fibers still had higher 

selectivity than their untreated counterparts under identical testing conditions. 
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Chapter 7: Conclusions and Recommendations for Future Work 

 

Natural gas purification is a promising market for gas separation membranes.  If 

the performance decline caused by CO2 plasticization can be eliminated, membranes will 

be able to utilize their inherent cost and size benefits to great advantage in competition 

with traditional separation technologies.  Materials research has developed a class of 

crosslinked polymers and shown them to have good separation performance and 

plasticization resistance [1].  The current work has focused on taking a representative 

polymer, 6FDA/DAM:DABA 3:2, and spinning commercially applicable asymmetric 

hollow fibers.  The experience of spinning this novel polymer was also used to develop a 

framework for spinning next generation polymeric membrane materials.  This final 

chapter summarizes the conclusions of the work and suggests avenues for future research. 

 

7.1 SUMMARY OF CONCLUSIONS 

7.1.1 Novel Polymer Spinning 

A framework was presented for developing effective hollow fiber membranes 

from novel polymeric materials.  Each step, from dope development through spinning 

and dehydration, was discussed with theoretical and practical considerations.  Dope 

development included thermodynamic binodal characterization, kinetic analysis of phase 

separation time, and rheological studies. 

 

These ideas were applied to a novel, crosslinkable polyimide consisting of the 

6FDA dianhydride and a 4:1 ratio of DAM:DABA monomers.  This material was taken 
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through the steps outlined and hollow fibers were successfully produced.  Although the 

hollow fibers showed a high degree of ovality, they were selective in separating oxygen 

and nitrogen.  The method was thus proven as a valid technique for the production of 

first-generation fibers.  Further optimization is naturally required to produce 

commercially viable fibers. 

 

7.1.2 Crosslinked Hollow Fibers for Natural Gas Separations 

Crosslinkable fibers were successfully spun from a 6FDA-based polyimide 

containing a 3:2 ratio of DAM:DABA diamines using the techniques described in this 

work.  The fibers showed good O2/N2 and CO2/CH4 separation performance, and the 

fibers with the highest selectivity were chosen for crosslinking experiments.  

Crosslinking was carried out in a vacuum oven for 24 hours at a series of temperatures 

(120°C, 150°C, 200°C, 230°C, and 300°C) and at 200°C for a series of times (6, 12, 24, 

48, and 96 hours). 

 

The ideal gas performance of the crosslinked fibers was affected slightly by the 

various crosslinking treatments, but more pronounced effects were seen in mixed gas 

testing with a 20% CO2 in CH4 feed.  Permeation data showed the effects of apparent 

substructure compaction, residual solvent removal, and material property changes due to 

crosslinking.  The effects overlapped, producing complex responses at different 

crosslinking times and temperatures.  All crosslinked fibers showed improved 

plasticization resistance as compared to uncrosslinked fibers.  Fibers crosslinked at 

200°C for 48 hours showed the best overall performance, with a CO2 permeance of 35 

GPU and CO2/CH4 selectivity of 32 at 30°C and 200 psi total feed pressure.   
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These fibers (crosslinked at 200°C for 48 hours) were tested at higher pressures.  

Even after accounting for pressure-dependant fugacity effects, the dual-mode nature of 

gas sorption in these membranes is believed to cause a slight reduction in selectivity as 

the feed pressure was increased from 200 psi to 1000 psi.  The reduction in selectivity 

was accompanied by a reduction in permeance, but the effects were slightly less than 

those seen in defect-free Matrimid® fibers under the same conditions.  In addition, the 

overall permeance was significantly higher for the crosslinked fibers than for Matrimid®.  

At 1000 psi total feed pressure, the crosslinked fibers were found to have stable 

performance over the course of four days, with no hysteresis evident upon 

depressurization. 

 

A silicone rubber post-treatment was used to caulk a small fraction of residual 

defects and raise the selectivity of the crosslinked fibers above the target CO2/CH4 

selectivity of 40.  While the selectivity at lower pressures was greatly enhanced by post-

treatment, some of the advantage is lost at higher pressures, pointing to the need for 

defect-free fibers that do not require post-treatment.  Higher temperature testing also 

showed significant selectivity losses which could possibly be reduced with truly defect-

free fibers. 

 

Crosslinking was investigated using dissolution and TGA-IR.  Both techniques 

showed that the crosslinking reaction proceeds very rapidly above a given temperature, 

and solvent resistance is not significantly increased with longer crosslinking times 

beyond the first 30 minutes.  TGA-IR work also revealed that significant amounts of 

NMP remain in fibers after dehydration, confounding permeation studies and making 

attempts to quantify propane diol loss during crosslinking more complicated.  Analysis of 
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the TGA-IR data revealed a degree of crosslinking equal to about 50% at a crosslinking 

temperature of 150°C.  Higher temperatures caused more crosslinking, although the 

returns diminished with increasing temperatures.  This is consistent with a reaction 

scheme involving an activation energy that must be overcome.  Solvent resistance began 

to be significant at about 70% crosslinking. 

