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SUMMARY

Olefin/paraffin separation is a large potential nearfor membrane applications.
Carbon molecular sieve membranes (CMS) are promising for this application due to the
intrinsically high separation performance and the viability for practical sgale

Intrinsically high separation performance of CMS memesafor olefin/paraffin
separations was demonstrated. The translation of intrinsic CMS transport properties into
the hollow fiber configuration is considered in detail. Substructure collapse of
asymmetric hollow fibers was found duril\@}atrimid‘E CMS hollowfiber formation. To
overcome the permeance loss due to the increased separation layer thickness, 6FDA
DAM and 6FDA/BPDADAM polyimides with higher rigidity were employed as
alternative precursors, and significant improvement has been achieved. Besides the
macroscopic morphology control of asymmetric hollow fibers, the rstrecture was
tuned by optimizing pyrolysis temperature protocol and pyrolysis atmosphere. In addition,
unexpected physical aging was observed in CMS membranes, which is analogous to the
aging phenomenon in glassy pol ymersof- For
concepto tests validated the viability of

The scope of this work was expanded from binary ethylene/ethane and
propylene/propanseparations for the debottlenecking purpose to mixed carbon number
hydrocarbon processing. CMS membranes were found to be efefedive over
corresponding paraffins; moreover, CMS membranes are able to effectively fractionate
the complex cracked gagesm in a preferable way. Reconfiguration of the hydrocarbon

processing in ethylene plants is possible based on the unigue CMS membranes.
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CHAPTER 1

INTRODUCTION

1.1 Olefin/paraffin separations

Olefins, such as ethylene and propylene, are among theimmoattant building
blocks in chemistry1]. Currently, the worldwide commercial production of ethylene and
propylene is mainly based on thermal cracking of a wide range ofod¢sdion
feedstocks (ethane, propane, butane, naphtha, etc.). The feedstocks are cracked into
smaller molecules in cracking furnaces. The resulting product mixtures, which can vary
widely, are then separated into the desired products by using a complenceaqi
separation and chemieakbatment step$2, 3]. Figure 1.1 shows the schematic of a
typical simplified ethylene plani4]. In an ethylene plant, separation units have a large
footprint and separation processes consume significant energy.

Besides seeking economical alternative feedstocks and improving cracking
processesimproving the recovery processes is also of great interest. Traditionally, the
separation of olefins from paraffins is dominated by distillation processes. For example,
C2-splitters are used to separate ethylene from ethane, argpli@8rs are used to
separate propylene from propane. Besides the last two columns for binary separations,
deethanizers separate C2 hydrocarbons (ethylene and ethane) from C3 hydrocarbons
(propylene and propane); demethanizers separate hydrogen and methane from C2 and C3
hydrocabons (ethylene, ethane, propylene and propane). Since the physicochemical
properties (such as volatility and boiling point) of the compounds are very similar, large

towers and high reflux ratios are required to achieve effective separations. Therefore, th
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current purification process is very capital and energy intensive. For example, due to the
very low and close boiling points of ethylene (169.4 K) and ethane (184.5 K), a typical

C2-splitter contains over 100 trays and is performed at are2BU and 20 psig[2-4].
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Figure 11 Schematic of a simplified ethylene pldat

To reduce the large cost separation processes, various technologies have been
proposed in recent years. Membranes have emerged as a promising energy efficient
alternative. Currently, replacing distillation columns with membrane modules is still not

quite feasible due to thelatively low separation efficiency and stability of available



membrane materials. Nevertheless, a hybrid memhiti#dation system has been
proposed by several research@<5]. The hybrid system, which consists of a distillation
column and a parallel membrane unit, provides a practical way for retrofitting current
distillation units. Substantial savings in energy and capital costs can be obtained based on
simulation results. Multiple configurations of membrane units and distillation columns
have been studief®, 3, 5-7]. Rather than to optimize the integration of membrane and
distillation processes, this research will primarily focus on the development of membrane

materials to provide tools for such optimization m@ehes.
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Figure 12 Schematic of a hybrid membradestillation system



1.2Membrane technology

Membrane technology has emerged as a very attractive separation alternative, as
compared to the traditional thermallyiven proessed8, 9]. The primary advantage is
the low energy requirement of membrane processes due to the economical driving
forced pressure difference across membranes. Besides the energy efficiency, membrane
technology also offers small footprint,wocapital, low operational cost, as well as
adaptability and flexibility. Membranes are also environmentally friendly and contribute
to longterm sustainability for our planet.

Membranes for liquid separations have been successfully used in a number of
applications. Reverse osmosis purification of water was the first large scale commercially
viable micromolecularly selective membrane application for fractioning liquid mixtures
[8]. Due to the huge impact of applications, in thstplecades, the interest and endeavor
in gas separation membranes have increased significantly, with potential/existing large
markets including natural gas purification, air separation, hydrogen separation, and
petrochemical applicatiof8, 9]. Tremendous efforts have been devoted to gas separation
membrane development, and some commercial membrane modules are now available for
carbon dioxide removal from natural gas, air separation and hydrogen sepg®htion
Large and growing opportunities of membranes for gas separations exist in
olefin/paraffin separations, with the potential membrane market for olefin/paraffin
separations predicted to rise from 0 dollars in 2000 to about 125 million dall2é20.

The 125 million figure represents 16.4% of the predicted entire membrane market of
2020[9]; however, currently, no commercial membranes are available for olefin/paraffin

separations.



In order to mplement membranes for large scale applications, four essential
elements must be enabled: (1) development of -Bffbiency modules with large
amounts of area per volume; (2) creation of advanced materials with tunable capabilities
to separate molecularlyimilar components; (3) control of morphology of a membrane
crosssection; (4) the development of higheed manufacturing methods to rapidly link
the earlier three elements into economical devices with minimal ddf&jctsTo meet
these key requirements, asymmetric hollow fiber membranes are the preferred membrane
configuration for most industrial gas separations. Hollow fiber configuration provides the
highest surface area to volume ratio, compared to other membrane comigyrsiich as
plate and frame, spiral wound. UHifain selective skin layers, formed via morphology
control, minimize the transport resistance and contribute to high productivity. The
compact module, together with the uthan separation layer, providéise required high
productivity with small footprint for large scale applications. Currently, the asymmetric
hollow fiber spinning technology and the fiber module formation technology have been
commercialized. Therefore, for future endeavors, asymmettiovhdiber membranes

will most likely be the preferable membrane format for pursuing.

1.3Gas separation membranes

Membranes differentiate gas molecules based on their differences in size, shape or
physical/chemical nature. Depending on the membrane ialateand separation
mechanism, gas separation membranes are classified into several categories. Polymeric
membranes, zeolite membranes, metal organic framework (MOF) membranes, mixed

matrix membranes, facilitated transport membranes and carbon moleevkar(GMS)



membranes are the mostly studied gas separation membranes.

Currently, most installed gas separation membranes are made from polymer
materials. Polymeric membranes separate gases by the saldtimion mechanism.
Polymers are inexpensive, hageod mechanical properties and can be relatively easily
processed into membrane modules. The major challenge for expanding the applications
of polymer materials is mostly easily seen from thecalted tradeoff upper bound
between permeability and seledty [10, 11]. The upper bound curves for multiple gas
pairs have been well estshed and accepted by the membrane community. For
olefin/paraffin separations, polymer upper bound for propylene/propane separation has
been defined previous[L2]; polymer upper bound for ethylene/ethane separation will be
discussed in this work. Another critical drawback offypter materials is lack of stability
under aggressive feed conditions. Exposure to a high pressure stream of carbon dioxide,
or heavy hydrocarbons may plasticize polymeric membranes and result in severe
selectivity loss and thus ineffective separatig 14].

Microporous molecular sieve materials such as inorganic zedlit§s and
recently discovered metal organic frameworks (MOFSj)] enable more effective
separation with the wetlefined porous structure, as compared to polymer materials.
With the rigid porous structure, these membsaze able to overcome the polymer upper
bound. These materials are more chemically inert and thermally stable compared to
organic polymers; however, these membranes are quite expensive and difficult to handle
and process, so applications of these membrarelimited to small scale.

Hybrid membranes, also called mixed matrix membranes, are of great interest in

past yearg17]. Mixed matrix membranes combine the polymer processability and high



separation performance of molecular sieving fillers. Such membranes are also able to
exceed the polymer upper bound and can be processed into modules. However, the
compatibilty of sieve fillers and polymer remains a very challenging problem. To
successfully fabricate good mixed matrix membranes, several hurdles must be overcome:
matrix rigidification, sievén-ac age mor phol ogy 418dOf dourdepo ggedo
to create membranes in asymmetric hollow fiber feegquires work, since to date, no
defectfree commercial asymmetric mixed matrix hollow fiber membranes exist.

Facilitated transport membranes have shown high performance for olefin/paraffin
separations; however, the intrinsic instability of these membramakes them
guestionable for practical applicatiofzs 19].

To address the current challenges in membranes for gas separations, carbon
molecular sieve membranes hasmerged as a promising option for next generation
membrane materigP0-27]. Like other microporous molecular sieve materials, due to the
rigid porous structure, daon molecular sieve membranes are also able to outperform
polymer materials. Unlike zeolites and MOFs, carbon molecular sieves are derived from
polymer precursors, and this has the potential for greatly reduced costs. While polymer
membranes are the statecommercial art membrane technology, CMS membranes can
also be relatively easily fabricated into practical hollow fiber modules. The only
additional step beyond the current technology platform is the-spabé pyrolysis, which
makes CMS not only capkb of delivering high separation performance from the
material aspect, but also viable for large scale application. The stability of CMS
membranes under aggressive feed conditions is another exciting feature that enables

practical application of CMS membras under aggressive feed conditiof3].



Therefore, CMS membranes are potentially viable for large scale gas separation

applications.

1.4Research objectives

This research aisto develop high performance carbonletular sieve hollow
fiber membranes forolefin/paraffin separatioa The challenging ethylene/ethane
separation is the primary target to address in this work. Extension to other applications
(e.g., propylene/propane separation and Rualthponent separamm) in olefins
production processes is also considered. For the purpose of large scale applita&tions, t
asymmetric hollow fiber configuratiois investigated intensively to gamrealistic view
of this new class of membrane matesidBased on differenprecursor polymers, the
control of macroscopiasymmetric morphology and tailoring of microscopic molecular
sieving structure based on different precursor polyrasrstegrated to achieve the goal

of this researchlhe objectives of this research arda@®ows:

Objective 1: Characterize and control the morphology of CMS hollow fibers and

illustrate theformation mechanism.

The first objective relates to the macroscopic morphology of CMS hollow fiber
membranes. Effective membrane separation layer thiskmesst be controlled to meet

the productivity requirement of a practical membrane. Previously, few studies considered
the morphologyof CMS hollow fiber membranes[28-30]. Several key ites are

described below: first, identify the difference of morphology between precursor and CMS



fibers; second, propose and justify the mechanism for CMS fiber morphology formation;

third, effectively control the CMS fiber morphology based on previous studie

Objective 2: Develop pyrolysis protocols for high performance CMS hollow fiber
membranes.

The second objective aims to optimize the mgmicture of CMS membranes
for specific gas separation applications while the macroscopic morphology control is als
under consideration. The ultramicroporous structure of CMS materials must be tuned to
achieve high separation performance for specific olefin/paraffin applications.
Considering the morphological difference between dense film and hollow fiber, pyrolysis
protocols also require special aspects for hollow fiber pyrolysis. Several detailed items
are listed as below: develop optimum pyrolysis temperature protocols for CMS hollow
fiber membranes; investigate the effect of pyrolysis atmosphere on CMS hollow fiber
membrane performance; consider sometggatments on precursors and piwsatments

on CMS fibers.

Objective 3: Investigate effect of precursor properties on CMS fiber membrane
performance and formation of desired precursor fibers.

The precursor propees include properties of precursor polymers and properties
attributed to the precursor asymmetric hollow fiber configuration. Obviously, the starting
polymers have significant impacts on both macroscopic morphology and microscopic
molecular sieving struate of CMS hollow fiber membranes. The insight of underlying
correlation between polymer and carbon properties will guide the future precursor
material selection. The specific properties related to the asymmetric hollow fiber
morphology, such as the defdote property, which may also play a role in the final

9



CMS fiber performance, require careful examination. Formation of desired precursor

fibers via a dnjet/wetquench spinning process is another target in this objective.

Objective 4:Evaluate CMS filbr performance under realistic permeation conditions.

Mixed gas testunder realistic feedonditionswill be used to evaluate CMS fiber
performanceThe realistic testing conditions include feed compositions, feed pressure,
and testing temperature similary the conditions in an ethylene plant. The stability of

CMS membranes will also be examined.

1.5Dissertation organization

This dissertation is divided into 9 chapters including the current chapter and is
organized in the following manner. Chapter 2saées gas transport mechanisms
through membranes and other essential background materials relevant to this research.
Chapter 3 provides the materials, experimental methods and equipment used throughout
this research. Chapter 4 identifies the experimentaiditions for making proper
asymmetric precursor hollow fibers. Chapter 5 discusses the formation and properties of
Matrimid® derived carbon membranes. This chapter describes a model system for
studying detailed morphology evolution of CMS hollow fibeembrane formation.
Chapter 6 extends the precursor material fidatrimid® to 6FDA-polymers for CMS
membrane fabrication. Chapter 7 describes the newly discovered hisfpepdence of
membrane transport properties (orcatled aging) in carbon membranéshapter 8
extends the previously proposed work of binary olefin/paraffin separations to mixed
carbon number olefiparaffin separations. Based on the oleBetective feature of
carbon membranes, an advantageous new hybrid merntistii@tion concept s

10



described in details. Chapter 9 summarizes the findings of this research and includes

some recommendations for future work to further advance the project.
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CHAPTER 2

BACKGROUND AND THEORY

This chapter provides essential background and theory. The first part of this
chapter relates to gas transport through mendstahhe second part pertains to structure
and properties of CMS membranes. The third part explains the formation and structure of

asymmetric hollow fiber membrane.

2.1 Membrane transport theory

The membrane materials relevant to this research are polyamerscarbon
molecular sieves. Gas transport through these two types of membrane materials is

described in the following sections.

2.1.1 Permeation

Gas transport in nonporous polymer membranes and CMS membranes follows the
sorptiondiffusion mechanisnjl, 2]. Specifically, gas molecules first sorb on the high
pressure upstream side of a membrane, then diffuse through the membrane along with the
concentratia gradient and finally desorb on the low pressure downstream side. Figure

2.1 shows a schematic of gas permeation through a membrane to illustrate this process.
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Figure 21 Schematic of gas permeation through a nonporougnmsl membrane or a
CMS membrane

Permeability and selectivity are commonly usedharacterizgoroductivity and
separationefficiency of membrane materials. The permeabilitypehetranti A in a

membraned defined ashe steady state gésx (Na), normdized by thetransmembrane

partial pressure differenc®g, ) andeffective membrane separation lajleicknesql):

N el

PA:DS (2.1)

A

The common unit for permeability is fABa
1Barrer=1 310 10 CNT(STROCN (2.2)

cnt Gs énHg

For asymmetric membranes, the actual membrane separation layer thickness is

not readily known, so productivity of these membranes is described by permeance, which
is simply defined by the trameembrane pressure difference normalized flux:

P, _ N,
(T)A_DPA

(2.3)
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AiGas Permeation Unito (GPU) is wusually

defined as:

cnt (ST

1GPU=1310°"—~—~
cnt Gs €nH

(2.4)

Membrane selectivity is defined as the ratio of gas permeabilities or permeances:

a _P. (P/),
MR (P,

(2.5)

For sorptiondiffusion permeation, permeability can also be described as the

product of diffusion coefficient and sorption coefficient:
P, =D,S, (2.6)
In this manner, selectivity can be partitioned into ffudion selectivity Da/Dg)

multiplied by a sorption selectivitys{/Ss):

D, S
e =l (2.7)
D: S

2.1.2 Sorption and diffusion

Both sorption and diffusion coefficients depend on the physical and chemical
nature of gas molecules and their ratgions with membrane materials.

Sorption in glassy polymers follows the dual mode m¢@8d]. Two idealized
types of sorption are accounted in this model. Ranegas molecules may sorb in the
normally densely packed region of polymers (dissolved mode) anekquolbrium
Ami crovoido domai ns iilling imdde). Tipeseltwo medes camebe r i X
described by Henryobs L aw tivalyy do shr@iongnnglassy i sot
polymers is generally expressed as the following additivestate model:
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Ca=Con G (2.8)

where C,is the total concentration of penetrant A in the polyn@y, is the penetrant A

concentration in the dissolved mode, a@g, is the penetrant concentration in the

Langmuir mode.