  

An acid catalyst was used to reduce the temperature required for crosslinking.  P-

toluenesulfonic acid was shown to reduce the required crosslinking temperature to at least 

120°C.  The technique used to infuse catalyst into the fibers was found to severely reduce 

fiber performance, drastically reducing both permeance and selectivity.  Catalyst-assisted 

crosslinking holds great promise for reducing the temperature required to stabilize this 

class of polymers, and further optimization should be pursued, as described in Section 

7.2.2. 

 

7.2 RECOMMENDATIONS FOR FUTURE WORK 

The work described in this dissertation is of a practical nature, but has also raised 

interesting basic questions.  The focus throughout has been on the end product, effective 

hollow fiber membranes.  In order to fully understand the phenomena that have been 

described, significant fundamental work remains to be done.  This final section contains 

recommendations for the next steps of this project, both from practical and theoretical 

standpoints.   
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7.2.1 Novel Polymer Spinning 

The framework outlined here was developed based on a single spinning system 

and the work that has been done with it, described in this dissertation and others [2-5].  

While the theoretical underpinnings make the approach sound, further work is required to 

validate its complete robustness. 

 

a. Additional classes of polymers should be tested to confirm that the ideas 

are valid for polymer systems other than polyimides. 

b. The framework should be applied to a novel polymer on a completely 

different spinning system (different spinneret, take-up device, temperature 

control systems, etc.) to establish the portability of the techniques between 

systems. 

c. A more rigorous treatment of the rheological aspect should be performed 

to establish validity with polymers of differing molecular weight and chain 

stiffness. 

d. Further development of the phase separation time experiments should be 

done.  Establishing a method for analytically determining phase separation 

time in syringe experiments would yield much more effective information 

to guide the spinning process. 

 

7.2.2 Crosslinked Hollow Fibers 

Although the crosslinked fibers described in this work are effective for natural gas 

separations, significant work remains to be done with regards to optimization and 

theoretical understanding of the crosslinking process. 
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a. The spinning process must continue to be optimized in order to produce 

fully defect-free fibers with thin skin layers.  The benefits of crosslinking 

can be fully realized only by having defect-free fibers. 

b. An improved caulking technique should be developed to improve the 

selectivity of crosslinked fibers without sacrificing performance 

enhancement at high pressures. 

c. Composite fiber spinning should be pursued.  High performance polymers 

are expensive, and the cost of crosslinked hollow fibers can be reduced 

tremendously by the use of composite spinning technology.  A suitable 

core polymer must be found, and the spinning process optimized further to 

yield lower-cost hollow fibers that remain effective for natural gas 

purification. 

d. A thorough study of the crosslinking process must be undertaken.  The 

simple reaction mechanism described in Appendix A is useful for initial 

investigations, but more detail must be known.  This work has shown that 

while the majority of crosslinking happens quickly, subtle effects on 

permeation properties are seen over longer crosslinking times, without 

detectable propane diol evolution.  Only thorough understanding of the 

underlying specifics can guide further process optimization.  Several 

techniques in particular could be used. 

i. ATR-IR (attenuated total reflectance-infra-red) would allow IR 

spectroscopy to be done on the outside layers of fibers and films.  

This technique could provide confirmation of the chemical bonds 

inferred by propane diol evolution in TGA-IR.  A more specific 

degree of crosslinking could therefore possibly be determined. 
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ii. Solid state 13C NMR was attempted during the course of this work.  

The difficulty with quantification made it ineffective for 

determining the degree of crosslinking.  Some further investigation 

with NMR is warranted, particularly in the early stages of 

crosslinking before the polymer develops full solvent resistance.  

At this point (around a crosslinking temperature of 150°C), 

crosslinks are beginning to be formed, but the sample can still be 

dissolved for examination with solution NMR.  This would 

increase resolution dramatically and possibly allow for 

quantification of crosslinking degree and correlation with 

crosslinking temperature. 

iii. Fundamental reaction studies should also be pursued.  This work 

has shown that the reaction is rapid once sufficient temperature is 

reached, indicating that the reaction is primarily activation energy 

limited, and affected only slightly by chain mobility.  The effects 

of chain mobility can be decoupled by investigating the reaction 

between monomers in a controlled environment.  This would yield 

a more precise understanding of the reaction, as well as illuminate 

the distinct roles played by polymer mobility and reaction kinetics. 

e. Optimization of the catalyst treatment should be investigated.  While the 

crosslinking temperature was lowered, performance (permeance and 

selectivity) was dramatically reduced with the technique used in this work.  

Investigations should continue as to how catalysts can be effectively used 

to lower the crosslinking temperature.  This includes optimization of the 

imbibing method, as well as investigation into other acid catalysts such as 
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methylsulfonic acid, or organometallic catalysts known to be useful for 

transesterification reactions such as titanium butoxide. 

f. Characterization of crosslinked hollow fibers should continue.  Several 

chief areas remain. 

i. Testing at high pressures over longer times is required to confirm 

long-term performance stability. 

ii. High pressure and high temperature testing should be combined to 

more accurately simulate real-world conditions. 

iii. A variety of feed compositions (10%-50% CO2 in CH4) should be 

investigated to determine the robustness of the fibers in a variety of 

applications. 

iv. Testing should be done with contaminated feeds, containing trace 

amounts of higher hydrocarbons and/or aromatics.  The presence 

of these components in real gas streams has been shown to be 

detrimental to the performance of traditional gas separation 

membranes, and their effect on crosslinked fibers must be 

investigated. 
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Appendix A: Polymer Synthesis and Crosslinking  

 

The polymers used in this work were synthesized by Dr. Claudia Staudt-Bickel 

and her research group at the University of Heidelberg in Germany.  Four distinct steps 

were used to create the final crosslinked fibers.  First, the polymer was synthesized in 

batches of 50-100 grams.  The carboxylic pendant groups on the DABA monomers were 

then monoesterified with 1,3-propane diol.  At this point, the polymer was spun into 

fibers, and finally, after fibers had been spun from this monoesterified polymer, 

crosslinking (transesterification) was done in the solid state. 

 

A.1 POLYMER SYNTHESIS 

Polyimide synthesis involves two steps, the polymerization of diamines and 

dianhydrides to form polyamic acid, and then ring closure, or imidization, to form the 

final polyimide.  Figure A.1 shows the steps for synthesis of the 3:2 polyimide used in 

Chapters 5 and 6 of this work.  The ratio 3:2 refers to the ratio of diamine monomers 

(DAM:DABA) in the polymer structure.  Overall, the ratio of dianhydride to diamines is 

1:1, with 6FDA used as the sole dianhydride in this case. 
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Figure A.1: Reaction steps for synthesis of 3:2 DAM:DABA polyimide 

 

The general steps of synthesis are as follows: 

1. Purification of monomers 

2. Reaction of monomers to form polyamic acid 

3. Ring closure to convert polyamic acid to polyimide 

4. Precipitation and drying of polyimide 
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Since the reaction is water sensitive, it is critical to begin the process with pure, 

dry reactants and glassware, and to maintain a dry, inert atmosphere.  Sublimation is 

commonly used to purify the solid monomers.  Reasonable reactant purity can also be 

assumed by ordering fresh monomer and using it immediately upon receipt. 

 

Smaller scale synthesis procedures often use a chemical imidization step, where 

the imidization reaction is catalyzed by acetic anhydride and triethylamine.  An 

alternative procedure forces the ring closure by high temperatures, without the addition of 

catalyst.  This thermal imidization is the preferred method, particularly when extensive 

post-synthesis modifications are to be done.  In this work, those modifications include 

monoesterification and crosslinking.  The thermal process is more effective at closing the 

imide rings than the chemical process in large batch synthesis, which is critical to avoid 

chain scission during monoesterification.  All polymers used in this work were imidized 

with a thermal process as described in the procedure here. 

 

Procedure 

1. Dry sieves, clean glassware. 

2. Heat 6FDA to ~150°C under vacuum overnight to remove water. 

a. OR reflux in pure acetic anhydride overnight, remove AcAn via 

rotary evaporation.  This is the recommended procedure. 

3. Recrystallize DAM (water:ethanol/95:5) and DABA (if necessary). 

4. Needle-transfer NMP to dry, N2-purged round-bottom with 4A molecular 

sieves. 
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5. Transfer ortho-dichlorobenzene (ODCB) to dry, N2-purged round-bottom 

w/ molecular sieves. 

6. Assemble glassware in hood  

a. Set reaction flask with thermowell in oil bath or heating mantle 

capable of heating to 190°C. 

b. In side neck, attach modified Dean-Stark trap (has a stop-cock for 

removal of condensate from trap) with a condenser.  Fit condenser 

with septum. 

c. Insert a thermometer or thermocouple in thermowell, assuring a 

good seal. 

d. In center neck, insert mechanical stirrer. 

e. Fit remaining neck(s) with septum(s), and insert N2 purge and vent 

needles connected to a bubbler. 

f. Flame glassware w/ propane torch to remove water. 

7. Weigh out monomer precisely. 

8. Add sufficient NMP to flask to initially dissolve monomers 

9. Add monomers quickly and carefully to reaction flask, replacing septum 

when done.  Add the diamines first, followed by the dianhydride.  Make 

sure that the solid is completely dissolved in NMP before adding each 

additional monomer. 

10. Needle transfer sufficient dry NMP to reaction flask in order to produce a 

solution approximately 18% (wt) solids. 

11. Stir and react overnight. 
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12. If viscosity appears sufficiently high, proceed to step 12.  Otherwise, add 

additional 6FDA, and allow the mixture to react overnight.  Repeat step 11 

until viscosity appears high enough to indicate high molecular weight.  

13. Needle-transfer dry ODCB to reaction flask (now ~15%wt solids).  (Steps 

12-15 are imidization steps.) 

14. Reflux 2-3 hours at 180°C. 

15. Remove ODCB from trap and add additional ODCB to maintain constant 

solids content. 

16. Reflux overnight at 180°C. 

17. Precipitate polymer in methanol/water mixture, blend, filter with aspirator, 

wash, dry. 