The pressure dependence of sorption for a single component is given by:

C, =Kon Pa |CHAbA Pa (2.9)

1+D, Py
wherek,i s t he Henr y@,gsis thedangnuio cagatity constan, is the
Langmuir affinity constant ang, is the penetrant pressure.

Sorption coefficiehis defined as the secant slope of sorption isotherm:

SA = & =K3A _-|-—C:;'|AbA
Pa 1+D, pa

(2.10)
In the case of carbon molecular sieve membranes, only Langmuir sorption is
considered to be significant, since sorption is believed to occur only in the micropores

CMS materials.

The sorption coefficient is, therefore, given by:

— & - C;—iAbA

" py 1+b,p, &1y
Sorption coefficients of gases in a membrane are strongly influenced by the
condensability of the gas molecule and the interaction with the sorp&dium. Critical
temperature is a good measure of the condensability of a gas penetrant. Generally, gases

with higher critical temperatures tend to be more condensable and more sorptive in

membranes.
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Gas molecules diffuse through a dense -porous polymermembrane via
random jumps through thermally activated penetsaate transient gaps in the polymer
matrix [1], as demonstrated in Figure 2.2. The diffusivity of a penetrant in a given
polymer membrane is determined by the size of the penetrant mojendieated by the

kinetic diameter.

1. Sorbed penetrant

2. Transient gap forms in m
polymer matrix; penetrant & g &
makes activated jump w

3. Gap collapses @

Figure 22 Schematic of gas diffusion through a nonporous dense polymer membrane via
transient gap formation, wheeds the average length of random diffusion jumps

Gas transport through porous membranes can be categorized by four different
mechanisms: (1) Knudsen diffusion, (2) partial condensation/diffusion, (3) selective
adsorption with surface diffusion, and (4)pkecular sieving[6-8]. Knudsen diffusion
occurs when the mean free path of a gas is large enough relative to the pore size that the
gas transport becomes dominateyl gaswall collision. The selectivity of Knudsen

diffusion separation is dominated by the gas molecular wégjhPartial (or selective)
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condensation occurs when one or more components in the feed stream condense in the
pores of the membran¢$0]. This mechanism is difficult to control and is rarely used in
carbon membranes. Selective adsorption/surface diffusion mechanism relies on the
adsorptionof gases in porous membranes. This type of membranes is mainly used to
separate noadsorbable or weakly adsorbable gases K, etc.) from adsorbable gases
(NH3, H.S, etc.)[6, 10, 11]. In the case of molecular sieving carbon materials, the
diffusion selectivity via molecular sieving dominates the overall separatdrle
sorption may also play a role in some particular examples. This latter, molecular sieving,
mechanism is the focus of work in this thesis.

Gas molecules diffuse through carbon molecular sieve membranes via activated
jumps from one sorptive micropote another by passing the restrictive ultramicropores
[7], as shown in Figure 2.3. Since in most cases, the free volumev(ponee) in carbon
membranes is higher than in polymers due to decomposition of polymers and removal of
small components, carbon membranes are more much permeable than polymer
me mbr anes. Generally, CMS materials can
conmpared to polymers. Unlike in polymer membranes, in carbon molecular sieve
membranes, due to the very rigid porous structure, both gas size and shape are very
important for the activated diffusion. This means CMS membranes provide additional
discriminationof gas molecules via the shape of gases. The additional feature is also
called fientropic selectivityo, which enabl
polymers [12-14]. Therefore, in general, CMS membranes are able to outperform

polymer materials in terms of both permeability and selectivity.
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Figure 23 Schematic of the shike structure of CMS membranes and gas diffusioa
CMS membrane by a diffusive jump, whergsithe ultramicropore dimension, @ the
adsorptive micropore dimension angigithe jump length

2. 2 CMS membranes

2.2.1 Structure of CMS membranes

Carbon molecular sieve membranes are formed via high temperature pyrolysis of
polymer precursors under controlled conditions. When a polymer is pyrolyzed, it can
either form coke ochar. Coke can be further heated to form graphite while char remains
in an amorphous forrfiL5]. At early stags of decomposition, both cokes and chars have
very little longrange order and are composed of aggregates of small crystallites.
Therefore, polymers that form both coke and char can be used to fabricate CMS
membranes in the early stages of decomposiatthpugh polymers that form char are
more often used as practical starting precursors.

Carbon membranes used for gas separatio
with very little longrange order and are considered essentially isotrfdfc16], as
shown in Figure 2.4 (a). Pores are form&dm packing imperfections between
microcrystalline regions in the material, orc@a | | ed -igkeapheheet s, as

Figure 2.4 (b). The porous structure of molecular sieve carbons is not as well defined as
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other crystalline molecular sieve ma#ds, such as zeolites. The structure of carbon
molecular sieve membranes can be idealized as-bkslistructure[17, 18], which is
shown in Figure 2.3. The pore size distribution, which is largely dependent upon
precursor materials and preparation protocols, can be represented bynbdal pore

size distribution[17, 18], as shown in Figure 2.5. The unique combination of
ultramicropores (< 3, responsible for molecular sieving) and micropored{80 A,

responsible for sorption) enables CMS membranes to be ideal for gas separations.

Figure 24 (a) Structure of turbostratic carbgi6]; (b) Slit-like pores formed from
imperfect packing of microcrydtae regions in turbostratic carbga5

Ultramicropore

d <5A

Micropore

5A<d<20A

Number of pores

Pore size

Figure 25 Bimodal pore size distriliion for arbon molecular sieve materidlis/, 18]
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2.2.2 Formation of CMS membranes

CMS membranes are produced from controlled pyrolysis of precursor polymer
membranes. The formation procedure includes the formation of precursor materials and
subsequent pyrolysis steps for carbonaatand structural rearrangement. The starting
materials and each processing step of the membrane fabrication affect resultant CMS
membrane performance. CMS membranes can be prepared in various formats, but mostly
flat sheets and hollow fibers are preferr&tarting precursor materials have a significant
impact on CMS membrane fabrication. The impact affects all aspects of resultant carbon
membranes. The pyrolysis step transforms polymer materials into carbon materials,
which creates the microporous stiwret of carbon membranes for gas separations. During
pyrolysis, several parameters that affect the pore size distribution have been identified:
(1) pyrolysis temperature; (2) thermal ramp rate; (3) thermal soak time; (4) pyrolysis
atmosphere. Sometimes, bef and after pyrolysis, pteeatment and posteatment

methods are also important. These primary parameters are discussed in details below.

2.2.2.1 CMS membrane configuration

Like polymers, carbon membranes can be processed into different combigsirat
[6]. They can be generalized into two groups, supported and unsupp&tgyhorted
carbon membranes are usugbsoduced from polymer membramast on flatsheet or
tubular porous inorganic materials. Unsupportedsacalled freestandingmembranes
can be mainly categorized into two forms: flat sheet film (dense homogeneous or
asymmetric) and hollow fibeThe supported membranes are usually used fesdale

research. The porous inorganic supports (i.e., aluminum support, ceramic support) are

22



quite epensive for large scale membrane fabrication. Moreover, considering the
membrane area to volume ratio, supported carbon membranes are not favorable compared
to hollow fiber membranes. Due to structural simplicity, fs&ending homogeneous
dense film carbn membranes are the best for studying fundamentals of the material
fabrication and characterizatio@onsidering scatep potential and industrial viability,

unsupported hollow fiber carbon membranes are of particular interest of this research.

2.2.2.2Polymer precursor

A wide variety of polymers have been used as CMS precursors. Several polymer
types that have been investigated extensively includes polyimides21],
polyacrylonitrile (PAN)[22], phenolic resif23, 24], polyfurfuryl alcohol (PFA) 25, 26],
poly(vinylidene) based polymef27], and cellulose derivative28]. Because of their
high glass transition temperature, ease of processability, high separation performance and
good mechanical properties, polyimides have been chosen as precursor materials by
many researchers. In addition, carb@bers from several polyimides have been
successfully fabricated, which offers valuable guiding information in terms of both
precursor fiber spinning and pyroly$ik9, 29, 30].

The correlation of the structure of precursor polymers and final CMS
microstructure and properties is a very interesting and important topicarbon
membrane research. Several studies have been recently performed to illustrate the
guiding relationshig8, 31]. In most studies, a series of polymers were processed and
pyrolyzed under the same conditions to compare the resultant CMS membrane properties.

One a&pect of such correlations is that the precursor free volume can impact the
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pore volume of CMS structure, so the intrinsic transport properties of CMS membranes
can be correlated to the precursor polymer transport properties. Polyimides can be
synthesizedrom various diamines and dianhydrides and copolymers can also be used to
further tune the intrinsic transport properties of polyimides. When coupled with the
tenability offered by pyrolysis conditions, an almost unlimited array of properties is
achievable To study the impact of starting materials, commercially available polyimide
Matrimid® and norcommercial 6FDA/BPDADAM have been used as precursors for
both CMS dense film and hollow fiber. The gas pairs investigated wes8Q(natural
gas separation)O,/N, (air separation) and alsoslds/CsHg (olefin/paraffin separation)
[12, 17-19, 30]. Comparative study in dense film and fiber showed that under the same
pyrolysis conditions Matrimi8l derived CMS membranes were more selective and less
permeable than 6FDA/BPDRAM derived CMS membranegl7, 18]. The trend in
transport behavior was suppattby pore size distribution analysis from £&brption
isotherms. The cumulative pore volume for pores in the rafige A - 11 A was
approximately 39% and 30% larger for the 6FDA/BRDAM derived material as
compared to the corresponding Matrifhiderived materials at 550 € and 800 €,
respectively. This trend suggests that the intrinsically more padksngpted
6FDA/BPDA-DAM precursor leads to a more permeable CMS material than the more
densely packed Matrimfd

In the current study, besides the pmesor intrinsic transport properties, more

parameters are introduced and evaluated for CMS hollow fiber membrane formation.
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2.2.2.3Pyrolysis temperature protocol

Pyrolysis is the key step for carbon materials formation. The carbonization
reaction requies a certain high temperature. The temperature protocol includes several
parameters: pyrolysis temperature (the highest temperature during a pyrolysis), ramp rate
(the heating rate reaching the highest temperature) and thermal soak time (the time at
whichthe membrane is held at the highest pyrolysis temperature).

Pyrolysis temperaturs usually selected at a temperature above its decomposition
temperature but well below graphitization temperature. The temperature should be high
enough to decompose polgns and transform them into a carbon form; however, to
maintain the porous structure, a densely packed graphitic structure is not desirable. For
most studies, pyrolysis temperatures are between °@0@Gnd 800°C. Pyrolysis
temperaturehas a sbng impacton the CMS membrang@roperties in terms of
permeability and selectivity. The optimum temperature dependde precursor used
and the specific application as wefenerally, an increase in pyrolysis temperature
results in a decrease in permeability andrecrease in selectivitjl2, 17, 30, 32). The
optimum pyrolysis temperature depends upon various purposes of applications. For
example, pyrolysis temperature suitable for producing small pores suitable for hydrogen
separation membranes probably is not apprtprfar propylene/propane separation,
which requires larger pores. The effect of pyrolysis temperature on CMS structure can be
illustrated by Figure 2.6. The ultramicropores are tightened at high temperature;
meanwhile, the adsorptive micropore size may alscrease. This trend may result in

reduction in both diffusion coefficient and sorption coefficient.
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Figure 2.6 Effect of pyrolysis temperatue CMS membrane microstructure

Increasing ramp rate tends to increase the permeability and to lowetdbivgy
[33, 34]. This dependence may be explained by two reasons: (1) the rate of evolution of
by-products ad (2) the pyrolysis time that allows pore sintering to occur. Besides the
impact on microstructure of CMS membranes, attention must be paid to the ramp rate
near the final pyrolysis temperature. A s
used toavoid overheating of membranes above the desired pyrolysis temperature, based
on the furnace control capacity.

Most decomposition reactions occur during the ramp steps. During the thermal
soak stage, mostly, the microstructure of the carbon membranelistiined to achieve
desired transport properties. The effect is probably caused by sintering of the pores and
narrowing the pore size distribution by pore sintering. Further decomposition may be
another secondary factor and the thermal soak time angytiodysis temperature are
often coupled to achieve a desired result. At a certain pyrolysis temperature, increasing
the thermal soak time increases the selectivity and decreases the permeability of the CMS
membranes. Usually, the impact is more obviougherpermeability while the selectivity

is affected lesfl7, 18, 3(].
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2.2.2.4 Pyrolysis atmosphere

The systematic study about the impact of pyrolysis atmosphere can be traced to
the middle 1990s by Geiszler and Kol@%]. Before the study mentioned above, both
inert purge and vacuum pyrolysis techniques have beehiniseparate studies but never
compared 35]. Recent developments regarding pyrolysis atmospheres are important for
the production of CMS membranes in a controlled mari®er36]. Besides the
repeatability issue, pyrolysis atmosphere can now be effectigd as a tool to tailor
the microstructure of CMS membranes. The major parameters concerning pyrolysis
atmosphere are: vacuum versus inert gas purge and oxygen content in a purge gas.
Recently, vacuum pyrolysis has been realized to lack reproducitullity,to the poor
control of subtle vacuum levels. The vacuum level in a pyrolysis tube is strongly
correlated to the oxygen exposure of carbon membranes during pyrolysis since the leaks
are due to air. Vacuum levels can be affected by the sealing of gigreljystems and the
power of vacuum pumps used. Therefore, a slight modification of pyrolysis setup may
lead to significant changes of pyrolysis atmosphere. Controlled inert gas purge has been
demonstrated to be advantageous over vacuum pyrolysis, elypiecigractical scalaip.

The positive pressure in pyrolysis tubes helps avoid the invasion of oxygen from
atmosphere. Oxygen can selectively chemisorb on the edges of ultramici@o&s,

and thus significantly affect the molecular sieving properties of carbon membranes.
Oxygen doping method has been developed by Kiyono, Williams and Koros as a tool to

tune carbon membrane transport propertid8-40]. CO,/CH, separation is a very
successful exampl e that benef i-4 salferoo no xtyhgee

level was shown to exist for the natural gas separation. The mechanism of oxygen doping
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can be illustrated by Figure 2.7. At the same pyrolysis temperature, oxygen chemisorbs to
the fAtipso of pores in carbon membofanes.
micropores is avoided when high pyrolysis temperature is applied to achieve high
selectivity. Therefore, from this perspective, the sorption capacity is maintained when
oxygen doping is applied. Based on the reactive nature of oxygen with carbon Ig)ateria
alternative dopants may be pursued for future research. Of course, besides the oxygen
level, the pyrolysis temperature at which oxygen doping is applied must be optimized as
well. The application of oxygen doping should be coordinated with pyrolysisaeature,

precursor polymers and target gas pairs.

T, T,
1 1 1 O.doping T T |
a E—— _—_b

Figure 2.7 Effect of oxygen dopiragpn CMS membrane microstructure

2.2.2.5 Pretreatment and podteatment

Several pretreatments have been used to stabilize precursors. The main method is
oxidation.Oxidative stabilization can cause oxidation and cyclization in PAN fii2s
Previous researchers also reported that the oxidative treatmentgsadore thermally
stable structure of 6FDA/BPDRDBT derived carbon hollow fiber membraridd, 42].
However, it seems that no systematic research on oxidativergagment has been

performed, especially about the effect on membrane separation performance. In fact, by
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pretreatment, essentially, the starting materials for pyrolysis are changed. In another
words,pre-treatment creates new precursor materials for pyrolysis.

Several thermochemical peseatments have been performed to finely adjust the
pore dimensions and distributions. Rogtdation is the favorite method. Chemical vapor
deposition (CVD), pospyrolysis and coating are also uged]. Postoxidation in air is
usually used to increase the pore volume, so the permeability can be in¢deths&tie
challenge is to maintain a high selectivity simultaneously. By combining these methods,
structure and separation performance can be tuned to a large extent. For epastple,
oxidation and chemical vapor deposition have been investigated extensively by Soffer et

al., and various protocols have been developed on cellulose derived CMS fibers for

specific gas pairp5).

2.3 Asymmetric hollow fiber membranes

2.3.1 Formabn of asymmetric hollow fiber membranes

The final membrane format of this research is asymmetric carbon hollow fiber. To
form asymmetric carbon hollow fiber membranes, the first step is to produce asymmetric
polymeric hollow fiber membranes. The secotepdss the pyrolysis of polymer fibers
while maintainingasymmetrichollow fiber morphology.