 

A.2 MONOESTERIFICATION[1] 

After synthesis, the DABA groups were monoesterified with 1,3-propane diol.  

The reaction mechanism is shown in Figure 2.  Note that two 1,3-propane diol molecules 

are needed to monoesterify the two DABA groups in a single repeat unit of 3:2 polymer.  

This naturally results in two water molecules being produced from the condensation. 

 



 167

NN

CF3CF3O

O

O

O

2NN

CF3CF3O

O

O

CH3

CH3

O CH3

OH O

3

OH OH

6FDA/DAM:DABA 3:2 polyimide

+ 2

1,3-propane diol

heat and p-toluenesulfonic acid

NN

CF3CF3O

O

O

O

2NN

CF3CF3O

O

O

CH3

CH3

O CH3

O O

OH

3

OH2

6FDA/DAM:DABA 3:2 propane diol monoester polyimide

+ 2

 

Figure A.2: Reaction steps for monoesterification of 6FDA/DAM:DABA 3:2 polyimide 
with 1,3-propane diol 

 

The monoesterification reaction was carried out at 140 °C for 18 h in NMP with 5 

mg of p-toluenesulfonic acid per gram of polymer for catalysis.  The diol:DABA molar 

ratio was maintained at 40-70 in order to push the reaction equilibrium toward formation 

of the monoester product.  The reaction flask was fitted with a condenser and a 

continuous nitrogen purge.  The esterification reaction is acid-catalyzed, and it has been 

shown that p-toluenesulfonic acid increases the equilibrium conversion and speeds up the 
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reaction kinetics for esterification reactions [2].  After completion of the 

monoesterification reaction, the polymer solution was cooled to room temperature, and 

the polymer was precipitated in methanol, blended, washed, and dried at 70 °C for 24 h 

under vacuum. The temperature was kept low to prevent cross-linking of the polymer 

particles.  

 

It is during this monoesterification step that the importance of the imidization 

procedure become clear.  If imidization has not proceeded to near completion (>99%), 

the amide groups in the polyamic acid are extremely vulnerable to attack by the diol.  

This attack causes chain scission and a dramatic reduction in molecular weight.  

Correspondingly, films or fibers formed from such a polymer are very brittle and unable 

to be used.  Thermal imidization is therefore preferred during synthesis because it is a 

‘brute force’ method, forcing the closure of nearly all the imide rings in the polymer. 

  

Conversion of the ‘raw’ polymer to the monoester form can be analyzed via 

solution NMR.  By comparing the clearly resolved peak of protons closest to the ester 

linkage (See Figure A.3) to those of the aromatic protons in the DAM monomer, the 

degree of esterfication can be determined.  More detail on this technique is found in work 

by Wind, et al [1, 3]. 
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Figure A.3: Monoesterified DABA moiety showing the hydrogen used for NMR 
determination of degree of monoesterification 

 

A.3 CROSSLINKING 

The crosslinking reaction is carried out in the solid state by heating the monoester 

polyimide under vacuum to remove the propane diol product and drive the reaction 

forward.  The specifics of the crosslinking procedure can be adjusted and are discussed in 

Chapters 5 and 6.  Figure A.4 shows the reaction schematic for crosslinking.  Again, two 

propane diol molecules are evolved because two transesterification reactions occur when 

two repeat units of 3:2 polymer come together. 
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Figure A.4: Reaction schematic for transesterification (crosslinking) of 3:2 DAM:DABA 
polyimide with 1,3-propane diol 

 

For each crosslink that is formed, a single 1,3-propane diol molecule is evolved.  

Two crosslinks are formed for each pair of repeat units, so the total evolution of propane 

diol molecules at 100% crosslinking should be one for each repeat unit.  The TGA 
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analysis in Chapter 5 uses weight loss, so it is useful to know the weight loss percentage 

at 100% crosslinking.  A single propane diol molecule has a molecular weight of 76 

g/mol.  A single repeat unit of the monoesterified polymer (containing five 6FDA 

monomers, two DABA monomers, three DAM monomers, and two propane diol 

molecules minus two water molecules) weighs 2910 g/mol.  The weight loss at 100% 
crosslinking, then, would be 2910

76 , or 2.6%. 
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Appendix B: Manufacture of lab-scale hollow fiber modules [1] 

 

Hollow fiber modules are required for permeation testing of asymmetric hollow 

fibers.  The module serves as the interface between the permeation system (gas cylinder, 

tubing, valves, etc.) and the polymeric membrane.   

 

This appendix lists off the Parts, Procedure and Notes for constructing a double-

ended hollow-fiber module for laboratory-scale experiments.  This design has been used 

in a number of prior studies and is reported in work by Djoekita [2].   

 

B.1 PARTS 

The table below lists the main parts needed to make a hollow fiber module.   

 
Name Manufacturer Notes 
Ferrules Swagelok® Brass or Stainless Steel 
Nut Swagelok® Brass or Stainless Steel 
Female Adapter Swagelok® Brass or Stainless Steel 
Male Adapter Swagelok® Brass or Stainless Steel 
Tee Swagelok® Brass or Stainless Steel 
Metal Tubing Swagelok® Brass or Stainless Steel 
Cap Swagelok® Brass or Stainless Steel 
Plug Swagelok® Brass or Stainless Steel 
ID Tag   
Tygon Tubing Fisher Scientific  
“5 Minute” Epoxy GC Electronics 

or Devcon 
 

Table B.1: Parts required for manufacture of double-ended lab scale permeator 
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B.2 PROCEDURE 

Summary:  A ‘blank’ module is first prepared as shown in Figure B.2.  Fibers are 

then put into the module and the ends sealed with Teflon tape and epoxy.  Finally, the 

module is prepared to be put into the permeation testing system.   

 

1. The “Blank” Module 

a. Stainless Steel (S.S.) Parts. 

i. Cut an 11.5cm piece of ¼” S.S. 

tubing. 

ii. Bore out the ends with a ¼” 

countersink tool used as the bit in a 

drill press. 

iii. Test the ends for burrs with a Q-tip.  

iv. Add a S.S. nut, ferrule and tee to 

each end.  

b. Brass Parts 

i. Attach a Brass nut and ferrule to a 

Brass female ¼” NPT adapter. 

ii. Attach the S.S. tee from step 1a(iv) 

to the Brass nut on the female 

adapter. 

iii. Repeat steps (i) and (ii) for the 

other end of the module.  Both ends 

should be identical. 

 Figure B.2:  The 
“Blank” Module. 
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c. Attach an ID tag to the S.S. tubing.  

 

2. Adding the Hollow Fibers. 

a. Separate out nominally 25 1-meter long hollow fibers from the 

main hank of fibers.  More fibers leads to less variability between 

modules, but any number can be used. 

b. Recount the fibers. 

c. Tie a 2-ft. long string to the middle of the 25 fibers. 

d. Slide the string through the Blank Module, pulling the fibers 

through as well.  (NOTE:  Be careful and slow while pulling the 

fibers through - they break easily.) 

e. Cut the string so that only ~3 inches remain. 

f. Tape the other, non-tied, end of the fibers together with Scotch 

tape so that they can easily be threaded through ¼” tubing. 

g. Slide the fibers so that equal length sections extend from each end 

of the module. 

h. For particularly fragile fibers, it is often helpful to simply tape the 

ends together and then use tape to attach the fibers to the string 

before pulling the fibers through the module.  This avoids the need 

for the fibers to remain intact while bending sharply to fit through 

the module bore. 

 

3. Sealing the Module. 

a. Pack a Teflon® tape “worm” into one of the Female Adapters and 

around the fibers.  Be careful not to crush the fibers, yet still assure 
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a good seal between the fibers and the brass wall of the female 

adapter.  (A “worm” is a 5-cm long roll made up of ~16 layers of 

Teflon® tape.) 

b. Put a 1-cm piece of 3/16” Tygon® Tubing onto a Brass Male ¼” 

NPT Adapter.  (Figure B.3).  

c. Add a 1:1 ratio of the GC electronics epoxy Hardener and Resin 

into a disposable container.  Mix for 30 seconds.  (NOTE:  Once 

mixed, the epoxy becomes ‘unworkable’ after 2 minutes.)  

(Stycast® brand epoxy may be used as well, see notes.) 

d. Pour the epoxy into the Brass Female Adapter, filling it slightly 

beyond the top. 

e. Slide the fibers through the Brass Male Adapter and Tygon tubing 

piece.  Screw the Male Adapter into the Female Adapter until the 

epoxy fills the Tygon tubing piece. 

f. Wait ~10 minutes, then flip the module and repeat steps 3a-e for 

the other end of the module. 

 

4. Prepare the Module for Permeation Tests 

a. Once the epoxy has fully cured (30 minuites after mixing for the 

GC Electronics ‘5 minute’ epoxy.), break off the Tygon tubing 

piece by tapping it on the countertop or striking sharply with a 

hammer.  The fibers should be all open, with an encapsulating seal 

of epoxy around them. 

b. Put a Brass nut and ferrule on the Male Adapter on each end of the 

module. 
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c. As seen in Figure B.4, put a Plug into one end of 

the module, and a Cap on the nearest Tee fitting, 

and a Port connecter on the furthest Tee fitting. 

 

B.3 NOTES 

Type of Epoxy:  The GC Electronics ‘5 minute’ epoxy may be 

used for general purpose modules.  It is easy to use, inexpensive and 

cures quickly (within 30 minutes).  For a more durable seal, Stycast 

2651 from Emerson & Cuming, Billerica, MA may be used.  Stycast has 

excellent adhesion to a wide range of substrates, lower viscosity to fully 

encapsulate the fibers, high tensile strength (> 6500 psi) after curing for 

high-pressure applications and a high upper temperature tolerance 

(130°C).  However, Stycast requires 24 hrs to cure at room temperature, 

is somewhat more difficult to use and mix, and is slightly more 

expensive.    
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Appendix C: Permeation testing of hollow fiber modules 

 

This appendix includes the procedures used in this work for pure and mixed gas 

testing.  All tests are run in a temperature-controlled ‘black-box’. 
 