Asymmetric polymeric hollow fiber membranes are produced via getiyet
guench spinning proce$46-50], illustrated in Figure 2.8. The key spinning parameters
are listed in Table 2.1. During a spinning process, dope (polymer solution) and bore fluid
are coextruded from a $pitonerraantsedirtan a mma

aqgueous quemahenkatoh) .-j( & wWehtes tiedor ypr oduces t he
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while fhentiweét step forms the porous suppor
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Figure 2.8 Schematic of the dt/wetquench spinning process for asymmetric hollow
fiber membrane fabrication.

Table 2.1 Key parameters in a geg/wetquench hollow fiber spinning process

Dope composition Air gap height Quench bath temperatur,
Bore fluid composition Takeup rate Quench bath compositio
Dope/bore fluid flow rate Spinring temperature Humidity

The qualitative dope composition trajectories during a spinning process are shown
in Figure 2.9. Before spinning, the phase boundary (binodal line) is established. The dope
composition should sit in the one phase region ancedoghe binodal line for rapid
phase separation in the quench bath. In the air gap, due to the evaporation of volatile
components in the dope, the composition is driven to the vitrified region and the dense
skin layer is formed on the outer of fibers.the water quench bath, nsolvent water
diffuses into the polymer solution and induces phase separation. The polymer solution

precipitates in the water quench and gain mechanical strength. The porous support
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structure is formed during the phase separatep. In this way, a desirable asymmetric
morphology, a dense layer on top of a porous substructure, is formed.

The hollow fiber configuration is formed by the extrusion of a bore fluid along
with the dope. The bore fluid is a neutral fluid which occsi@pace and can be further

removed during solvent exchange and drying steps.