C.1 PURE GAS PERMEATION TESTING [1] 

C.1.1 Setup 

Bore vs. Shell Feed 

Testing can be done by feeding the gas on either the bore or shell side of the 

module.  Bore feed is generally more reproducible and may give slightly higher 

permeation rates.  Shell feed will hold higher pressures, but the pressure drop down the 

bore may introduce error for very fast gases in highly permeable fibers. 

  

The “Christmas Tree” 

Set up Swagelok fittings (Union Crosses and Female-Female Unions) to attach 

the feed inlet of the modules to the feed gas port in the permeation system.  Be certain 

that a pressure transducer is hooked up to the feed as well.  The only restriction on the 

number of modules is the space available.  The whole unit with Swagelok® fittings and 

modules hanging off of it sometimes looks like a “Christmas Tree”. 

  

C.1.2 Purge the System 

1. Zero the pressure transducer. 
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2. Open the Retentate outlet on all the modules.  (Only Slightly open if Shell 

Feeding) 

3. Open the gas cylinder and pressurize the entire system. 

a. Gas should be flowing through the entire system and exiting 

through the Rententate of each module. 

b. Let the gas flow for at least 5 seconds. 

4. Close the main cylinder valve. 

a. The pressure should slowly drop in the system. 

5. Open the cylinder valve when the regulator pressure reads ~20 psi. 

6. Repeat steps 4 and 5 three more times. 

a. The entire system has been purged, or ‘rinsed’, a total of four times 

with ‘clean gas’.  

7. Close the Retentate of each module. 

8. Adjust the feed pressure as desired, close the door to the permeation 

system. 

9. Wait 15 min.  The permeation flowrates and inner box temperature should 

equilibrate. 

 

C.1.3 Testing 

1. (0-15 minutes)  During the 15 min. equilibration, the following steps 

should be done: 

a. Record the Active Length of each module 

b. Record the # of fibers in each module 

c. Record the Box Temperature 

d. Wet the bubble flowmeter. 
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2. (> 15 minutes) Measure each module’s Permeate Flowrate w/ a Bubble 

Flowmeter. 

a. Let the bubble travel for at least 15 seconds, and preferably an 

easily measured distance.   

i. GOOD--10.00 mL in 17.67 seconds 

ii. GOOD--200 mL in 31.27 sec 

iii. BAD--10.00 mL in 11.21 seconds (too short, too much 

error). 

b. Smallest measurable flowrate is ~ 0.5 mL / minute. 

c. Electronic Flowmeters do NOT seem to be as accurate or precise at 

low flowrates (< 100 ml/min).  A Bubble Flowmeter should be 

used. 

d. Record the Feed Pressure for each flowrate measurement. 

 

3. (> 45 minutes)  Test the modules again 45 min after equilibration (1 hr 

after pressurization). 

a. If there’s greater than a 5% difference between the ‘45 minute 

measurement’ and the ‘15 min measurement’, wait another 45 

minutes and measure a 3rd time. 

b. Keep testing until there is less than a 5% change over 45 minutes.  

Only 2 measurements are generally necessary if the system was 

purged well. 

4. Calculate permeances and selectivities for the membranes.  Retest as 

desired. 
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5. Close all cylinder valves, turn off the pressure transducer, clean up.   

 

C.1.4 Analysis 

1. Permeance 

a. The equation shown here results in units of GPU.  Constants in the 

equation convert common measurement units to those required for 

GPU. 

b. ( )
17.5

15.273flow Permeate10 6

⋅∆⋅⋅
⋅= −

pATl
PA  

i. Permeate flow is in mL/sec. 

ii. T is the testing temperature in Kelvin. 

iii. A is the area available for permeation in cm2. 

iv. ∆p is the pressure drop between upstream and downstream 

sides of the membrane in psi. 

2. Ideal selectivity 

a. 
l

P
l

P

B

a

B
A =α  

3. Uncertainty 

a. Uncertainty for permeance is estimated from the precision of the 

bubble flow meter, pressure transducer, and stopwatch to be about 

±5%. 

b. Uncertainty for selectivity is calculated from the formula found in 

Harris [2]: 

i. 
2

1

x
xy =  22

21
%%% xxy eee +=  
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ii. For a permeance uncertainty of 5%, the corresponding 

selectivity uncertainty is approximately 7%. 

 

C.2 MIXED GAS PERMEATION TESTING 

C.2.1 GC Set-up 

1. Turn on helium and set regulator to 50 psi 

2. Using knobs on the GC, adjust the flowrate from both columns to 30 

mL/min 

3. Turn on GC and set column temperature to 65.  (WARNING: DO NOT 

turn on the GC without helium running through the columns.  The 

columns may be severely damaged.) 

4. Set the Bridge Setting knob to “Thermistor”, the Output knob to “1024”, 

and the Readout knob to “Left Column” 

5. Turn on integrator, enter date and time at prompts. 

6. Wait a while (usually several hours). 

7. Push the “level” button on the integrator.  The level should be 1000 after 

the system has had time to warm up.  Use the coarse and fine adjustment 

knobs to set the level to 1000.  Press “level” after each adjustment to see 

the effect.  If no number prints, the GC needs some more time to warm up.  

The system will likely take 1-3 hours to stabilize enough to take a reading. 

 

C.2.2 Module Set-up 

Note: This set-up assumes only one module is being tested. 
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1. Modules can be set up in either bore or shell fed configurations.  Be sure 

that they are operating in counter-current flow (retentate and permeate are 

taken from different ends of the module). 

2. Attach the feed to the module. 

3. At the retentate exit, attach a fine control needle valve 

4. Cap the permeate side closest to the retentate exit. 

5. Attach a T-valve to the permeate side closest to the feed.  One exit from 

the valve should lead to the GC, the other to a flowmeter. 

6. Purge the module in the same way as in pure gas testing (this should be 

made easier by the existence of the retentate valve). 

7. Set the retentate valve to the desired flowrate (higher retentate flowrates = 

lower stage cuts = higher selectivity). 

8. Make certain that the permeate T-valve is directing the permeate to the GC 

and that the GC sampling valve is in the “sample” position. 

 

C.2.3 Testing  

1. Allow at least 15 minutes of equilibration after the GC has completely 

warmed up and the gas has been flowing. 

2. Press level on the integrator and adjust to 1000. 

3. Turn the GC sample valve to “load” and press “Inj A” on the integrator.  

Do these simultaneously. 

4. The GC is now independent of the module.  Turn the permeate T-valve to 

the flowmeters. 

5. Measure and record the following 

a. Module ID 
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b. Feed composition 

c. Feed pressure 

d. Retentate flow 

e. Retentate pressure (normally atmospheric) 

f. Permeate flow 

g. Permeate pressure (normally atmospheric) 

h. Module temperature 

6. When all peaks have eluted, press “Inj A” on the integrator again to stop 

the run.   

7. Turn the sample valve back to “sample” and the permeate T-valve back to 

the GC. 

8. Wait 45 minutes and repeat steps 2-7.  If the two runs are close, the 

measurement can be considered valid.  If not, wait again and repeat.  

Waiting now can be minimized by waiting earlier and making sure 

everything is warmed up before beginning testing.  

 

C.2.4 Calibration 

1. Calibration is done external to the GC 

2. Run calibration tests in the same way as shown above, eliminating the 

module.  Pipe calibration gases directly to the GC, make sure everything’s 

equilibrated, and take the sample (steps 3 and 6 from “Testing Procedure”) 

3. Make sure that everything matches by doing at least three injections of 

each calibration gas to certify reproducibility.   

4. Make sure the correct retention time is known for each gas.  This can be 

checked by injecting pure gas samples. 
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5. Once 3-5 calibration gases have been run, take the data and construct a 

calibration curve, composition on one axis and GC area percentage on the 

other. 

 

C.2.5 Analysis 

1. Convert the area percentages from the GC to composition using the calibration 

curve. 

2. Permeance 

a. The permeance equation given here is in units of GPU.  The constants in 

the equation are used to convert commonly measured units to those 

required for GPU. 

b. Fugacity coefficients can be obtained from the literature.  They are often 1 

or nearly so, in which case they can be dropped from the calculation. 

c. ( )
( ) 17.5

15.273flow Permeate
10 6

⋅⋅⋅−⋅⋅⋅⋅
⋅⋅

= −

AYAYAXAX

AA

YpXpAT
Y

l
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φφ
 

i. Permeate flow is in mL/sec. 

ii. YA is the permeate mole fraction. 

iii. XA is the upstream mole fraction.  With a small stage cut (large 

retentate flow), XA is essentially equal to the feed composition. 

iv. T is the measurement temperature in Kelvin. 

v. A is the area available for permeation in cm2. 

vi. pX and pY are the upstream and downstream total pressures, 

respectively (psi). 

vii. φ is the fugacity coefficient.  Subscripts represent upstream (X) or 

downstream (Y). 
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3. Separation Factor 

a. 
A

B

B

A
BA X

X
Y
YSF ⋅=/  

i. YA and YB are the permeate mole fractions 

ii. XA and XB are the upstream mole fractions.  With a small stage cut 

(large retentate flow), XA and XB are essentially equal to the feed 

mole fractions. 

4. Intrinsic Selectivity 

a. 
l

P
l

P

B

a

B
A =α  

5. Uncertainty 

a. Uncertainty for permeance is estimated from the precision of flow, 

pressure, and composition measurements to be about ±5%. 

b. Uncertainty for selectivity is calculated from the formula found in Harris 

[2]: 

i. 
2

1

x
xy =  22

21
%%% xxy eee +=  

ii. For a permeance uncertainty of 5%, the corresponding selectivity 

uncertainty is approximately 7%. 
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Appendix D: Hollow fiber post-treatment [1] 

 

Hollow fibers can be treated to “plug” minor defects in the fiber skin.  This 

treatment usually involves coating the fibers with a second layer of a highly permeable, 

flexible polymer that can prevent Knudsen flow through the fibers as outlined by Henis 

and Tripodi [2].   