Substructure formation
during quench bath

Skin layer formation
during air gap

~~~>

& Binodalline

= H,O
Solvent Non-Solvent

Figure 2.9 Ternary phase diagram demonstrating asymmetric hollow fiber membrane
formation during a dryet/wetquench spinning process

During the pyrolysis step, besides nmatetransition from polymer into carbon, it
is also critical to maintain the asymmetric morphology. Unlike asymmetric polymeric
hollow fiber membranes, the morphology of CMS hollow fiber membranes has not been

well studied. Especially, considering the qaexity of asymmetric hollow fiber
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membranes, maintaining the asymmetric morphology can be very challenging. The
evolution of asymmetric hollow fiber morphology during pyrolysis is investigated

intensively in this research.

2.3.2 Considerations reqgardingymmetric hollow fiber properties

For asymmetric hollow fiber membranes, several properties are quite important
for realistic applications. The key factors are skin integrity, skin layer thickness,
substructure transport resistance and macroscopic pesper

Skin integrity is the most important property of asymmetric membranes. In
asymmetric membranes, only the thin separation layer is ideally responsible for
separations, while the majority of membrane structure only serves aseleative
support fundbn. Therefore, it is critical that the skin layer is defieee. In terms of
polymeric membranes, defeitee typically means that the selectivity of asymmetric
membrane is at least of 90% of the intrinsic dense film i@gle Defective fibers result
in ineffective separations. Considering the thickness of desired skin layer thickness (~100
nm), it is very challenging to develaptegral asymmetric hollow fiber membranes. In
the case of CMS hollow fiber membranes, few studies consider the-ttefegroperties.
There is also almost no study correlating the precursor eieéscproperties and resultant
carbon fiber performancén terms of skin integrity, in this research, it was found to be
important to form defeefree precursor polymer fibers, then maintain the integral skin
during intense hedteatment. In addition, establishing relationships between precursor
defectfree poperties and resultant carbon fiber performance is important to guide the

precursor fiber fabrication.
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Separation layer thickness is very important for the productivity of a membrane.
The main purpose of developing asymmetric membranes is to take adgavitéiye thin
separation layer thickness. The actual productivity of a membrane is represented by the
permeance, which is the permeability divided by effective membrane separation layer
thickness. As far as the skin layer is integral and ddfeet for he same material, a
thinner separation layer is always desirable. Currently, commercial membrane producers
can form nearly defedtee membranes with relatively thin skins (i.e., less than 100 nm)
[51]. The main challenge related to this research is to keep the thin separation layer
thickness after intense hea¢atment. This issue is discussed intensively in this research.

Substructure resistance is another property thaduld be considered in
asymmetric membrandd8, 51]. To illustrate the asymmetric membrane morphology in
detal, the membrane crossection is usually divided into three separate regions: the skin
layer, the transition layer and the porous underlying substructure. Ideally, permeation
should be dominated by the thin skin, with little or no contribution from the braame
substructure. If substructure resistance cannot be neglected, it may reduce both gas
permselectivities and gas permeances, especially when performing separations involving
fast gases such as,HHe and CQ@ In most cases of carbon membranes for leéiraffin
separations, substructure resistance could be considered as a secondary factor, but
attention should still be paid to ensure that this factor does not affect the performance.

The macroscopic properties of asymmetric hollow fiber membranes saisold
be considered. The outer diameter (OD) of hollow fibers relates to the packing density of
a hollow fiber module. Smaller diameter fibers are favored since they contribute more

surface area per module and withstand higher pre$2u&®]. Comparing to polymer

33



fibers, carbon fibers have higher pressure resistance due to the intrinsically higher
mechanical strength. Previous work in carbon holldvers demonstrated that pressure
resistance of carbon fiber up to 1000 [B]. Generally, ~200 micron outer diameter is
desired. Usually, the inner diameter is designed to be half of the outer didb#ter
Same undesirable macroscopic morphologies can jeopardize the mechanical strength of
hollow fibers. These phenomena include +woncentric bore, oval shape, and
macrovoids. Norconcentric bore is usually caused by the misalignment of the spinneret;
oval shapes caused by the insufficient phase separation in quench bath; the formation of
macrovoids is more complicated and is mainly related to the phase separation kinetics of
the nascent membrane and can be avoided by higher draw ratio or higher polymer
concentation [48, 53. In this research, these macroscopic properties are also considered
in the carbon fiber formThe resultant carbon fibers are tested under realistic conditions

similar to operations in an ethylene plant.
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CHAPTER 3

MATERIALS AND EXPERIMENTAL METHODS

This chapter describes the materials and experimental methods. First, the
polymers and gases used in this research are described; second, the membrane fabrication
procedures for both polymer and carbon membranesliacessed in detail; third, gas

permeation methods and other characterization techniques are presented.

3.1 Materials

3.1.1 Polymers

Polyimides are the primary precursor polymer materials for this research. Three

polyimides were studied extensively fasth polymer and carbon membrane fabrication

and characterization. Matrinfids a commercially available polyimide purchased from
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Figure 3.1Chemical structures dhreeprimaryprecursor polyimides: (a) Matrinfid (b)
6FDA/BPDA-DAM,; (c) 6FDA-DAM

Besides the threprimary polyimides, 6FDADAM/DABA (3:2) polyimide was
also considered as a crdsskable precursor. The structure of 6FEDMM/DABA (3:2)
is shown in Figure 3.2. Defefitee 6FDADAM/DABA (3:2) asymmetric hollow fiber

membranes were kindly provided by Qwi€hiang Cherjl].
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Figure 3.2 Chemical structure of 6FEEZAM/DABA (3:2) polyimide

3.1.2 Gases

Gases were mainly used for permeation tests. Some gases weas psgde gas
for pyrolysis. All pure gases (He,,ON,, CH;, CO,, Argon, GHa, GHgs, CsHg, CsHs)
were purchased from Airgas. Argon gas with

Praxair. GH4/C,Hs and GHg/C3Hg gas mixtures were purchased from Praxair.

3.2 Membrane formation

Membrane formation in this research includes the formation of polymer

membranes and subsequent pyrolysis step for producing carbon membranes.

3.2.1 Formation of asymmetric polymeric hollow fiber membranes

The membrane formats reknt to this research are flat sheet dense film and
asymmetric hollow fiber. Research on flat sheet dense film membranes was used to
explore the fundamentals of CMS membranes and this work was performed by my
collaborator Meha Rung{&]. Homogeneous polymeric dense films were formed using a

solution casting method. The preparation procedure of film casting was described in
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previous work[3-6]. The primary membrane format in this research is the more
applicable hollow fiber membrane and is described in details.

Asymmetric hollow fiber spinning is a very complex process. One spinning trial
usually takes weeks and many variables in thecgs® may affect the membrane
properties. The spinning process is divided into the sections below for further discussion:

(1) dope formulation; (2) asymmetric hollow fiber spinning.

3.2.1.1 Dope formulation

Dope composition is usually regarded as the mmgtortant variable for the
solution spinning procedq, 7-10]. The dope typically consists of the polymer, sotsen
and nonrsolvents. The purpose for adding memivents in the dope is to achieve fast
phase separation in the water quench bath. One guideline for choosing solvents-and non
solvents is the water miscibility, since water is the preferred quench bathnmeéddiP
(N-methylpyrrolidone) was chosen as the +voatile solvent due to its strong interaction
with the polymer, miscibility with water, and it is relatively benign from a health
standpoint. THF (tetrahydrofuran) was chosen as the volatile solvergiso slsn layer
formation. Ethanol was chosen as a #solvent. Compared to the strong rswivent
water, ethanol is regarded as a weak-solvent that allows a big window for tuning
dope formulation. In addition, the high volatility of ethanol also &sglse skin layer
formation in the air gap. LiNgXlithium nitrate) was sometimes added as an additive to
assist phase separation and also build up viscosity.

Considerations of a good dope include

free skin fomation. Sufficient viscosity is the first factor required for a successful
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spinning. Polymer molecular weight and polymer concentration are the dominant
parameters for sufficient viscosity that allows polymer extrusion and takiras fibers.
Ternary phas diagrams are constructed via the cloud point techrjiyu®. At a fixed
polymer concentration, a series of doggmples with increasing naolvent amounts
(and accordingly decreasing solvents amount) were made. With increashsglvent
amount, the dope changes from guiase into twgphase. The compositions on the phase
boundary ar e cal | eskpdntsltogether fopnathe hinhosab line. Bhe d
dope composition should sit in the eplease region and be close to the binodal line. The
formulation together with spinning conditions should drive the dope composition to the
vitrified region, rapidly withat crossing the twghase region (entering the typbase
region may introduce defects in the skin layer). To achieve the optimum composition, the

dope formulation step may be iterated based on the performance of resultant fibers.

3.2.1.2 Asymmetric hollofiber spinning

Asymmetric hollow fiber membranes were formed via a-jdtiwetquench
spinning process. Schematic of the spinning setup is described in FigurelBeP
powder was first dried in a vacuum oven at 110 € overnight to remove moisture and
residual organics. A spinning dope was then made in a Jogass bottle sealed with a
Teflon® cap and dissolved by placing on a roller at room temperabamaetimes, heat
was applied to assist the dope mixing in some extremely viscous dopes.thedope
was homogeneous based on visual inspection (usually several days), it was loaded into a
500-mL syringe pump (ISCO Inc., Lincoln, NE) and allowed to dega®vernight.

Sometimes, a moderate temperature (i.e.°Gp was applied to facilitate the degas
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processBore fluid was loaded into a separate 10D syringe pump. The dope and bore

fluid were then ceextruded through a spinneret. Both the dope and the bore fluid were
filtered inline between the delivery pumps and the spinneret. Temperature cwsagol
applied for the spinning process. Thermocouples were placed on the spinneret, the dope
filter and the dope pump. After passing through an air gap, the nascent membrane was
immersed into a water quench haffthe phasaseparated fibeline was collectecbn a

0.32 m diameter rotating polyethylene cylinder after passing over Pegjoides.The

rotating speed of the takg drum is adjustable and can be used to control the draw ratio
and fiber sizeOnce cut from the takep drum, the fibers were rinsed &t least four
separate water baths over a course of 48 hrs. The fibers were then solvent exchanged in
glass containers with three separate 20 min methanol baths followed by 3 separate 20 min

hexane baths and dried under vacuum/&tC for ~3 hrs.

3.2.2Pyrolysis

3.2.2.1 Pyrolysis setup

The pyrolysis setup was similar to previously reported sys{@n6, 11, 12];
however, some modifications were made to achieve a better control of pyrolysis
parametersThe schematic othe pyrolysis setup is shown in Figure 3.A. 3-zore
furnace (Thermcraft, Inc., model XS¥F0-24-3C, WinstonSalem, NC) was well
controlled by a multchannel temperature contiei (Omega Engineering, Inc., model
CN1504TC, Stamford, CT). With 3 thermocouples independently connected to 3
channels of the cdroller, the temperaturdistributioninside the quartz tube (National

Scientific Company, GE Type 214 quartz tubing, Quakertown, Wds) quite uniform.
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Sealing of the quartz tube was insured by an assembly of a metal flange with silicon O
rings (MTI Corpration, Richmond, CA), which was applied to both ends of the quartz
tube. The furnace can be operated under vacuum or inert gas purgeFmodacuum
pyrolysis, avacuum pumgRV3 Vacuum PumpEdwardsltd.) was equipped to evacuate

the systemand the vasum levelwas monitored by a-Q0000 mtorr range pressure
transducer (MKS, model 628 Absolute Capacitance Manometer, Andover RdAnert

gas purge pyrolysign oxygen sensor (Rapidox 21@3mbridge Sensotec Ltd, Ykvas

used tamonitorthe oxygen leven the tube throughout the pyrolysis process.

Pressure Transducer -@ Temperature
© Quartz = ; ~-__ Controller 0, Sensor
Ttibe A
— —
Inert Gas Vacuum
Three-zone Furnace Pump

Figure 3.3 Schematic tfie pyrolysis setup

3.2.2.2 Pyrolysis protocol

The pyrolysis processes for dense film and hollow fibexe quite similar, except
that a quartz plate with 2 mm deep and 2 mm wiloe(United Silica Products, Franklin,
NJ)was used as the support for films and a stainless steel wire meg@Wigléaster Carr,
Robbinsville, NJ was used ashe support for hollow fibes. The hollow fibers on the
mesh platevere bound separately within wires.

The pyrolysis atmosphere was eitliadervacuum or inert gas purgsametimes
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containing trace amount of oxygeknder vacuum operationthe system was evacuated

until the vacuum level in the quartz tube reached steady state. Usualipcthen level
monitored was between 5 mtdrrl5 mtorr.In the case of inert gas (or inert gas with
trace amount of oxygen) purge operations, the purge gas was controlled at a 200 sccm
purge rate for most pyrolysis. The oxygen level in the pyrolysis tulseewsured to be
stable and close to the cylinder value before launching the heating prdtbeahitial

purge mostly took more than 6 hours. In the case of low oxygen lexelJHP argon

purge pyrolysisit took more purge time to reach the steadjes@xygen level inside the

tube was monitored throughout the pyrolysis process.

After the vacuum level or the oxygen level in the tube was stable, the heating
protocol was launched. The pyrolysis temperature was betwediC%0@ 800C. Most
heating potocols were modified based on a typical 580protocol used previously in
Koros Research Grougnd found to be desirabl&@emperature protocols A1 and A2 in
Tables 3.1 and 3.2 were the mostly used ores. Matrimid® pyrolysis, in the
investigaton ofthe effect of pyrolysis temperatynerotocol A1 was used for 50C and
550 °C pyrolysis and protocol A2 was used for pyrolysis temperatures abovéC550

These protocols feature slow ramp towards the final pyrolysis temperature

Table3.1 Pyrolysistempeaatureprotocol Al

Start temperature (C) End temperature (€) Ramp rate (C/min)

Step 1 50 250 13.3
Step 2 250 Trmax15 3.85
Step 3 Tmax15 Trmax 0.25
Step 4 Tmax Tmax Soak for 2 hrs
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Table3.2 Pyrolysistemperaturgrotocol A2

Start temperatur@C)  End temperature (€) Ramp rate (€/min)

Step 1 50 250 13.3
Step 2 250 535 3.85
Step 3 535 550 0.25
Step 4 550 Tmax15 3.85
Step 5 Tmax15 Trax 0.25
Step 6 Tmax Tmax Soak for 2 hrs

For Matrimid® hollow fiber pyrolysis, anothe875 € temperatire protocol(also
referred as 675C, 10 min protocolwith short soak time was developed. The shorter
ramp time and thermal soak time was used to increase the permeance of MaZitsid

hollow fiber.

Table 33 Pyrolysis temperature protocol B: a 675 €mperature protocol with short
soak time for the pyrolysis of hollow fibers

Start temperature (C) End temperature (C) Ramp rate (€/min)

Step 1 50 600 10
Step 2 600 675 2
Step 3 675 675 Soak for 10 min

Since the temperature protocol A2 in Tat8.2 contains the complete typical
550 € temperature protocgl the ramp step of the protocol islatively long. For
pyrolysis temperature above 5%D, protocol Al(listed in Table 3.1)gnoring the 55GC
pointwas frequently used in later experiments.

After the heating cycle was complete, the furnace was allowed to cool down

naturally to below 50 € before venting and unloading samples. After each pyrolysis, the
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guartz tube an@ire meshplate were rinsednd brusheavith acetone and then baked in

airat 800 € for 2 hrs in order to remove deposited materials.

3.2.3 Hollow fiber module formation

Hollow fibers were potted into labcale membrane module for permeation tests.
A typical moduleis shown in Figure 3.4. The detlprotocol for modulanaking was
documented previously8, 12]. The number of fibers required for a membrane module
was determined by the menare transport properties and testing protocol. For fibers
with slow permeation rates, multiple fibers were required to build up the flux for testing.
Mostly, due to the difficultyof carbon fiber formation, singieber module for carbon

fiber weremostlyused.Multiple-fiber modules (up to 25 fibers) wrealso constructed.

hollow fibers hollow fibers

active membrane length

Figure 3.4 Schematic aflab-scale hollow fibemembrananodule

3.3 Membrane characterization

3.3.1 Pure gas permeation

Permeation tests for precursor fibewvere mostly performed with a constant
pressure system, whickas described in previous wofR, 10]. The measurements were
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takenat 35 € using a feed on the bore side of the fiber at nominally 100 psig with
permeate at atmospheric pressure. Bubble flowmeters were used to measure gas
permeation rateThe 100 psig feed pressure was only applied for gases without
plasticization effet; i.e., Q, Np, He. In the case of feed gases that may plasticize
asymmetric polymer membranes, i.e., £@H4, CHs, CsHs, CiHg, the feed gas
pressure was controlled atelativelylow level (1~2 atmospher pressure) to avoid any
changes that may occto the membrane material. For some fibers with low permeation
flux, a constant volume permeation system was used to measure the gas permeation.
Some fibers were measured in both systems and the results were very consistent (<5%
deviation).

For CMS holbw fiber, a constant pressure permeation system was used as well
if the permeation rate was high. In most casegrstant volume permeation system was
used, which was similao the concept omostdense film testand similar procedures
were also applig[13, 14]. After evacuation of both upstream and downstrdaak test
was performed to make sure the leak rate less than 1% of the permeation rate. After
the leak rate was ensured at a low letred, shell side fomodule was exposed teed gas
at desired feed pressure (mostly 100 psi in this reseavbiig the bore side pressure rise
was monitored by a pressuteansducer (MKS, Model 127AA, Andover, MA) and
recorded by Labview (National Instruments, Austin, TKhe rate of pressure rise was

used to calculate permeance of fibers.

3.3.2 Mixed gas permeation test

Mixed gas permeation test were used to evaluat®brene performance under
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realistic conditions. In this research, ethylene/ethane mixed gas permeation test was the
most investigated one. Constant volume permeation systems were Msred gas
permeation was performed with 63.2 mol% ethylene/ 36.8 mdiifgne mixture, which

was close to the industrial feed composition. Similar to the pure gas tests, feed was
introduced at shell side of the hollow fiber module and permeate was collected at bore
side. The stage cut (ratio of permeate flow rate to feed f&d@) was maintained less

than 1% to avoid concentration polarization. The selectivity was calculated from the GC
(gas chromatography) analysis of permeate composition, while permeance was obtained
from the pressure rise the downstream. Steady statesmMasured by multiple analyses

of permeate composition with GC as well as time lag chBaked on the pressure rise

rate on the permeate side, an overall permeation rate was obtained. The downstream
mixture composition analyzed by GC was used to splipémmeation rate into individual
components. The driving force for each component was calculated by the partial pressure
difference between upstream and downstream.

Multi-component olefin/paraffin mixed gas permeatiees performed in a Dow
laboratory ly Mark Brayden and Gregory Barbay. Multiple feed pressure and testing
temperatures were used. In one case, for some specific membrane module, due to flow
requirement of downstream side mass flowmeter, 30 psig argon was used as permeate
sweep and again gatiromatography was used to analyze the permeate composition. In
another particular case, the membrane test was performed at cryogenic conditigns (0
to simulate the realistic industrial conditions. Details about testing conditions are

described in eactest.
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3.3.3 Other characterization technigues

3.3.3.1Scanning electron microscopy

Scanning electron microscopy (SEM) was used to characterize the morphology of
precursor and CMS hollow fiber membranes. The LEO 1530 and LEO SEBDwere
equipped witha thermally assisted field emission gun, #émeloperation voltage was 10
kV. For polymeric fibers, the fibers were soaked in hexane and then shear fractured in
liquid nitrogen using tweezers to preserve the morphology of hollow fiber-seas®ns.

For arbon fibers, the hexane and liquid nitrogen soaking steps were not perfédined.

fibers were coated with gold before SEM examinations.

3.3.3.2Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to analyze the-glabs
transition of polymer samples. The measurement was performed on a TA Q200
instrument. A heatookheat protocol with 16C/min heating and coolingate was used.
Transition in the second heat steas usedto analyz the glassrubber transition

temperatee.

3.3.3.3Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was used to analyze the rigidity of
polymes. Thin dense filmspreparedby solution casting, were used for analysis. The
films were cut into rectangular geometry for experimente &nalysis was performed
using a TA Q800 DMA instrument. Storage modulus and loss modulus were measured in
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temperature sweep mode (1 HZGmin).

3.3.3.4 Gel permeation chromatography

Molecular weight (M) and polydispersity (PDI) of polymer samplesere
analyzed by using gel permeation chromatography (GPC) by American Polymer
Standards Corporation (Mentor, OH). The samples were dissolved in THF at 1 mg/mL
concentration. Polystyrene standards were used for calibration. Some GPC results were

also provikd byAkr on Pol ymer Syst ems, Il nc.

3.3.3.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted on a thermogravimetric

analyzer (Q5000, TA Instruments) at a heating rate CIfin under nitrogen purge.

3.3.36 X-ray photoelectrorspectroscopy

X-ray photoelectron spectroscopy (XPS) was performed ®heamo KAlpha

XPS systemThe analysis provided elemental information of samples.

3.3.37 Raman spectroscopy

Raman spectroscopy for carbon samples was performedrbarmo Scientit*
Nicolet Almega XR Micro and Macro Raman Analysis Systéinwas used to analyze

carbon structures.
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CHAPTER 4
FORMATION OF ASYMMETRIC POLYMERIC PRECURSOR

HOLLOW FIBER MEMBRANES

Chapter 1 describes the need rfobust high performance carbon molecular sieve
hollow fiber membranes for olefin/paraffin separasioBhapter 2 and 3 follow up with
theory and background ofag transport in membranesxperimental protocols of
membrane fabrication and characterization. To form CMS hollow fiber membranes, the
first step is to spin asymmetric precursor hollow fiber membrakhégy challenge is to
produce defeetree asymmetridiollow fiber membranes. In this chapter, the details of
developing suchasymmetric hollowfiber membranes are described. The analyses of
asymmetrichollow fiber structure and transport perties are also discussed in detail
The precursor fibers developadthis chaptemareused for subsequent pyrolysis studies

in following chapters

4.1 Overview of defectfree asymmetric fiber spinning

In the background, it was noted that asymmetric hollow fiber membrane is the
desired membrane format for large scale gaparations. In order to achieve effective
separations of gas molecules with guigstrom size difference, the defdote skin
layer is regarded as a critical feature of asymmetric hollow fiber membranes. In the
current industrial scale membrane fabtima, nearly defeefree membranes can be
formed. Usually, a caulking step (or-salled silicon rubber podteatment) is applied to

caulk pinhole defects in the skin layer and has been proved to be effective. However, the
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caulked membranes may not beb#taunder aggressive feed conditions. In general, we
found it to be desirable to form defdote asymmetric hollow fiber membranes with thin
skin layer thickness. Before this study, the impact of precursor eedecproperties on
CMS membrane performamcwas not clear. Defects in the skin layer introduce an
undesirable additional variable for the carbon membrane fabrication, so, to simplify the
complexity of carbon membrane formation, it is wise to work with ddfeet polymeric
fibers for pyrolysis. Afer bench marking with defeétee precursor fibers, the effect of
defectfree properties on CMS membrane performance can be investigated by
incorporating partially defective precursor fibers.

Defectfree asymmetric fiber spinning is very challenging, d@nsl truly amazing
that such a thin defeftee layer can be formed on top of the porous support structure
during the higkspeed dnjet/wetquench spinning. Pores of ~A6wide in the skin layer
exceeding area fractions of one in one million will rertierentire membrane ineffective
[1], thereby making the requirement for skin integrity of asymmetric membranes
challenging, indeedLack of a comprehensive theoretical framework for this complex
process introduces the need for systematic art development to achieve the most desirable
precursor morphology. Usually, it takes several iterations for developing desired defect
free asymmetc hollow fiber membranes, and so far, only a few polymers have currently
been spun into defeftee asymmetric hollow fiber membranes.

Three polyimides (Matrimi8i, 6FDA-DAM and 6FDA/BPDADAM) are the
primary precursor polyimides in this research. Matifnis a commercially available
polyimide and has been investigated extensively. Défeet asymmetric Matrimid

hollow fiber spinning has been reported by Clausi and Koros. So far, no-ftetect
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6FDA-DAM and 6FDA/BPDADAM asymmetric hollow fiber membrasehave been
reported. In the following sections, deféate fiber spinning of each polymer is

described in detail.

4.2 Asymmetric Matrimid ® hollow fiber membrane spinning

4.2.1 Review of Matrimifl spinning

Since defecfree asymmetric Matrimi¥ hollow fiber membrane has been
reported previously, the current research is based on the previous dope composition and
spinning conditions. While the chemical structure of Matrfimi@mains the same,
molecular weight (M) and polydispersity index (PDI) of the paoler still vary from
batch to batch and bring extra challenges into hollow fiber spinning. This fact means that
the Matrimid® fiber spinning presented here is a typical example that can provide a
starting point to tune, based on specific differences irhitatbatch samples.

Clausi and Koros reported the detéete Matrimid® fiber spinning for the first
time [2], and Grruthers and Koros investigated the details of integral skin layer
formation of Matrimi® hollow fiber membraneg1]. The first sudy proposed an
excellent dope formulation, and the second study verified the viability the proposed
conditions. The reported Matrinfichollow fiber had the same selectivity as the dense
film, while the thinnest defedtee skin layer was only ~100 nm tkicThe dope

composition and spinning conditions are listed in Tables 4.1 and 4.2, respectively.
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Table 4.1 Dopeompositionof defectfree asymmetridviatrimid® hollow fiber spinning

[2]

Component wt%
Matrimid® 26.2
NMP 53
THF 5.9
Ethanol 14.9

Table 42 Spinning conditions for defectfree asymmetricMatrimid® hollow fiber
membrane$2]

Spinning parameter Value
Dope flow rate 180 mL/hr
Bore fluid flow rate 60 mL/hr
Bore fluid composition 96 wt%/4 wt% NMP/H,O
Takeup rate 50 m/min
Quench bath temperature 25°C
Spinneret temperature 50°C
Air gap height 2.518.5cm

To verify the defecfree properties, &N, selectivity is commonly used due to its
low degree of interaction with polymer materials. For defes fibes, He/N selectivity
is commonly used to evaluate the substructure resistance. Therefore, these two gas pairs
are important for examining precursor hollow fiber membrane properties. The intrinsic

gas transport properties for most common gases in Maftian@listed in Table 4.3.
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Table 4.3 Gas transpgrtopertiesn Matrimid® membranest 35°C

Permeability (Barrer) Selectivity
Material O, CHs CO, CiHs He
Oo 24 2 Lale HE
O CHa CO GHe He ' CHe CHs CaHs N,
Matrimid® 20 045 99 01 23 6.7 45 36 10 122

Pure gas feed, <100 psizHs andCsHg datawere cited from previous woii3]

4.2.2 Fiber spinning initial trials

The conditions mentioned above had been used over gast in Koros Research
Group, and were found to be quite desirable. At the beginning of this research, the

previous batch of Matrimfipolyimide was consumed, and a new batch of polymer was

purchased frotdunt s man | nt.erinmmtomndarn-f teeCsfpii merd eff e
new pol ymer batch, a ternary phase diagra
behavior of this new polymer batch. The p

NMP or 50 wt %/ 50 wt % NMP/ THF as zseod vieompe s
composition reported used 902.wtl%/ o0 dwetr% tMNN
identi fy tvhieorphaisne tbheihsa research, 90 wt %/ 1
construct the ternary phase diagram, as s|
di agram, the spinning dope compmpladsae omedila
and was veeybithodeael2B8wt tcdd( Dhéyence) . Thi s

dope formulation is also suitable for this
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Figure 4.1 Ternary phase diagram of Matrifhi®pen circle: compositions on the phase
boundary; solid circle: spinning dope composition

The first several spinning trials ai med
Table 4. 2. Al | the spinning conditions we
pol ymer batch, the resultant fiber dewdre d
O/ Nselectivity was around 6. 7, while these
idea value. SEM was wused to investigate t
Matrimid® ho!l | ow fi ber . Durissgi hhengppnaoctagsiamg
observation, It was found that some of the
round shape. The fiber shape was confirmed
|l ayer of the asymmetric holl ow fiwaesr veee mbr
clear that a dense | ayer sat on the top o
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skin |l ayer formation was not totally bad,

compromi sed the overall setb@dati vheyphbbe o
in the water quench bath was too sl ow. Whe
the water quench bat h, Il nsufficient mechan

shape, and the fAshapmalcloldeafpescetos many tah es os kci

Figure 4.2 SEM picture of the cressction of a Matrimi fiber from the first spinning
trials
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Figure 4.3 SEM picture of the skin layer of a Matrifhiiber from the first spinning
trials

Whil e the &afnedtasyeirn ctamemod be Avisuall.y
technol ogy, the observation of t he macr O S
becomes very important, since, someti mes,
the microscopgic skin integri

Besides polymer properties, the phase s
of -sohvent water into the spinning dope an:
dope to the quench bath. The visiceosphgsef
separation. The mass transfer coefficient
pol ymer [4s5) | ustoi oni gh dope viscosity may cau
Viscosity measur emdrhte wdgd a@ardr ineedw opliod yfmeerr

resatsthown in Figure 4.4. The compoegi ason o
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t herisopri nni png acddwas found that the new pol
Vi scodiitsy.di scovery indicated that the ma:
increased Vviscosity. Whtaitrimie® ptoH e/ i enfh @ ®mi o &@Ima § t

sameproperties such as molecul ar weight an

rol e. Gel per meation chromatography (GPC)
and PDI . The results are shown in Table 4.
wehuyg, thereby explaining the higher visco:

pol ymer.
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Figure 4.4 Comparison of viscosity of spinning dopes made from old and new M&trimid
batches (50C)
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Table 4.4 GPQesultsof the old and new Matrimftbatches

Batch My (Da)  PDI(Mw/Mp)
Old 63600 3.79
New 72500 4.12

Resultsprovided byAmerican Polymer Standards Corporation

4.2.3 Defectree fiber spinning

The strategy forfmeei hgpbéowapdndiehegctvit
batch was te @mphazeé¢é esaepar athi on rate with t
Therefore, the dope formulation was Kkept 1
adjusted to meet the challenge of phase se
the spinnereas tiemtpreaaast’@d €d @B 0i~l60or der to
increase t hseolsveelnte ndwd maomati on in the air
formation; (2) the water gquencHC btac’@+ 50 mpe
in order to tmamefasre 1 &otee masswater bath an
rat e; ()p trlmd et awvkaess decr eas3®® nmMm/rmimm ,5 0i nm/ ami
increase the residenti al time of spinning
stress wlwas ghéedednéy the guiding roll
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Figure 4.5 SEM picture of the cressction of a defedree Matrimih o | | ow f i ber
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Figure 4.6 SEM picture of the skin layer of a deferee MatrimiPh o | | ow f i ber

4.3 Asymmetric hollow fiber membrane spinning from 6FDADAM and

6FDA/BPDA-DAM polyimides

4.3.1 Properties of 6FDAolymers

Due to the high rigidity and versatility of monomer dwes, 6FDAbased
polyimides are of great interest in membrane materials research. Unlike the commercially
available Matrimi@, 6FDA-polymers are currently primarily ihouse synthesized. The
batch size of synthesis, control of polymer molecular weight anteaular weight
distribution remain as issues for consistentdable hollow fiber spinning. So far, no
polymeric membranes based on 6Fpédlymers have been commercialized.

Several attempts in defeftee fiber spinning have been performed by previous

65



researchers on 6FDAolymers. Wallace started the exploration of asymmetric hollow
fiber membrane formation based on 6FDAM/DABA (4:1) polyimide [6]. Omole
formed defecfree PDMC (1,3proparediol monoesterified crodmkable) (3:2)
polyimide asymmetric hollow fiber membranggd. Chen successfully spun defdécte
asymmetric 6FDADAM/DABA (3:2) polyimide hollow fiber membrane$8]. Liu
explored dualayer fiber spinning of 6FDAAM polyimide on a cellulose acetate
support; however, the attempt was not quite successful in terms of-fieeeckin
formation [9]. 6FDA/BPDADAM fiber spinning has been studied by Weinbgig];
however, no defedree asymmetric fiber formation was reported. In addition, dimethyl
sulfoxide (DMSQO) was used as one of the solvents, and the skin permeability of DMSO
to human health made the previous process vaefgvarable. Therefore, 6FDRAM

and 6FDA/BPDADAM were two quite new polyimides for defeftee asymmetric

hollow fiber membrane formation.

A key property of 6FDAp ol ymer s i s that they appear

than Matrimi®p ol yi mi dephTheé i thyygovoterm here does

dropl et contact angle on polymer fil ms.
polymer means the binodal line is closer to the-solwents angle, which means more
nonsolvents are required fophase separation on the same level of polymer
concentration. This has been demonstrated by Wallace by comparing - 6FDA
DAM/DABA (4:1) polyimide and Matrimi®. Therefore, attention must be paid for the
slow phase separation problem. In order to achieve mirffiphase separation in the
water quench bath, dope formulation is the primary variable and spinning conditions are

secondary factors to consider.
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In past research, the low molecular weight of synthesized polymer appeared to be
a problem for fiber spinnon[11], and higher molecular weight were needed to provide
sufficient viscosity for a spinnable dope. In this research, for both éBBM and
6FDA/BPDA-DAM, the quality d¢ polymer was excellent for hollow fiber spinning. The

GPC results of polymers used in this research are shown in Table 4.5.

Table 4.5 GPC results of 6FDBAM and 6FDA/BPDADAM polymers

Polymer Batch Mw (kDa) PDI (MW/My)
1 526 2.29
6FDA-DAM
2 165 1.92
1 160 1.85
6FDA/BPDA-DAM
2 117 2.51
Results providedbp k r on Pol ymer Systems, Il nc.

Gas transport properties in 6FEIMAM and 6FDA/BPDADAM dense film

membranes were first determined, as shown in Table 4.6.

Table 4.6 Gas transpgtopertiesn 6FDA-DAM and 6FDA/BPDADAM membranest
35°C

Permeability (Barrer) Selectivity
Material O C-H CO, CsH
O LoHs LU, LgHg
O CHs CO GCeHe ' CH, CH,¢ CiHe
6FDA-DAM 135 64 817 15.7 3.5 30 176 124

6FDA/BPDA-DAM 64 46 309 11.8 4.1 3.3 22 13

Pure gadeed, <100 psi; 6FDA/BPDAAM CO,, CH,, CsHg and C3Hg datawere cited
from St e[8]) 66BADMb C3Kg andCsHg datawer e ci ted from Ch
[12]
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4.3.2 6FDADAM fiber spinning

4.3.2.1 6FDADAM fiber spinning 1% attempt

For the ' 6FDA-DAM fiber spinning, a similar solvent system to that used for
Matrimid® spinning was used. NMP was used as thevwatile solvent, THF was used
as the volatile solvent, and ethanol was used as the volatilesatment. The polymer
used was Batch 1 6FDBAM listed in Table 4.5.

This work aims to develop an efficient approach to spin asymmetric hollow fiber
membranes. Thdirst step is to determine the polymer concentration based on the
viscosity of dope. The guideline is to achieve sufficient viscosity for spinnability. In this
system, viscosity is mostly determined by the polymer concentration. A high
concentration is pferred for the skin layer formation. However, at high polymer
concentration, it may take very long time for dope mixing or sometimes the polymer can
even not be dissolved. Therefore, the strategy is to find a high polymer concentration that
can also be halted efficiently. Experimentally, this objective was achieved by using a
series of dopes with polymer dissolved in NMP only. The optimum polymer
concentration was empirically decided by observing the homogeneity and viscosity of
polymer dopes. A 22 wt% 6FDDAM dope was found to be a reasonable polymer
concentration.

The second step required determination of optimum levels of solvents and non
solvent. This requires a ternary phase diagram. To simply the phase diagram construction,
the volatile solvent THRvas first fixed at 10 wt% and was found to be desirable based on
previous work[13]. Altering the ratio of solvent NMiR-ethanol finalized the phase

boundary.The resultant ternary phase diagram is shown in Figure 4.7.
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Figure 4.7 Ternary phase diagram of 6FDAM (without LINO3z). Open circle:
compositions on the phase boundary; solid circle: spinning dope composition

Based on the above assessment of spintalaihd phase behavior, the dope
composition for the 3l 6FDA-DAM spinning was determined, as shown in Table 4.7 and
the dope composition relative to the phase boundary is shown in Figure 4.7.
The spinning conditions are listed in Table 4.8. In ordee&pkhe neutral nature
of the bore fluid, the bore fluid composition was adjusted to 80 wt% NMP/20 Ms@%
as compared to 96t% NMP/4 wit% H,O for Matrimid®. A high spinneret temperature
(70 °C) was used to accelerate the evaporations of volatilasnokt states, 58C water
guench temperature was used to accelerate phase separation. During spinning, it was
observed that a fast takg rate (> 10 m/min) caused the fiber wall collapse at the first

Teflon guide. This was caused by the insufficient phasparation. The mechanical
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strength of the fiber was insufficient to maintain the shape of fibers. To reduce the stress,
a slow takeup rate (5 m/min) was used for spinning. Also, the ratio of dope flow rate to
bore fluid flow rate was adjusted to 1:t,arder to create a large bore and thin fiber wall.
Even at very low dope flow rate (50 mL/hr), the spinning line was still quite stable and
uniform fiber size was obtained. The solvent exchange and drying protocols were the

same ad/atrimid® spinning.

Table 47 Dopecompositionof 6FDA-DAM hollow fiber spinning(1* attempt)

Component wt%
6FDA-DAM 22
NMP 43
THF 10
Ethanol 25

Table 48 Spinningconditionsfor 6FDA-DAM hollow fiber membranes {iattempt)

Spinning parameter Value
Dopeand bore fluil flow rate 50/50, 75/75,150/15eL/hr
Bore fluid composition 80 wtte/20 wite NMP/H,O
Takeup rate 5 m/min
Quench bath temperature 20, 50°C
Spinneret temperature 70°C
Air gap height 5-30cm

SEM pictures of one spinning state are shown in FigureHg8ire 4.8 (a) shows
the overall crossection of a hollow fiber; Figure 4.8 (b) shows the morphology of the
fiber wall; Figure 4.8 (c) shows the skin layer of the fiber. Overall, the macroscopic

properties were reasonable. In this particular stateskineayer thickness was more than
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2 pn from the SEM observation, and this was further verified by the gas permeation

measurement.

(a) Crosssection
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(c) Skin layer

Figure 4.8 SEM picture of the skin layer of a 6FDAM hollow fiber (1*' spinning,
without LINO3)
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Gas permeation experiments were used to evaluate the-ttefegiroperties of
the resultant hollow fiber membranes. All 6 spinning states were dedectbased on
O./N, permeation results. While the intrinsic 6FEDMM O,/N, selectivity is 3.5, all
fibers showed the &N, selectivity of 3.43.6. The skin layer thickness ranged from 0.85
pm to 3.3 pum, based on nitrogen permeation results. Table 4.9 shows the permeation
results of a typical spinning state. Selectivity of adl gas pairs testd®,/N,, C;H4/CoHe,