 

In this research, a crosslinkable polydimethylsiloxane, Sylgard 184® available 

from Dow Chemicals was used to post-treat the fibers.  The procedure is outlined as 

follows: 

 

1. A 3 wt % solution of Sylgard® in heptane was heated at 75 °C for 1 hour 

to obtain branching and chain extension. 

2. The fiber module was filled with the heptane solution and the module 

shaken to swirl the contents.  The fibers were then allowed to soak in the 

solution for 5 minutes. The solution was drained out of the module. 

3. Step 2 was repeated. 

4. The module was placed in a vacuum oven at 75 °C for 2 hours under full 

vacuum. 
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Appendix E: Sample Binodal Curves 

 

This appendix contains sample ternary phase diagrams for several crosslinkable 

polyimides synthesized by David Wallace and Dr. Claudia Staudt-Bickel.  The ternary 

phase diagram for Matrimid® is included at the end. 
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Ternary Diagram 
   
4:1 PDMC / NMP / NS 
 
4:1 PDMC is a polyimide synthesized by 
Dr. Claudia Staudt-Bickel with composition 
6FDA/DAM:DABA 4:1, propane diol monoester 
 
Diagram constructed by David Wallace 

Polymer

NS

NMP 

20 

30 

10 

10 20 30 40

EtOH

H2O 
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Ternary Diagram 
   
CSB1 / NMP / NS 
 
CSB1 is a polyimide synthesized by 
Dr. Claudia Staudt-Bickel with composition 
6FDA/ODA:4MPD:DABA 2:2:1 
 
Diagram constructed by Alane Wentz 

CSB1

NS

NMP 

H2O EtOH

20 

30 

10 

10 20 30 40
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Ternary Diagram 
   
CSB2 / NMP / NS 
 
CSB2 is a polyimide synthesized by 
Dr. Claudia Staudt-Bickel with composition 
6FDA/DAM:DABA 4:1 
 
Diagram constructed by Alane Wentz 

CSB2
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NMP 

H2O 

EtOH

20 

30 

10 
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Ternary Diagram 
   
CSB3 / NMP / NS 
 
CSB3 is a polyimide synthesized by 
Dr. Claudia Staudt-Bickel with composition 
6FDA/DAM:DABA 3:2 
 
Diagram constructed by Alane Wentz 

CSB3

H2O EtOH

20 

30 

10 

10 20 30 40

NS

NMP 
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Ternary Diagram 
   
DWW100200 / NMP / NS 
 
DWW100200 is a polyimide synthesized by 
David Wallace with composition 
6FDA/DAM:DABA 4:1 
 
Diagram constructed by Alane Wentz  
 

DWW100200
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NMP 

H2O 

EtOH

20 

30 

10 

10 20 30 40
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Ternary Diagram 
   
Matrimid 5218  / NMP / NS 
 
  
    -All liquids over 4A sieves 
    -Matrimid dried 120oC overnight,  
  stored in desiccator. 
    -Dopes 10g scale on analytical balance. 
    -Diagram constructed by Seth Carruthers 

 

Matrimid
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H2O MeOH
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20 
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Appendix F: Cogswell Method for Determination of Elongational 
Viscosity [1] 

 

Cogswell first proposed his method for determining elongational viscosity in 1972 

[2].  The analysis is based upon the elongational component of contracting flow.  When a 

fluid passes from a reservoir into a constriction, such as an orifice die, the extra energy is 

dissipated through an entrance pressure drop, ∆pen.  The converging streamlines are 

indicative of an elongational component to the flow, while the presence of solid walls 

imparts a shear component. 

 

In this case, an axisymmetric contraction is taking place, and the overall pressure 

drop, ∆pen, is a combination of shear and elongational components.  The individual 

pressure drop components can be calculated via simple force balances, and then the shear 

and normal stresses can be replaced by shear and extensional viscosities.  By minimizing 

the infinite sum of elemental pressure drops along the contraction, the overall ∆pen can be 

calculated.  Equation F.1 shows the result of the analysis, where n is the exponent from 

the power law for shear flow, 0γ&  is rate of strain in shear, η is the viscosity at the 

entrance, and λ is apparent elongational viscosity. 

 

ηλγ 0)1(3
24

&
+

=∆
n

pen        (F.1) 

 

Clearly, information on the shear behavior of the fluid is needed to solve Equation 

F.1.  For this reason, dual-bore capillary rheometers are often used for determining 
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elongational viscosity.  Figure F.1 shows a cartoon picture of the Bohlin Instruments 

RH2200 rheometer used in this work. 

 

 

Figure F. 1: Schematic of Bohlin RH2200 dual bore capillary rheometer 

 

By utilizing both bores simultaneously, shear rheology information can be 

obtained from the capillary die, while the entrance pressure drop is given by the orifice 

die.  In this work, software supplied with the rheometer performed the calculations using 

the Cogswell method to produce both shear and elongational viscosities from the same 

test using both bores. 
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