CO,/CH,4, He/N,, n-butane/isebutane)matched the intrinsic dense film values very well.
6FDA-DAM polyimide was reported to be ideal for butane isomers separfdihii5],
and this is the first repodf defectfree asymmetric 6FDAAM fibers which are able to
separate the very challengingbaotane and isbutane mixtureThis extends the gas
separation application of polymer membranes from small gas molecules to the relatively

large molecules such as butane isomers.

Table 49 Comparisonof 6FDA-DAM polymer fiber performance with intrinsic dense
film transport properties

Ubanz  Uezraczns Ueozica Uhiemz  Uheasica
Film 3.5 3 17.6 9.7 21

Fiber 3.5 3 17.1 10 20
Pure gas permeation test; 15 psi feed@%esting temperature except 1Wfor C4s;

Air gap height is very important for skin layer development. The easipar of
volatiles in the air gap drives the dope composition to the vitrified region and thus forms
the skin layer. The longer the residence time in the air gap, the thicker the resultant skin
layer. The effect of air gap height on 6FI¥M skin layer thtkness is shown in Figure
4.9. The spinning conditions for the three spinning states only differ in the air gap height.
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For all three spinning states, the dope and bore fluid flow rates were 75 mL/hr, and a

linear relationship is obvious in the plot.
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Figure 4.9 Effect of air gap height on 6FEIAM fiber skin thickness

The effect of water quench temperature was also evaluated in this study. The
comparison was between 20 and 50°C while all other conditions were kept the same.
In the case of low tengpature water quench, the estimated skin layer thickness was 37%
thicker, possibly due to further skin layer development caused by the slower phase
separation in the water quench.

The ' attempt of 6FDADAM fiber spinning was very successful in terms of
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defectfree membrane formation. There were also some issues that could be improved.
The major issue was the slow talge rate. As a result, the fiber size was relatively large
compared to industrial gas separation hollow fibers. Additionally, the skem tayld be

further minimized in order to increase the productivity of the membranes.

4.3.2.2 6FDADAM fiber spinning 2" attempt

The second attempt aimed to evaluate the effect of polydispersity on-fileéect
asymmetric hollow fiber membrane formatioEven with the same chemical structure,
polymers may have significant difference due to their molecular weight and molecular
weight distribution. Empirically, narrow molecular weight distribution or low PDI value
is desired for asymmetric hollow fiber mérane spinning, which presents some
challenges for polymer synthesis. This study attempted to spin @AM with high
PDI.

Batch 1 and 2 were blended into 50 wt%/50 wt%. GPC results showed the
blended polymer had |ylof 332 kDa and PDI of 7.25. The PDllva was quite high as
compared to most reported values in previous studies. The dope composition and
spinning conditions in the®lattempt were used, in order to keep the polymer as the only
variable during this investigation.

Permeation results showedattthe polymer fibers formed from this study were
also defecfree. The Q/N, selectivity was consistent with the dense film value. This
study revealed that at some point, if the average molecular weight of a polymer was
sufficiently high, even with a PDat about 7, it was still possible to form deféete

asymmetric hollow fiber membranes. Of course, a low PDI is still desired if the
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molecular weight distribution can be controlled during polymer synthesis.

4.3.2.3 6FDADAM fiber spinning 3 attempt

This spinning aimed to solve the issues found in theFDA-DAM spinning: (1)
increase the phase separation rate and thus speed up the taite and reduce the fiber
size; (2) decrease the skin layer thickness.

In the dope formulation, lithium nitratgas introduced as an additive for assisting
phase separation. Lithium nitrate complexes solvent NMP molecules in the dope. When
water quench occurs, the complex dissociates and phased separation is accelerated.
Lithium nitrate in the dope has other rokes well: (1) it acts as a neolvent, so the
ethanol content may be reduced in order to keep the dope-phase region; (2) it also
increases the dope viscosity significantly, so the polymer concentration may be reduced
in order to achieve easy procaissity. 6.5 wt% lithium nitrate has been used by several
researchers in the pdst 13|, therefore, this concemattion was also chosen in this study.

The phase diagram (with LiNgDis shown in Figure 4.10. While constructing the phase
diagram, LINQ and THF amounts were fixed at 6.5 wt% and 10 wt%, respectively.

The detailed dope composition is shown in Table 4TH& spinning conditions
are listed Table 4.11. The modified dope composition improved the spinnability greatly.
The takeup rate was significantly increased, and even 50 m/minupkete (desired
industrial value) was workable with this spinning dopeo#er important adjustment
was the bore fluid compositio®0 wite/10 wto NMP/H,O was used instead of 80
wt%/20 wi% NMP/H,0 in the previous spinning. Due to change in phase behavior, 20 wt%

H>0O in the bore fluid induced early phase separation from boreasdieaused instability

76



of the spinning line.
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Figure 4.10 Ternary phase diagram of 6FDAM (with LINO3). Open circle:
compositions on the phase boundary; solid circle: spinning dope composition

Table 410 Dopecompositionof 6FDA -DAM hollow fiber spinning (3 attempt)

Component wt%
6FDA-DAM 18

NMP 50.5
THF 10
Ethanol 15
LINO3 6.5
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Table 411 Spinning conditiongor 6FDA -DAM hollow fiber membranes (Battempt)

Spinning parameter Value
Dopeand bore fluidlow rate 180/60mL/hr
Bore flud composition 90 wt%e/10 w% NMP/H,O
Takeup rate 20-50m/min
Quench bath temperature 25, 50°C
Spinneret temperature 70°C
Air gap height 5-30cm

SEM was used to examine the macroscopic properties of resultant-BRARNA
hollow fibers. Due to the & takeup rate, the size of fibers was significantly reduced
from previous spinning. The minimum outer diameter was 237 pm, which was produced
via a 50 m/min takeip rate. SEM pictures of a typical state (20 m/min takeate) are
shown in Figure 4.11nl Fi gure 4.11 (a), the bore of
caused by the suboptimal nature of the bore fluid, and to improve the bore morphology,
water content in the bore side can be increased slightly. The skin layer shown in Figure

4.11 (c) idess than 1 pm, which is consistent with further permeation tests.

78

t



(a) Crosssection

(b) Fiber wall
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(c) Skin layer

Figure 4.11 SEM picture of a 6FDBAM hollow fiber (3° spinning, with LINQ)

Gas permeation was used to examine the polymetiovindiber performance.
Most of the spinning states (6 out of 8) in this spinning were défset as indicated by
the QJ/N; selectivity. The defeefree fibers showed 4N, selectivity of 3.33.9. The skin
layer thickness was alseduced significantlycompared to the previous spinning without
LiINO3s. The skin layer thickness calculated from nitrogen permeation waslG26m.
The minimum skin layer thickness was quite thin for defied asymmetric hollow fiber
membranes.

There were also two defectivstates, showing that a good dope alone is not
sufficient for defecfree fiber formation. Attention must also be paid to the spinning

conditions, which must also be optimized based on the dope formulation. For example,
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the slow takeup rate (5 m/min), wich was used in the®1and 2¢ attempts, led to
defective fibers in this spinning. Slow talip increased the residence time in the air gap,
and this may cause more water absorbance in the skin layer during the air gap. Small
defects may also be causeddxcessively fast phase separation. For future practice, it is
wise to try different spinning conditions even for the same dope composition, in order to
locate the optimum spinning conditions. The key adjustable parameters which may have
significant impaciduring a spinning process are: spinneret temperatureutakate, air
gap height and water quench bath temperature.

With the incorporation of lithium nitrate in the spinning dope, this spinning was
quite successful. Defeftee fibers with thin skin tickness and small fiber size were

formed. The takeip rate was also improved to a desirable rate.

4.3.3 6FDA/BPDADAM spinning

4.3.3.1 6FDA/BPDAAM spinningwithout LING;

The properties of copolymer 6FDA/BPBBAM are quite similar to 6FDADAM
polyimide The spinning dope formulation and composition can be adjusted from the
6FDA-DAM spinning.

6FDA-DAM spinning without LINQ showed reasonableskin formation.
Therefore, for the i attempt, a similar dope composition was used. The dope
formulation and pase boundary are shown in Figure 4.12. The dope formulation and
spinning conditions are shown in Tables 4.12 and 4.13, respectively. Most spinning
conditions were the same as conditions used in the 6BBM spinning. Based on the

thick skin layer of 6FDADAM fiber, the air gap height in one spinning state was
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decreased to 2 cm in order to decrease the skin layer thickness.
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Figure 4.12 Ternary phase diagram of 6FDA/BRDAM (without LINO3). Open circle:
compositions on the phase boundary; solid cispénning dope composition

Table 412 Dope composition 08BFDA/BPDA-DAM hollow fiber spinning(1* attempt)

Component wt%
6FDA/BPDA-DAM 25
NMP 43
THF 10
Ethanol 22
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Table 413 Spinning conditions for 6FDA/BPDA-DAM hollow fiber membranes i
attempt)

Spinning parameter Value
Dopeand bore fluidlow rate 75/100, 100/100nL/hr
Bore fluid composition 80%/20% NMP/H,O
Takeup rate 5 m/min
Quench bath temperature 50°C
Spinneret temperature 70°C
Air gap height 2-30cm

SEM was used to chet¢ke macroscopic properties and the skin layer of resultant
asymmetric 6FDA/BPDADAM hollow fiber membranes. The cressction, fiber wall
and skin layer of a 6FDA/BPD®AM hollow fiber are shown in Figures 4.13. The
hollow fiber has good macroscopic projpes. A distinct skin layer clearly sits on top of

the porous support structure.
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(a) Crosssection

iber wall

(b) F
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(c) Skin layer

Figure 4.B SEM picture of a 6FDA/BPDAAM hollow fiber (1™ spinning, without
LINO3)

Pure gas permeation tests wased to determine the defdote properties of the
hollow fiber membranes. Most fibers formed in this spinning hgilGselectivity higher
than 90% of the intrinsic value (4.1), which demonstrated the dieéectskin layer
formation. For two spinningtates, the @N, selectivity were 4.8 and 5.0, respectively.
These two values were about 20% higher than the intrinsic value of 4.1. This
phenomenon was observed previously in other 6fglbKmers. The possible cause of
the high selectivity of polymeric hiow fiber membranes was that the polymer chains
may align due to the shear stress during fiber spinning. This induced oriented packing of
polymer chains in the dense skin layer and may increase the selectivity. The gas

permeation results of one such spntpistate is shown in Table 4.14. Fop/ID,
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C,H4/C;Hg and CQ/CH,, all the selectivities are higher than the intrinsic values. The 2
cm air gap height was enough for defree skin layer formation. Based on nitrogen
permeation results, about 1.4 pm ddtéee skin layer was formed. The thickest skin
layer in this spinning was about 3.1 um, which was formed in a 30 cm high air gap.

The outcome of this spinning was quite similar to 6FDAM spinning. Defect
free fibers were successfully obtained. The essuemaining were the slow phase
separation and slow takg rate, which resulted in big fiber size and also the thick

separation layer thickness.

Table 4.14Comparison of 6FDA/BPDAAM polymerfiber performance with intrinsic
dense film transport propes

Uhomz  Uezraicare Ueozicha
Film 4.1 3.3 22

Fiber 5.0 4.1 27
Pure gas permeation test; 15 psi feed!@¥festing temperature

4.3.3.2 6FDA/BPDADAM spinning with LIN@

As for 6FDA-DAM spinning, lithium nitrate was added in the dope for the
purpose of accelerating phase separation. The phase diagram and dope formulation are
shown in Figure 4.14. The dope composition and spinning conditions are listed in Table

4.15 and Table 4.16, respectively.
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Figure 4.14 Ternary phase diagram of 6FDA/BRDAM (with LINO3). Open circle:
compositions on the phase boundary; solid circle: spinning dope composition

Table 415 Dopecompositionof 6FDA/BPDA-DAM hollow fiber spinning(with LINO3)

Component wt%
6FDA/BPDA-DAM 20
NMP 47.5
THF 10
Ethanol 16
LINO3 6.5
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Table 416 Spinning conditiondor 6FDA/BPDA-DAM hollow fiber membranes (with
LiINO3)

Spinning parameter Value
Dopeand bore fluidlow rate 180/60mL/hr
Bore fluid composition 80%/20% NMP/H,O
Takeup rate 15 m/min
Quench bath temperature 50°C
Spinneret temperature 70°C
Air gap height 2-10cm

SEM pictures of resultant hollow fiber membranes are shown in Figures 4.15. The
fiber showed decent macroscopic properties. The skin layer thickness was quite thin, less
than 1 pm. Gas transpogroperties were also obtained via pure gas permeation tests.
Multiple fibers were tested for this spinning. Deféete fibers were obtained based on
O./N; permeation results, with calculated skin thickness of-0.38 pm. Some defective
fibers were alsmbserved, and this may be caused by contaminations of the dope filter
from the last spinning. The dope composition and spinning conditions have been
demonstrated to be excellent for potential defiesst fiber formation. Of course, due to
the molecular wight variation of different polymer batches, the polymer concentration
may be adjusted to a proper level for processing. To achieve the optimum dope
formulation and spinning conditions, several iterations of spinning and permeation tests

may be required.
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(b) Fiber wall
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(c) Skin layer

Figure 415 SEM picture of a 6FDA/BPDADAM hollow fiber (with LINO3)

4.4 Plasticization in asymmetric polymeric hollow fiber membranes

This section mainly addresses the gas transport in polymemenaestyic hollow
fiber membranes, specifically, the permeation tests related to plasticization issues.
Plasticization occurs when a strongly sorbing penetrant reaches a certain
concentration in the polymer membrane and dilates the polymer matrix. In dteddil
polymer matrix, diffusion coefficients of all gases are increased. On the chain segmental
scale, plasticization reflects an increase in chain mobility and gas permeability but a
reduction in selectivity. The sorption of gases in polymer membrandsecespresented
by the condensability, which is determined primarily by the critical temperature. Strongly

sorbing hydrocarbons and GQ@re typical gases causing plasticization. In polymeric
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membranes for olefin/paraffin separations, plasticization caugeprdpylene/propane

was investigated previouslpi6-20], while ethylene/ethane induced plasticization was
rarely studied. Plasticization pressure refersh pressure at which gas permeability
starts to increase with increasing pressure. Since plasticization reduces the gas separation
selectivity, this phenomenon is not desirable in polymeric membranes for gas separations.
Crosslinking is the most commomdh effective method to stabilize the polymer matrix

and maintain high separation performance of polymer membranes. Of course, the focus
of this work, carbon membranes, prevents the plasticization problem and is intrinsically
more stable than polymer magds.

For the same polymer, it was illustrated previously that the plasticization pressure
was significantly affected by the membrane thickness. Membranes with thin thickness are
more prone to be plasticized. Therefore, due to the thin membrane thickness,
plasticization effect is more obvious in asymmetric hollow fiber membranes. The effect
was demonstrated by GQermeation isotherms of Matrinfidlense film and asymmetric
hollow fiber [8, 21, 22]. Plasticization occurs at lower GQlasticization pressure in the
asymmetric hollow fiber form and shows more prnomeced effect than the dense film
form.

Ethylene/ethane separation using polymeric membranes was not well studied in
previous research, and the plasticization effect was not explored in ethylene/ethane
separations. Plasticization by C2 hydrocarbons wasdbserved in pure gas permeation
test in 6FDADAM asymmetric hollow fiber membranes. In order to determine the
defectfree properties of asymmetric polymeric hollow fiber membranes, initially, several

common gases were tested in the following ordeA ND-A HeA C,H.A CoHsA N2A
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O.A He. A constant pressure system was used and pure gas was fed at 100 psi. One
typical example is shown in Table 4.17. In the first set of experimepfd, @xd He/N

matched the ideal selectivity of 6FBIBAM dense film very wdl Then, the membrane

was exposed to 100 pspidy and then @Hg. Surprisingly, the eH,/C,Hg selectivity was

only 1.6, which was well below its intrinsic value of 3.Q, B, and He were tested again

in order to verify the transport properties. HoweverthbG,/N, and He/N selectivity

were lower than the values in the first set of tests. ®§ and He permeance were
increased by 69%, 46% and 8%, respectively. The experiments demonstrated that the
membr ane materi al was fAchangwab@onfdned byng t e
testing several spinning states. It was hypothesized that the membranes were plasticized

during the tests of £, and GHe.

Table 4.17 Example of gas permeation in defext asymmetric 6FDAAM hollow
fiber membranes

Test ordeffrom left to right)

Setl Set 2 Set3
N> O, He CoHa CzHe N> O, He
Permeance (GPU 45 158 468 143 89 76 230 507
- Ubainz=3.5 - Ub2mnz=3.0
Selectivit > =1.6 >
y (lien=10.3 Weanaicane Chions=6.7

100 psi pure gas feed, 36

To verify the plasticization effect caused by ethylene and ethane, pure gas
permeation isotherms were obtained. Defem¢ 6FDADAM asymmetric fber was
tested in constant volume system. The feed gas pressure was increased from 15 psi to 200

psi gradually, and then the membrane was depressurized from 200 psi to 15 psi with the
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same pressure gaps as pressurization. Pure gas permeance was cébcutatel test.

The ethylene and ethane permeation isotherms are plotted in Figures 4.16 and 4.17,
respectively. As demonstrated by the plots, for both gases, the permeance decreased first
with increasing feed gas pressure, which followed the pressure dégen of
permeability based on Langmuir type of sorption; after a certain pressure, the permeance
showed an upswing with increasing feed gas pressure. In the depressurization process, it
was clear that all the permeance values at various pressures weethan the values

during pressurization process. When the feed gases were depressurized back to the
starting pressure of 15 psi, the permeance of ethylene and ethane were increased by 53%
and 85%, respectively. Therefore, ethylene and ethane inducedipddi®n in 6FDA

DAM asymmetric hollow fiber membranes, which decreased the selectivity of gas pairs
after the hydrocarbons exposure. The plasticization pressures of both ethylene and ethane

were quite low, only about 100 psi and 75 psi, respectively.

93



2.0

(] —=— Pressurization
8 —e— Depressurization
® 154 ®-
q.) \.\\\‘
g -ll\‘-"‘“\-t
I
~ - -
I 1.0 .\.\H-F’I/.’//.//./'
o~

O
o
(0]
N 05-
©
&
| -
(@)
=

00 I ) I I

0 50 100 150 200

Feed Pressure (psi)
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After the asymmetric hollow fiber tests, ethylene and ethane permeation
isotherms in dense film membranes were then plotted. Plasticization was also observed in
6FDA-DAM dense film membranes. The permeation isotherms of pressurization
processes were plotted in Hig 4.18. The trend was less obvious due to the thick
membrane thickness (~ 70 pm). At 700 psi, the ethylene permeability exceeded the value
at 25 psi; at 600 psi, the ethane permeability exceeded the permeability at 15 psi. The
plasticization pressure w&80 psi for ethane and 400 psi for ethylene, which were much
higher than the asymmetric hollow fiber membrane values. At 25 psi, Mg GHg

selectivity was 3.0, while at 600 psi, theHa/C,Hg selectivity decreased to 2.5.
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Figure 4.18 Normalized eglene and ethane pure gas permeation isotherms in 6FDA
DAM dense film membranes (38)

Due to the plasticization effect, in order to obtain the intrinsic transport properties,
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the testing protocols must be designed to avoid any complications that th&e in
structural changes in membranes, such as plasticization. Therefore, in the asymmetric
membrane tests, testing pressures for gases such,a€£and GHg must be kept at a

low level. In the previous tests, clearly 100 psi feed #i{and GHs weretoo high and
caused plasticization. To gain systematic transport properties, verification of-fdeéect
properties was then carried out at low pressures such as about 15 psi.

Ethylene and ethane induced plasticization was first systematically studied in
6FDA-DAM asymmetric hollow fiber and dense film membranes. These results revealed
the challenges of ethylene/ethane separation using polymeric membranes. While the
upper bound tradeff limits the separation performance of polymeric membranes, the
stability issue caused by plasticization appears to be another serious problem that must be
handled properly. Although methods such as crosslinking and annealing can be used to
stabilize polymer membranes, CMS membranes obviously are more advantageous due to
the intrinsically high stability and capability of overcoming the polymer performance

upper bound. These advantages are demonstrated in the later chapters.

4.5 Summary and conclusions

Defectfree asymmetric hollow fiber membranes were successfully spun from
Matrimid®,6 FDBAM and 6FDAMBPIhve fiber spinning ¢
pol yi mi de were -bpyjpuase@edammera clansteri nsi c po
mol ecul ar weight have significant 1impacts
the peapsae at i OMDBrAGVt ea naf 6 F-DAMB®IDWYI mi des i n

guench bath was very sl ow, whil e the intec
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was then incorporated into the dope for mul
fiber sitae nwere Pblasticization induced by e

investigated in both dense film and asymme
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CHAPTER 5

MATRIMID ©® DERIVED CMS HOLLOW FIBER MEMBRANES

In Chapter 4, defedtee asymmetric polymeric preaar fibers were spun from
three precursor polyimides: Matrinfid6 F DBAM and 6 F-DAMBP®iAnc e
Matrimid® is commercially available and has been studied extensively as a membrane
material, in this Chapter, Matrinfidwas chosen as a model precursor favisC
membrane fabrication. The first part of this chapter discusses the ethylene/ethane
separation performance of Matrifli€MS dense film and hollow fiber membranes. The
comparative study of dense film and hollow fiber membranes revealed a significant
morplology difference between the two configurations. The second part of this chapter
describes the soal | ed fAsubstructure coll apseo in
impact of precursor defeftee properties on CMS hollow fiber membrane performance
is also assessed. The third part of this chapter discusses the effort for overcoming
substructure collapse with Matrinfigpolyimide. The last part of this chapter discusses

the evaluation of membrane performance under realistic testing conditions.

5.1 Transport properties of Matrimid ® derived CMS dense film membranes

It is widely accepted that there is an upper bound for separating gases using
spinnable polymer materials. Robeson has identified the upper limitfidp, O,/ CHy,
COu/N,, No/CHy4, etc. [1, 2]. Burns and Koros have defined the upper bound of
C3He/C3Hg [3]. Before this study there was no welldefined upper band for the
C,H4/C,Hg separation. Hereby, in order to compare the obtained CMS membrane
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performance with existed polymer membrane materials, publisitegd@Hg permeation
resultsare summarized, areln fiappr oxi mateo upper baund
the GH4/C,Hs separationis obtained[4-9], as shown in Figre 5.1. The polymers
considered in thiplot are mostly higkperforming 6FDAdervied glassy @ymers in the
configuration of selsupported dense films, so this estimated line is probably a
reasonable approximation of the actual performance bound using spinnable polymers.
Comparing theC,H4/C,Hg upper bound curve with other widely investigated gass,
such as C@CH,; and GHg/CsHs, it is obvious that the separation GfH,; from CyHg
using polymeric membranes is truly very challenging.

The Matrimid® precursor dense film permeation resualte also plotted in Figre
5.1 with the approximate uppéound curve and clearly fall below EMS dense film
membranes were produced from vacuum pyrolysisafrimid® polymer dense films.
The vacuum levels were below 15 mtorr. The pyrolysis temperature included the range
from 500°C to 800°C using the tempature protocols Al and A2 listed in Tables 3.1
and 3.2, respectively. The membranes were tested &C3%nd the pure gas feed
pressure was roughly 50 p&irom the plot, it is obvious that all the dense film CMS
separation performance is above the uppeund, which indicates very promising
asymmetric CMS membrane application for thegH{ZC,Hs separation. In most cases,
CMS dense films show an increase in both permeability and selectivity compared to the
polymer precursor. As pyrolysis temperature insesa GH, permeability of CMS dense
film decreases and meanwhileHz/C;Hg selectivity increases. For thely/C,Hg pair,
the optimum pyrolysis temperature for the Matrifhigrecursor lies in the range of

650 €-675 € with a C,H, permeability of 1314 Barer. This performance imuch
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higher than the Matrimf precursor performance in Figutl. The optimum 675 €
CMS samples displayed,B, permeability above 10 Barrer and aHz/C,Hg selectivity
of ~12. This performance is also above any other architexdtire values we are aware

of for nonfacilitated transport membranes reported previously.
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Figure 5.1Comparison of Matrimil CMS dense film membrane,B84/C,Hg separation
performance versus published polymer membrane performance.

5.2 Transport properties of Matrimid ©® derived CMS hollow fiber membranes

As noted above, the CMS dense film results suggest very promising application of

CMS membrane for gas separations, so the extension to hollow fibers was also pursued
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by pyrolysis of Matrimi® hollow fibers. This work provides one of thery few direct
comparative studiesf CMS dense film and hollow fiber permeation properties by using
the same precursor polymer and the same pyrolysis setup and protocols.

To avoid complications, in this section, deféete precursor fibers from a single
spinning state were used for pyrolysis. The defiext property is indicated by an/@,
selectivity of 6.7 (measured at 35 €, 100 pspure gas which is consistent with the
value obtained from dense film studytbfs particular batch of Matrimfd The pyrolysis
temperature protocols and pyrolysis atmosphere were all the same as previously used for
dense film pyrolysisPure gas permeation tests were used to evaluate the permeation
properties at 35C, and pure etene and ethane feed pressures were roughly 100 psi.
The obtained permeation properties are plotted imr€i§.2. As shown in Figres5.1
and5.2, the qualitative trends for,8,4 permeability (GH4 permeance for fiber case) and
selectivity changeaccordng tothe pyrolysis temperature were very close. Especially for
the GH4/C;Hg selectivity, under most pyrolysis temperatures, CMS dense films and
hollow fibers were in good agreement. ThgHgZpermeance was found to decrease with
increagng pyrolysis tempeature, and as with dense film, the pyrolysis temperature range
of 650~700 € was found to be optimum for,@J/C,Hs separation, and a high
C,H4/C,Hs selectivity of ~12. The g, permeance of 0.25 GPU obtained for Matrifhid

CMS hollow fiber membranes was)wever, surprising as is discussed below.
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Figure 5.2Effect of pyrolysis temperature oMatrimid® derived CMS hollow fiber
membrangerformance for the £1,/C;Hg separation.

5.3 Comparison betweerMatrimid ©® derived CMS dense filmand hollow fiber

membranes

The separation layer thicknes$yié not readily known for asymmetric membranes,
but it can be estimated as the ratio of intrinsic dense film permealiiy gnd
asymmetric membrane permean@®lj,), viz.,

—_ PA
(P/1),
For asymmetric precursor hollow fibers, only the outer dense skin layer is

(5.1)

effective for gas separatignif the precursor hollow fiber skin layer is integrally defect
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free. The calculated skin layer thickness for the precursor fiber used previously is about
0.4 pm from N, permeation experiments, which is typical for gas separation asymmetric
Matrimid® polymer hollow fibers. Assuminghat the microporous structure dhe
effective separation layer in CMS hollow fiber is essentially the same as homogeneous
CMS cense film, the effective separation layer thickness can be calculated for the fibers.
Very surprisingly, the calculated separation layer is at least 10 yn thick, and in some
cases it is close to the full wall thickness, which means the entire fiber vediécsive
for separation. These results show that the separationdayéatrimid® CMS fiber is
much thicker than its precursor, suggesting that the Maffi@MS fiber loses its high
asymmetry during pyrolysis.

To further confirm the observation of pezation properties, SEM images af
Matrimid® polymer fiber and the resultant CMS fiber are compared inrEi3. Figure
5.3 (a) and (c) show the overall morphology of the precursor fiber and the resultant
carbon fiber. It is quite obvious that the crssgtion of carbon fiber is smooth and
featureless as compared to its precursor. The asymmetric structure of polyneeisfiber
well illustrated by Figre5.3 (b): the thickness of a dense skin layer is less than 1 ym; the
support substructure is very poraasd occupies most of the fiber structure.urggs3
(d) shows a typical fiber wall of a CMS fiber. Obviously, the apparent asymmetric
structure in precursor fibers is no longer distinguishable from this SEM image. Even near
the bore side, which is the stgporous part for asymmetric precursor fiber cisesion,

the structurdooksvery dense.
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Figure 5.3SEM images ofa Matrimid® precursor fiber and resultant CMS fiber. (a)
polymer fibed crosssection; (b) polymer fibér skin region; (c) CMS iberd cross
section; (d)CMS fibe® fiber wall

Based on the macroscopic morphologptained from SEM images and
microscopic gas permeation results, it dear that the porous substructure of the
precursor hollow fiber collapses inkadense separation layduring pyrolysis. Although
the permeability of CMS dense films is much higher compared to their precursor, in the
fiber case, the permeance is not as high as predicted by the high permeability due to the
much thicker effective separation layer.

To prolke this phenomenomye next investigated how substructure collapse occurs.

Apparently, temperature plays an important role in the morphalbgimlution. The
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glass transition temperature for Matrifid s ar o-8 2 d FR@Z&E5.4 shows a

Matrimid® fiber that was soaked at 29%6C i n ar gon atmosphere f
picture obviously shows that the outer h a
smoot h, whil e the i nner half exhibited a
t her mal | yl ysmea k efdi bpea showed a dramatic de
Barsema and Wesl\ﬂatriinidEgiesnlsewétdirlemaht&netedatat 300 A
|l ose significant gas plefr mevb brc hitthyadka s atads e
densification of the porous fiber support
This temperature, however, i®fwélBOOIKAANADW
needed for CMS fornalalomnma &Khsodr vaendd aK osoipgni
per meance I\/tateimidEbabersfby a fadtreratonfend@ O aaf t3
fonl p 5 unri%.sﬁ'[MyltEimidECMS fi beeccirosswith mac
which were created during hollow fiber spi

remain during the pyrolysis.
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Figure 5.4SEM image of a Matrimitl fiber heattreatedat 295 € for 10 minutes under
argon purge atmosphere

A

. A xa\.\\“

Figure 5.55EM image of a MatrimidCMS fiber crosssection with macrovoids
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5.4 Hypotheses regarding substructure collapse

Based on above observatipgeme hypothesesre proposedo help explain th
substructure collapse during glass transition:

(1) The low material rigidity during intense thermal treatments is the fundamental
cause, and in the case of Matrifmid xceeding the glass transition appears to be the
trigger of collapse, since at the gatransition, thermal energy is sufficient to overcome
steric hindrance restricting rotation of polymer backbone segnfeoitgner chains enter
a soft viscous state instead of being rigid and tqagh Increased chain mobility brings
opportunity for polymer chain interactions. Attractive molecular forces make
densification happen, which idh@érmodynamically more stable. From another view,
during fiber spinning, th@porouss ubst ructure of a holl ow fib
qguencling, creatingan unstable state. Heat treatment around/abqvetdbilizes tie
unstable statdepending upon theetails of the time/temperature exposure

(2) Pore size and porosity distribution are also important. Small pore sizes provide
short distances for polymer chain interactions. Collapse may start from the transition
region under the dense skin layer, and enalong the porosity gradient to the bore side.

(3) Since heat is transferred from the skin side to the bore side, collapse happens
first at the outer layer.

The first hypothesis is supported by the negh@&at treatment of fibers noted
above. The hedteatment under lower temperatures (i.e. 28@ did not cause
significant morphological changestorage modulus can be used to characterize the
rigidity of a polymer.Dynamic mechanical analysis (DMAyas used to monitor the

storage modulus change mhatrimid® dense film with increasing temperature, and the
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result is shown in Figure 5.6. During glasbber transition, the storage modubafsthe
Matrimid® dense film decreased byore thantwo ordes of magnitude, verifying the

presence of wrethgrhni&yaboﬁes‘gofto nat
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Figure 5.6 Dynamical mechanic analysis (DMA) results of Matfmfiieh

Figure 5.5 suggests large pores (macrovoids in the fiber wall, or even the big fiber
bore) maintain their original morphology. The dimension of thesésvsiat the order of
10 pm, and prevents them from collapse. The existence of these big pores stltgests
the polymer still maintains some stiffness betwegrafid Ty (thermal decomposition

temperature), rather than enters a complete flow state. Sgmenasric film work was
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then performed to examine hypothesis (2) and (3). Asymmetric film can be used to
simulate the asymmetric fiber structure, as shown inrgi.7 (b). Meanwhile, the
asymmetric film decouples the effect of heat flow and porosityiloigion, because both

sides of the film can be exposed to heat flow equallyur€i.7(a) showshatthe skin

side of the film has a much denser structure (and thus may conduct more heat and
accelerate the densification), while the other side is highigys as shown in Fige 5.7

(c). After soaking at 298\ C f or 10 minutes (argon at mosp
much thicker d e nFgare 5174dy) e rt h(an4 Ot h@m)po(r ous s
(Figure 5.7 () . These resul ts Supmaorotsi the afsfugag:
densification progress, which helps verify
hypot hesi s ( 3)Figures.7®,uppbdbntedthbhyg porous par

although it is slower than the skin side.
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(d)‘

ﬁ m Heat treated

& |

Figure 5.7 SEM images of a Matrimfd asymmetric film precursor and resultant
295 A (10 minutes heatreated film. (a) dense side of the precursor film; (b) overall
morphology of the precursor film; (c) porous side of the precursor film; (d) dense side of
the heatreated film; (e) overall morphology of the hdatated film; (f) porous side of

the heatreated film

5.5 Effect of precursor defectfree properties

The dferfeeectproperty is very important f C
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Figure 5.9Curing mechanism of Matrimftfibers with pinhole defects.

Thus, weconclude that under certain pyrolysis protocols, the effect of precursor
defectfree property on MatrimfdCMS fiber performance seems negligible based on the
above results. This conclusion may have significant impact on the development of CMS
hollow fiber membranes. Much effort has been made to spin diseetMatrimicF
precursor fiber at the beginning of this research, and it appears unnecessary for the CMS
needs. The curing mechanism can also be used to explain previously published results
from other esearchers. Barsema and Wessliigd] have produced selective gas
separation CMS fibers from very porous and -setective P84 fibers, which were
initially designedfor ultrafiltration. Jiang and Chunfl5] have reported that dukdyer

fibers with polysulfonebeta zeolite mixed matrix as sheath andtrimid® as the core
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could be pyrolyzed into carbereolite mixed matrix membrasgvith high selectivity for
O,/N, and CQ/CH,4 separationsin these cases, precursor fibafso showed Knudsen
diffusion slectivity, were very porous and seriously defective. Presumably, the curing
effect proposed by our current work also occurred during their pyrolysis: polysulfone
collapsed to zeolite surface and created good interfacial adhesions; polysulfone and
Matrimid® cor e | ayers also became dense | ayers
Matrimid®c or e shoul d al so be responsible for hi
Similar phenomena were also observed by r
Ma t rﬁ)vmi dh P84 [l Bamede on the above-discu:
rubbery tr antshiathieo repeodlil yinieere eandhesi on probl em
f ozreo-pot gmer mi xed matri x membranes,- may n
carbon mixed matrix membranes for certain
The conclusions aboyeat the present time, however, should be rigorously
restricted to Matrimil CMS fibers until moravork shows that the above suggestions are
valid. Any other polymer may exhibit different results based on polymer chain mobility.
Moreover, one must be cautious ntit overextrapolate the significance of the
observations, since the morphological changelfiis not sufficient to conclude that the
full wall thickness contributes to permeation resistance before permeation results of CMS
fibers derived from differently defective precursor fibers are carefully examinad. f ac t ,
as wi || be dmecaessedi i 6FDAhéamily of prect
deffercee precursors appears much more criti

4 .
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5.6 Overcoming substructure collapse

CMS membranes offer much higher permeability than its precursoexample,
ethylene permeability of 508 C / 2Mathimid® CMS dense film is 106
675 AC/2 hr CMS is 14.4 Barrers, while t

Matrimid® precur sor5 iBarornefrgsc. 0 . TaheMatimid" C M8t fi ber s

| ose one of ‘their best features intlRempar
ulthan skin | ayer. The fiber permeance i s
but it would be much more attr acetfifveecti ni st

especially i mportant f eHy £%e Ha riEht | ®ins. )o,f Hiik
|l ow gas fl ux i mposes significant i ncreas
applications as well as materi al sceorsitsus T
due to the fast nature ofFremevmbaepromltrangs
This phenomenon of substrate collapse may be a common feature which must be
addressed in all cases involving intense Hegttments, including thermal crelgsking
[21, 22] and other thermal rearrangement proced&3. T h e compl ak strt
architecture ofe htoalkleonw ifnitboe rcso nnsuisdterbat i on f
film work into asymmetric hollow fibers.
Overcoming the substructure problem can
devel oping industrially viable CMS h®dl ow
fibers invol sirreqat rAeotr & affjuet uhreeatr esear c h, i de
materials with | ess coll apse extent or ev:«
i ssue. The real challenge i 3heod®mfbasndakiand

novel precursor materials are discussed in
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effort for incMa&rimiz;iEiQ“ivgﬁ pfe rbreerasnce i n
ForMatrimidE,the first attempt IS t o I mpr ov
asymmetr ik, fiitl rwaworreveal ed that the subst
process. Therefore, It was expected that i
coll apse may nddtei miappeénifigaepo tlmet ween gl ass
and decsdmion tempeaer etxurre.me case, the furr
temper at urheéeabmnpesi ti on § e npreacaudrus e, r etihkeer
pull ed into the high temperature tube furn
Unf or t unhaet eMeyiberrok en i nto pieces due sto rap
Cr elanegs y mmet ri ¢ CMS fMalrimidEpsrtercunaystsiwrmpal ¥y @ roimn g
pyrolysiseemoet bocob®ptiinmpiozsastiibolne ofsmapyr ol yesi s
Some oivrapne nt for t he permeability Thed t h
temperature protocdd/ 1BO (milms oprreetfeecale)d ias To

exampl ¥, pg7T®»|l ysis temperature gave high s

and the sedkceime increased the e€Ch¥l bBne g
protocol®GC/ tthimi 67mr ot ocol improved both per
protocol was | a tMatrimidf fr lelgaire np ¥y yo luyssids .i nHowev

protocmizapiton was obviously not sufficien
Addi ti onal approaches regarding the modi fi

Engi neeppmgactaen be used to reduce the i
t hi ckneEdsassscept does not interfere with the
material. Two approaches havewadleleexd em@pn @lriet

MatrimidEfib(eZa);u-ahyer fiber with a pMa[tr'rmidEs cor e
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sheatylkrWhile the spinnfngecbhdetsoasefoer g:¢
unnecessary reqgfuir ee mpntecwif sodeffeicber s, t he
somehow became conceptually feasible.
Thiwal | ed fi bers can rbrei nsgpumarbaymed éjrisst i
produced by wusing high bore fl ui e pflroaw er. at

Figure 5.10 shows-w8EMedm&y&sfoben. tihae f ik

Om. The comparison of pewdthedtibem m@siulat sn o
(~35 Om wall thickness) is shown in Tabl
thickness, per meance of al | the gases [
selectivity for all t he gas apainrgs J/t@hs COOCer

separation results piermepneei wvas worckeaslkd
meanwhil e, the selectivity was slightly hi
wal | thickness due to thesicderanitorspohnime

strength. The practli®@mlod isniitghts| priodadbly

=

. (e;) croéééébtion (b) fiber wall

Figure 5.10 SEM images of a thivalled Matrimid® CMS fiber
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Table 5.1 Permeatiamsultsfor athin-walled andanormal CMSfiber

Precursor  (P/l)cona (P/Mo2  (PM)coz (PMne Ueoraicare Wbz Ueozica Uhemz

A 0.3 3.1 10. 11. 9 9. ¢ 91 35
(nor

B . 1.0 9.t 34 32 9.6 8.¢ 92 30
wal |

100 psi, puCe Basméamde @i t: GPU

Another approach to reduce the separation layer thicknéssci®atea porous
support layer For example, some porous particlegeolites with pores accessible for
hydrocarbons or some mesoporous materials) can be incorparatieel core layer of
dual layer hollow fibersvhile the sheath layer remains as a pMarimid® selective
separation layerCreating a thin and defefree sheath layer in the presence of porous
particles is very challenging, amsignificantly reduced echanical strengtis expected
due to the high loading of paus particles in carbon matrix. Thetically, for ideal
carbonporous filler mixed matrix, based on the Maxwell model calculation, 50%
particles with high permeability must be loaded in order to achieve 4 times increase in the
overall permeability for the mixed matrix layer. The industrigdlscdual layer fiber
spinning is able to achieve ~1 pm thick sheath layer in a polypogmer dual layer
fiber. The real challenge should be the mechanical strength problem. With the required
high loading ratio, the composite fibers can be very britleofof-concept experiments
have also been performed.-20% Zeolite 13X (pore window &) was used as fillers for
the core layer during spinning. As expected, the pyrolyzed fibers were very brittle. The
obtained ethylene permeance was higher than thes faluthe normal fiber listed in
Table 5.1, but still less than 1 GPU while the ethylene/ethane selectivity was kept at
about 10. The SEM images are shown in Figure 5.11. Again, while the concept remains
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viable theoretically, a great deal of effort must bead in terms of practical

considerations.

(@) crosssectio(lO% zeolite loading) ()-—fiber wall (20% zeolite loading)

Figure 5.11 SEM images of a carboeolite mixed matrix fiber

After a great deal of effort working othe original Matrimid® polyimide, the

previous engineering approaches showed some permeance improvements (< 2 GPU for

ethylene permeance while maintaining a high ethylene/ethane selectivity), but still no

revolutionary boost in permeance was possible. We conclude, therefore, itthait w
changing the fAchemi stitrisydificuld tb supstamtially incsease
the permeance of CMS hollow fiber membranébe further effort is described in

Chapter 6.

5.7 Separation performance of CMSmembranesunder realistic conditions

5.7.1 Mixed gas permeation test under high pressure

Besi des t he Aapparent o separati on
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permeabil ity and selectivity, there severa
for ethyl ene/ ethanersapeaer abteitovvese:n (Ml )x edh e a
transport behaviors; (2) the high pressure
operations. One set of typical conditions

3.%, pressure 347t 46 i@ ehbyIPwd%aatdhane

wi t2Bppm met hane. These <conditions may var
representative for academic research.

To evaluate the CMS hollow fiber membr
condi t iean sg,asmipx sweerpee i D abrymeudsti n@i mpr ovedo ma
ment i o BeecdtsiSomnd . 5Tkhhe feed composition (63.
mol % et hane) anag mreegesurdent3T@I| pamoditthi eo nisn
This parnt iwawfPCart wBebsc h was hi gher RPwré hgas n
per meation results and mixed gas per meatic
pressure dependence of per meance and sel ec
Systemdtsi cwetree per f or med, and5 .tbhgl pressuseu | t s
(350 psia) mixed gas test (test 2 in Tabl® showed the same selectivity with 100 psia
pure gas test (test 1 in Tallle?). The decrease in ethylene permeance was checkad by
pure gas test under partial pressureshef350 psia mixed gas test (test 3 in Tabld).

The result was close to test 2, which meanspgreneancelrop was caused by pressure
dependence of permeability (low permeability at high feed pressure due to Langmui
sorption isotherm). No plasticization effect was observed even at such high pressure
hydrocarbon mixture feed, which demonstrates the excellent stability of CMS hollow

fiber membrane for challengirgps separatioapplications. These results also reveak
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even pure gas testare quite reliable for CMS fiber ethylene/ethane separation

performance, since the selectivity is quite consistent for all the cases investigated.

Table 52 Comparison between mixed gas and pure gas permeation tests

Test 1 Test2 Test 3
Test conditions 100 psia 350 psia 220 psia GH4, 130 psia GHs,
(35°C) pure gas mixed gas pure gas
(PN cana(GPU) 1.08 0.87 0.89
Ue2raicare 11.1 11.1 10.5

5.7.2Mixed gas permeation test under cryogenic conditions

The testing temperater has a significant impact on gas transport through
membranes. The permeability of a penetrant through a membrane follows Arrhenius

temperature dependence:

E
P =R exp( -R—_Pl_) (5.2)

wherePy is the preexponential factortp is the apparent agation energy of permeation,
Ris the universal gas constant ans the absolute temperature.

The activated diffusion increases with temperature according to the Arrhenius
relationship (Equation 5.3) and the sorption coefficient decreases with temnperat

f ol | o wi-Hof§equatton (&dquation 5.4).

E
D =D, exp( ?I'DI') (5.3)

H
S=gexp(—2) (5.4)
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whereDy andS, are preexponential factors for diffusion and sorption respectiviglyis

the apparent activation energy for diffus andHsis the apparent heat of sorption.

Typically, the heat of sorption term i :
di ffusion is positive. The permeability u
since the 1increasethien ddeicfrfeuassieviitny soourtpateii ogns
cases, the selectivity decreases with incr

The effect of testing temperature is s
wor k, I n order t o characterizehr obhgh f GME ¢
me mbr anes. Il n this research, fThe ¢est heoebyu s i s

aims to evaluate the membrane performance under cryogenic conditions. This test was
performed by Mark Brayden and Gregory Barbay in a Dow laboratory. Tke dées
Georgia Tech were mostly performed in constant volume permeation system; therefore,
usually the flux measurement was not a problem. In order to meet the flow requirement
for the downstream mass flowmeter, aft@r module was constructed and the teas
performed using downstream argon sweep.

The me mbr ane wa s first fed wi t h et hy

temperature, thn ket tatr d@@nhoor ® and fin

to room temperature. Tdhte ledawmyli empércrathane
which was quite high for this challenging
room temperature (~11). The flux at | ow te
temperatur e. The trendpewbaticomsbét drmte weiftf

temperature on membrane transport propert.:

CMS membranes under <cryogenic conditions.
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high feed pressure (pe3r0adt Uprpei gpsCaddmopesyr b b

these results, it appears that the per mear
selectivity can be significantly increased
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Figure 5.12 Cryodani TaMRIshdlInlgow efsiud @érs mdmbr

5.8 Summary and conclusions

Matrimid® derived CMS dense film membranes and hollow fiber membranes
have been successfully fabricated for th#lfIC,Hs separation. The CMS membranes
showed significant improvements ovéreir polymer precursor under a wide range of
pyrolysis conditions, and they exceeded the upper bound for spinnable polymers for the

C,H4/C,He separation. A high selectivity of 12 for,l/C,He separation has been
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obtained in both dense flat film and holldier configurations. Our comparative study
between dense film and hollow fiber revealed a significant difference of effective
separation layer thickness between the precursor fibers and their resultant CMS fibers.
SEM results showed that the deviatiomsvessentially due tthe collapse of porous
substructure of precursor fibers. Polymer chain flexibility (reflected by relatively jpw T

of MatrimidE) appears to be the fundamental cause of substructure collapse. Further
study showedhatthe defecffree poperty of precursor fibers was not a simple predictor

of CMS fiber performance. Even some defective precursor fibers (i.e., fibers with
Knudsen diffusion selectivity), can be transformed into highly selective CMS fibers by
pyrolysis.In order to overcoméhe substructure collapse issue, several approaches were
pursued. The optimized CMS hollow fiber membranes were tested under realistic
conditions (mixed gas feed, high feed pressure and cryogenic testing temperature) and

excellent stability and performamtiave been demonstrated.
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CHAPTER 6
6FDA-POLYIMIDES DERIVED CMS HOLLOW FIBER

MEMBRANES

Chapter 5 describes the formation and characterization of Mafridedived
CMS hollow fiber membranes. The comparative study between CMS dense film and
hollow fiber menbranes revealed a significant change in the asymmetric hollow fiber
morphology. This chapter aims to use alternative precursor polymers to address the
substructure collapse problem. 6FI¥M and 6FDA/BPDADAM were chosen as two
promising alternative precsor polymers. Creation of asymmetric CMS fiber

morphology and optimization of CMS micestructure are discussed.

6.1 Strategies for overcoming substructure collapse

As demonstrated in Chapter 5, to overcome substructure collapse, the
conceptually feasib engineering approaches require significant effort to address several
realistic hurdles. It is desirable to pursue footlapse or partially collapse precursor
materials for CMS membrane formation. By using these materials, the membrane
fabrication procss will not be complicated and the mechanical strength issue can be
avoided.

The major problem caused by substructure collapse is the increased separation
layer thickness and the resultant decreased permeance. Therefore, the ability to maintain
asymmetrec morphology is the first requirement for the new precursor mat8iiade the

glassrubber transition is the fundamental cause of substructure colidpdatrimid®,
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polymers with high glassrubber transition temperatwehould have better rigidity
during intense hedteatments. The glassbber transition temperaturegfiof Matrimid®

is 305 °C, well below its decomposition temperatuRreviously, as demonstrated in
Chapter 5, the storage modulus Métrimid® decreases by more than two orders of
magntude during glassubber transition. Due to the rigid structure and the versatility of
monomer choices, 6FDolymers potentially provide high gTthat may meet the
requirement for asymmetric CMS fiber formation. Theof 6FDA-DAM polyimide is
395°C from DSC measurement, arlde T, of 6FDA/BPDA-DAM is 424 °C. Dynamic
mechanical analysis was performed tbese twopolyimides used in this studsgnd
compared wittMatrimid®. The DMA results areshown in Figire 6.1 As demonstrated
in Figure6.1, the storage odulus of Matrimid® dropswhen the temperature is slightly
above 300°C; for 6FDA-DAM, the dramatic reductionoccurs around 400C; for
6FDA/BPDA-DAM, the storage modulus remains quite high even near’@5@8FDA-
DAM and especially6FDA/BPDA-DAM have highe rigidity than Matrimid® during
intense heatreatments. Maintaining asymmetric morpdgy during CMS fiber
formation wa expected.

In addition due to the inhibited packing caused by bul€y; and-CHs; groups
and rigid backboneas shown in Tablé.1, 6FDA-DAM and 6FDA/BPDADAM have
much higher precursor permeability compared to Matffnfit]. Previous studies
revealed that higher precursor permeability resuih higher CMS permeability2].
Therefore, vth 6FDA-DAM and 6FDA/BPDADAM precursor polymers, both
asymmetric morphology and CMS permeabiltgre expected to be improved, which

should lead to a higher permeartban Matrimid® CMS fibers. Based on théSFDA-
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DAM and 6FDA/BPDADAM CMS results, more prursors were then extended in this

research, such as cregskable precursor and pi@xidized precursors.
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< 10004 mEEE— T
S ] "..
7] \
= 1 \
S 100- 1
o ] \
o ] :
= | [ —— Matrimid® 1*
L 107 | --- 6FDA-DAM

® ][ 6FDA/BPDA-DAM

B |

7)) 1 —

0 100 200 300 400 500
Temperature (°C)

Figure 6.1Dynamic mechanical analyses of MatrifijéFDA-DAM and 6FDA/BPDA
DAM thin films

Table 6.1 Transport properties of polynpeecursorg1]

Polymer C,H4 Permeabiliy (Barrer)  Ukanacors
Matrimid® 0.45 4.5
6FDA-DAM 64 3.0
6FDA/BPDA-DAM 46 3.3

Pure gas measurement at°€5 50 psia
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6.2 Morphology of CMS fibers derived from 6FDA-polymers

6.2.1Morphology of CMS fibers derived from 6FDBAM and 6FDA/BPDADAM

In Chapter 4,defectfree asymmetric 6FDADAM and 6FDA/BPDADAM
hollow fiber membranes were successfully fabricalédte defecfree 6FDADAM and
6FDA/BPDA-DAM precursor fibers were then pyrolyzed into carbon fibers. SEM was
used to characterize the morphology of CNiferfs. Figire 6.2 shows the comparison of
morphology ofcarbon fibes derived from Matrimi, 6FDA-DAM and 6FDA/BPDA
DAM. The Matrimid® CMS fiber shows a completely dense wall in the SEM picture
even on the bore side of the fiber wall, as shown in Figu8ga) 6FDA-DAM shows
some porous feature near the bore side of the ¢ibpared to Matrimit, as shown in
Figure 6.3 (b) 6FDA/BPDA-DAM shows much better asymmetric structure than
Matrimid®. It is clear that a correlatiorexists between asymmetric CMSfiber
morphology and glassibber transition temperature. The higher thetfie more rigid the
polymer is during intense heseatments, thus, the more asymmetry the CMS fiber can
retain fromthe precursor polymer fibeduring CMS formationBy using 6/A/BPDA-
DAM as a precurspwith a very high T (424 °C), the asymmetric morphology was
successfully achieved in CMS fiber. Thent separation layer thickness svexpected to

contributeto a high permeance.
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(b) Fiber wall of 6FDA-DAM CMS fiber
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(c) Fiber wall of 6FDADAM CMS fiber

Figure 6.2Wall morphology of CMS hollow fiber membranes produced from 3 precursor
polymers(@a) Ma't; r i(rbi)eD B8 MD)A (&F B R DA M

(a) BoresideoMa't r § awis doer
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(b) Bore sideof 6 F DIBA MCMS fiber

Figure 6.3Bore side mrphology of CMS hollow fiber membranes produced from )
Mat r 5ami(dd ) 6DFADNA

6.2.2Morpholoqy of CMS fibers derived frogrosslinkable precursor polyimide

Based on the established correlation memtlombove, it is obvious that cress
linkable polymers are very promisingrecursor candidatesWith the crossinked
polymer matrix, negligible porous support structure densification is expected for CMS
fibers; therefore, the thin skin layer from the asymmiet precursor fiber can be
maintained. It is also important to note, with the increased polymer rigidity, the pinhole
defects in precursor skin maersistand thus thebility to spindefectfree precursor
fibers become®ven more important.

Crosslinking methods have been investigated intensively with the polymeric
membranes for natural gas separations, in order to stabilize the membrane structure
during aggressive Cdeed conditions. 6FDAAM/DABA (3:2) is a polyimide that can
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be crosdinked by decarbeylation-induced thermal crodking [3, 4]. The crosslinking

occurs through the decarboxylation of the casgfio acid group at high temperatures,
which creates free radical sites capable of crosslinking at several proposed sites along the
polymer backbone. Defeftee asymmetric 6FDADAM/DABA (3:2) hollow fiber
membranes have been successfully spun and thgrerakslinked by Chen et a5].

The crosslinking conditions were investigated extensively, including crosslinking
temperature, atmosphere, soaking time, etc.

Since the crosslinking occurs in a thermal treatment process and the carbonization
temperature required for carbon membrane formation is well above the crosslinking
temperature, the crosslinking reaction may happen during the thermal ramp step in a
standardoyrolysis process. In this work, the deféee precursor fibers were pyrolyzed
under the standard protocols described in Chapter 3. The morphology of the resultant

CMS fibers is shown in Figure 6.4.

(a) Skin side (b) Bore side

Figure 6.4 SEM images of CMfibers derived from 6FDAAM/DABA (3:2)
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As demonstrated in Figure 6.4, CMS fibers derived from dinkable 6FDA
DAM/DABA (3:2) precursor polyimide retained their asymmetric morphology. The skin
layer thickness estimated from SEM picture was abeijpyd. The support structure was
very porous. The glass transition temperature of GEDMM/DABA (3:2) measured
from DSC is about 387C. Before pyrolysis, if the crosslinking step is performed well
below its Ty and the precursor fiber matrix is crdssked sufficiently, the skin layer
thickness may be further reducfg]. This experiment demonstrated the advantages of
crosslinkable precursor fibers for asymmetric CMS hollow fiber membrane fabrication.
By using crosdinkable precursofibers, the separation layer thickness in carbon fibers

can be minimized.

6.2.3 Maintaining asymmetric morphology by jfinadation

As discussed in Chapter 2, sometimes;tpratment may be used to stabilize the
polymer matrix. Oxidative treatment atgh temperature is the most commonly used
method. The mechanism has not been well understood. It is hypothesized that, in the
oxidative atmosphere, may induce crosslinking reactions for polymers. Unlike the
decarboxylation crosslinking which requirdee carboxylic acid group, the poxidation
method may be applied to polymers without the need of introducing such functional
groups.

The oxidative atmosphere can be created by simple atmospheric air exposure or
compressed air purge at elevated tempegaflhe temperature is very critical. First, the
temperature should be sufficiently high to induce oxidative reactions; second, the

temperature should be below the temperature that substructure collapse occurs. Therefore,
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an optimum temperature range égior the effective prexidation. SEM can be used to
evaluate the morphology of the treated fibers, since the substructure collapse in the
pretreatment process must be avoided. If thetneagted fibers are cro$isked, then the
polymer should not disége even in strong solvents. Therefore, hot NMP can be used to
check if the polymer matrix is crotisked.

In this study, precursor fibers from the three major polyimides were treated in air
under 300°C, 350°C and 400°C. SEM was used to check theditmorphology and hot
NMP (110°C) was used to evaluate the solubility of the treated polymer. The results are
shown in Table 6.2. FoMatrimid®, since the glassubber transition temperature is
slightly above 300°C, substructure collapse occurred to etmhperature investigated.

For 6FDADAM, the glass transition temperature is 385 at 300°C, the fiber remained

in the asymmetric form but it was also soluble in hot NMP; at ®5@nd 400°C, the
porous substructure partially or fully collapsed, resipely; for the very rigid
6FDA/BPDA-DAM (with a Ty of 424°C), at 300°C, the treated fiber was soluble in the
hot solvent; at 356C, the fiber remained in asymmetric form and meanwhile the fiber
was insoluble in hot NMP, indicating the formation ofrasslinked structure; at 408C,

it appeared that the temperature was too high and induced support structure collapse.

Among all these conditions, 6FDA/BPDBAM treated at 35GC was the most
promising for further investigation, in terms of both asymioatnorphology retaining
and effective crosslinking. The mechanism of such effect remains unclear. TGA analysis
showed that, below 40{C, no significant weight loss occurred for 6FDA/BPINAM
in air. Most likely, oxygen may induce some free radical andedinterchain or intra

chain crosslinking. After hedteatment, the fiber turned from white to dark brown. The
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SEM picture of such a prexidized fiber is shown in Figure 6.5. As shown in Figure 6.5,
the asymmetric morphology was well maintained ingheoxidized fiber. These fibers
were then pyrolyzed into carbon fibers. As shown in Figure 6.6, the asymmetric

morphology was also well maintained in the carbon form.

Table 6.2 Effect of treatmetgmperatur®n preoxidation

300°C 350°C 400°C
Polymer
Solubility Collapse  Solubility Collapse  Solubility Collapse
Matrimid® N Y N Y N Y
6FDA/BPDA-
DAM Y N N N N Y
6FDA-DAM Y N Partial Y N Y

Solubility: whether or not the treated fiber is soluble in hot NMP; Collapse: whether or
not the substructure of fibers collapses; Y (Yes), N (No)

Figure 6.5 SEM image of a poxidized 6FDA/BPDADAM fiber
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(a) Fiber wall

(b) Skin layer

Figure 6.6 SEM images of a CMS fiber produced from aopidized 6FDA/BPDA
DAM fiber
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